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Abstract
Matthew J. Bottomley Degree o f Doctor o f Philosophy
University College London February, 1998

Biophysical studies of intracellular signal transduction 
proteins: investigating the structure-function relationship

This thesis describes the application o f several powerful biophysical 

techniques to a study o f intracellular signal transduction proteins. Signal transduction 

proteins mediate the transfer o f  signals from the cell surface to intracellular 

compartments. The process o f signal transduction is crucial since it allows a cell to 

form a co-ordinated response to its dynamic extracellular environment — serious 

disease may result if this process is deregulated. Therefore, with a view towards 

describing cellular signalling processes in both the normal and diseased conditions, 

the work presented in this thesis aims to generate an increased understanding o f 

signal transduction proteins.

The interactions o f signal transduction proteins determine the progression 

o f  a signal along a signal transduction pathway. These biomolecular interactions 

between signal transduction proteins and other ligands are critically dependent on the 

three-dimensional structural complementarity o f the interacting binding partners. The 

studies presented in this thesis describe investigations o f the structure and function o f  

signal transduction proteins, encompassing the characterisation o f their binding 

partners. The investigations were performed using an array o f biophysical techniques, 

including nuclear magnetic resonance spectroscopy, surface plasmon resonance and 

analytical ultracentrifugation.

The results o f  primary importance include: (1) the identification o f novel 

phosphoinositide binding partners for specific pleckstrin homology (PH) domains, (2) 

the structural characterisation o f the phosphoinositide binding site on the dynamin 

PH domain, (3) the structural and thermodynamic characterisation o f an 

intermolecular interaction which mediates the homodimerisation o f the p 8 5 a /p ll0 a  

phosphoinositide 3-kinase, and (4) the evaluation o f a recently proposed model for 

the role o f Src homology 2 domains in the regulation o f p 8 5 a /p ll0 a  

phosphoinositide 3-kinase.



Acknowledgements

The following list o f  acknowledgements comes from happy reflection 

upon what has been a very enjoyable 3 years. The length o f this list is partly due to 

my involvement in many fields o f  molecular biology which has allowed me to become 

involved in many different and stimulating research groups. For this diversity o f  

experience I am hugely grateful and, therefore, sincerely thank my supervisor, and 

friend. Dr. Paul C. Driscoll. I am very grateful for the excellent supervision Paul has 

provided, which took the various forms o f guidance, freedom, encouragement, 

criticism, opportunity, inspiration and, above all, general good humour.

I also thank, roughly chronologically, the following mentors, academic 

monitors and general gurus: Kamran Salim, for many fruitful collaborations and just 

for being a ridiculously nice man; Jeff Linacre and Dr. R. Stein for introducing me to 

molecular biology and for showing me the meaning o f tempus omnia revelaty Dr. G. 

Panayotou, for help with the biosensor and for patiently answering a myriad 

questions about signal transduction; Dr. G. Siegal, for his rapid set-up o f  a wet-lab 

and for much wise advice; Andrew Sankar, for his vital, all-round support and delivery 

o f  the phrase “ don’t panic! ” when it was needed most; Dr. B. Davis, for always 

being ‘glad to be o f  assistance’; Dr. M. McAlister for his measured advice in the lab 

and on the rock face; Dr. S. Kristensen, for help with many aspects o f NMR and data 

analysis (plus the slow-brewing o f  tea, Kierkegaard and child-birth); Chen, for his 

measured criticism; Pam Das for the provision o f numerous D N A  clones; Dr. M. 

Layton for help with analytical SEC and for the realty big proteins; Dr. M. Pfuhl, for 

help in NMR projects; Professor J. Thornton, my academic monitor, for her advice 

and support; Dr. H. Berglund, Dr. D. Renzoni and Dr. F. Pages for many useful 

discussions and advice. In addition, I thank Professor M. Waterfield for support at 

both my host institutions, UCL and LICR; Professor I. Campbell and Dr. K. 

Drickamer (University o f  Oxford), for allowing me to use the AUC machine and Dr. 

R- Wallis, for showing me hon̂  to use the AUC machine. There are, o f course, many 

others who have helped me along the way — to those unmentioned, thank you.

I very gratefully acknowledge The Wellcome Trust for their generous 

support and for hosting numerous conferences. In this context, my thanks also go to



my very welcome fellow Wellcome Fellow, Dani Moulin, who made the 

aforementioned conferences even more exciting than they already were.

Since a PhD, or at least this PhD, is more than simply a professional 

undertaking, I feel it is entirely appropriate to thank those individuals who have 

supported me outside the college grounds. Thus, in addition to those lab members 

who are also friends, I would like to express my gratitude to the following: to my 

parents and my sister — who have supported me constantly and made Chichester and 

Oxford uniquely restorative havens; to various, nefarious house-mates, especially Kate 

— sole survivor, when others jumped overboard; to Mike Smith for never insisting too 

keenly that I attend Ceroc (a blessing for us all, I think). In particular, I thank my 

oldest friends — the Pete’s Eats team, you know who you are. Without you the 

perverse pleasure o f  consuming a Big Jim and making endless jokes about it would 

have been meaningless. In close relation to this group, my sincerest thanks also go to 

F. Waistsplendour and C. Barhostage, long may their reign last. Special thanks go to 

Matt S. and Paul A. (Pyreneean heroes) who have, in their own inimitable ways, been 

ridiculously gorgeous, as one might say.

Finally, I reaUy realty thank Paola Lo Surdo. What can I say? She’s officially 

good fun (PCD, personal communication), has transformed the NMR group, and has 

supported me in every aspect o f  my life. Thus, I come full circle and thank again my 

supervisor, whose informal style and matchmaking skills have come to a beautiful 

fruition (Marius and Angela — watch out).
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Abbreviations

The standard abbreviations for amino acids (one letter and three letter) and nucleic 

acid bases have been used, they are not written here since they can be found in any 

biochemistry text book. Any non-standard abbreviations used are introduced directly 

in the chapter texts. In addition, the list below covers the other essential 

abbreviations included in this thesis.

AUC Analytical ultracentrifugation
BCR Breakpoint cluster region
Btk Bruton’s tyrosine kinase
COSY Correlation spectroscopy
CPMG Carr-Purcell-Meiboom-Gill
FID Free induction decay
FRET Fluorescent resonance energy transfer
FT Fourier transform
GAP GTPase activating protein
GEF Guanine nucleotide exchange factor
GST Gluathione S-transferase
GTP Guanosine triphosphate
HSQC Heteronuclear single quantum coherence
IL Interleukin
INEPT Insensitive nuclei enhanced by polarisation transfer
IPTG Isopropyl-P-thiogalactopyranoside
ITC Isothermal titration calorimetry
MAPK Mitogen-activated protein kinase
NMR Nuclear magnetic resonance
N O E Nuclear Overhauser effect
NOESY Nuclear Overhauser effect spectroscopy
NRTK Non-receptor tyrosine kinase
PI Proline-rich region 1, from p85a
PPII Polyproline type II
PAGE Polyacrylamide gel electrophoresis
PCR Polymerase chain reaction
PDGF Platelet-derived growth factor
PDGF-R Platelet-derived growth factor receptor
PFG Pulsed field gradient
PH Pleckstrin homology
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PI3-kinase Phosphoinositide 3-kinase
PKC Protein kinase C
PLC Phospholipase C
p.p.m. Parts per million
PTB Phosphotyrosine-binding
Ptdlns Phosphatidylinositol
PTK Protein tyrosine kinase
PY Phosphotyrosine
RTK Receptor tyrosine kinase
SOS Sodium dodecyl sulphate
SEC Size-exclusion chromatography
SH Src homology
SPR Surface plasmon resonance
TH Tec homology
TOCSY Total correlation spectroscopy
TPPI Time-proportional phase incrementation

Collaborators

To avoid lengthy footnotes in the text, acknowledgements to collaborators are usually 

limited to names and abbreviated forms o f the relevant host institutions. The key to 

these abbreviations is as follows:

LICR The Ludwig Institute for Cancer Research, 91 Riding House Street 

London, WIP 8BT, UK.

UCL Department o f  Biochemistry and Molecular Biology, University 

College London, Gower Street, London, WCIE 6BT, UK.

CRC CRC Centre for Cell and Molecular Biology, Chester Beatty 

Laboratories, Fulham Road, London, SW3 6JB, UK.
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CHAPTER 1 Introduction

The aim of this thesis

The primary aim o f the work presented in this thesis is to increase the 

current understanding o f biomolecular interactions which regulate intracellular signal 

transduction pathways. The reasons for an interest in signal transduction pathways are 

numerous and are presented immediately below. The discussions included in this 

overview chapter are designed to survey the principal features o f  signal transduction 

pathways. Moreover, the mechanisms by which signal transduction pathways are 

regulated are introduced, thus illustrating the type o f information required to provide 

insight into these essential biological systems.

In all multicellular organisms, the regulation o f signal transduction pathways 

is required for the control o f vital biological processes such as the growth and 

differentiation o f cells. The fundamental importance o f signal transduction pathways 

is readily apparent under circumstances in which breakdowns in signalling occur. That 

is, the deregulation o f signalling events can result in many serious diseases — including 

cancer, diabetes and disorders o f the immune system. Therefore, there exists a 

widespread desire to develop a greater knowledge o f signal transduction pathways, 

thereby allowing an increased understanding o f the causes o f disease.

Enlightening studies o f the late 1980s and early 1990s revealed that signal 

transduction pathways consist o f proteins — signal transduction proteins — which 

interact, and essentially communicate, with one another. The primary methods that 

signal transduction proteins use to communicate include: making specific interactions 

with other protein or ligand molecules; inducing alterations in the phosphorylation 

state o f other proteins; and promoting the production of, or directly binding to, 

second messenger molecules. In these early studies, it was noticed that cells 

undergoing tumourigenic transformation commonly contained abnormally active, 

mutated forms o f  the normal, cellular signal transduction proteins. Such discoveries 

have provided insight into the mechanisms o f cell transformation and, more 

importantly, have identified specific proteins required for normal, functional signal 

transduction pathways. In short, signal transduction proteins form a network o f  

‘messengers’ through which many extracellular stimuli are able to communicate with 

intracellular components and nuclei in order to regulate cellular functions.
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CHAPTER 1___________________________________________________ Introduction

A diversity o f interactions between signal transduction proteins and other 

biomolecules is required for the progression o f signals from the exterior to the 

interior o f cells. The technological advances made during the past decade in the fields 

of molecular biology and computer-aided, analytical methods have facilitated the 

identification, isolation and characterisation o f many signal transduction proteins. 

Consequently, and o f great significance, it has emerged that while many different 

signal transduction proteins exist, they appear to be made from a limited repertoire o f  

small, modular ‘domains.’ Moreover, it has been shown that these domains are 

responsible for mediating the specific biomolecular interactions which constitute the 

signalling events o f signal transduction pathways.

The discovery that many signal transduction proteins are made from only a 

few conserved domains is functionally reflected by the recurrence o f the types o f  

biomolecular interactions which govern signal transduction pathways. While some 

domains have been well characterised, there exist many more domains whose roles 

are less well understood. The results presented in this thesis describe the 

characterisations o f the biomolecular interactions o f multiple domains. Specifically, 

binding partners were sought for a number o f previously uncharacterised pleckstrin 

homology (PH) domains isolated from a variety o f signal transduction proteins. These 

studies resulted in the identification o f novel binding partners for distinct PH 

domains. Ultimately, this work has provided insight into the regulatory mechanisms 

of a number o f signal transduction pathways.

In addition to the analyses o f PH domains, studies were performed to 

investigate the functions o f the Src homology 3 (SH3) domain, the breakpoint cluster 

region (BCR) homology domain and the Src homology 2 (SH2) domains from the 

growth factor-stimulated p 8 5 a /p ll0 a  phosphoinositide 3-kinase (PI3-kinase). While 

this enzyme is central to many important signalling process, an understanding o f its 

regulatory mechanisms is not well established. The studies o f p 8 5 a /p ll0 a  PI3-kinase 

performed here have provided a number o f illuminating results, some o f which are at 

variance with reports published recently, with interesting implications for the 

regulation o f the enzyme.

The work presented in this thesis required the use o f multiple biophysical 

techniques which were applied to a range o f signal transduction proteins involved in 

different biological systems. A critical assessment o f the experiments performed and
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results obtained therefore requires an appreciation both o f the biophysical techniques 

employed and the biological systems studied. However, in order to avoid an 

excessively long introductory chapter, the following discussions are limited to an 

overview o f the main features o f signal transduction pathways considered in this 

thesis. Descriptions o f the biological aspects o f the specific proteins studied are 

included in Chapter 4 (PH domains) and Chapter 5 (p 85a /p ll0a  PI3-kinase). 

Discussions o f  the theory, practice, interpretation and limitations o f the biophysical 

techniques employed are given separately, in Chapter 2. Details o f the methods of 

molecular biology used to obtain the large quantities o f recombinant proteins required 

for these studies are given in Chapter 3.

Signal transduction pathways

Signal transduction pathways regulate communication between cells in 

multicellular organisms. In a developing embryo, signal transduction pathways are 

required to orchestrate the growth, migration and differentiation o f cells such that 

they become organised into specific tissues. Throughout the lifetime o f an organism, 

cell signalling co-ordinates normal cellular behaviour such that the organism can 

respond and adapt to its dynamic environment. In addition, signalling systems activate 

the vital defence and repair mechanisms required for survival upon infection and 

wounding. The importance o f signal transduction pathways is so great that 

breakdowns in signalling events may result in the disease and death o f an organism. It 

is hoped that through the investigations o f signal transduction pathways it might 

ultimately be possible to control some o f the diseases resulting from signalling 

malfunctions. As such, it is encouraging that over the last decade the understanding 

o f signal transduction pathways has advanced rapidly, resulting in the identification of 

specific signal transduction proteins which mediate important signalling events. These 

crucial signal transduction proteins have become targets for rational drug design 

programs which aim to develop the ability to control signal transduction pathways by 

interfering with essential signalling events. Successful drug products may provide the 

ability to ‘shut down’ cells in which deregulated, disease-causing, signalling processes 

are occurring.

A signal transduction pathway can be broadly summarised as occurring in 

two principal steps. First, a stimulatory, extracellular molecule binds to a dormant.
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tninsm em brane receptor (a cell-surtace receptor) on a target cell. As a consequence, 

the cell-surtace receptor is activated and transduces a signal through the cell 

membrane to the cytoplasm and nucleus, resulting in a range o f co-ordinated 

responses (Figure 1-1).

Figim 1-1: A  schematic representation of a signal transduction pathway. Cell surface receptors bind 
to extracellular stimuli and co-ordinate the formation of activated signalling complexes.
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There are many different extracellular stimuli which are used to elicit the 

required range o f  cellular responses. The specific response that a stimulus can elicit is 

determined by the nature o f the cell-surtace receptor to which it binds, and 

subsequently by the intracellular signal transduction pathways that the activated 

receptor can stimulate. A num ber o f different classes o f cell-surface receptor have 

been identified, including the well-characterised growth-factor receptors, cytokine 

receptors and the G-protein coupled receptors.
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In the context o f this thesis, the signal transduction pathways of main 

interest are those initiated by receptors for growth-factors (and/or small polypeptide 

hormones). These receptors are known as receptor tyrosine kinases (RTKs), since 

they transduce signals through their cytoplasmic protein kinase domains which 

phosphorylate target tyrosine residues. Rather than describing in detail all the 

individual steps and components o f these signal transduction pathways, the following 

discussion is designed to introduce the RTK-mediated signalling systems in terms o f  

their primary functional characteristics. The importance o f features such as 

dimérisation, cell-surface recruitment and protein domains in signal transduction 

pathways are subsequently examined. It is intended that these discussions will also 

introduce the rationale underlying the investigations performed in this thesis.

Dimérisation in signal transduction pathways

The characterisation o f RTK-dependent signal transduction pathways has 

revealed that homodimerisation regulates the activities o f several signalling 

components, including the RTKs themselves (Heldin, 1995). The first observation o f  

cell surface receptor dimérisation was in the epidermal growth factor receptor system 

(Yarden and Schlessinger, 1987). Since then, the importance o f  dimérisation as a 

direct mechanism for receptor activation has been demonstrated in many studies; for 

example, by showing that the antibody-mediated clustering o f soluble forms o f RTKs 

is sufficient for their activation (Davis et al., 1994).

The observation that cell-surface receptor dimérisation is correlated with the 

stimulation o f signal transduction pathways proved to be highly significant. Indeed, 

this work prompted much research into signalling through tyrosine kinase receptors, 

ultimately allowing the mechanisms o f receptor activation via dimérisation to be 

established and leading to the characterisation o f signal transduction proteins 

downstream o f activated RTKs. An example o f a RTK signalling system is provided 

by the platelet-derived growth factor receptor (PDGF-R). The binding of 

extracellular, disulphide-bonded dimers o f PDGF induces the PDGF-R to form non- 

covalent homodimers (Heldin et al., 1989). Receptor dimérisation promotes the 

intrinsic tyrosine kinase activity, leading to the trans-autophosphorylation o f multiple 

tyrosine residues in the cytoplasmic regions o f the PDGF-R (Ullrich and Schlessinger, 

1990). Receptor autophosphorylation occurs on two functionally different sites. It has
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been shown, for some receptors, that the autophosphorylation o f a conserved 

tyrosine in the kinase domain (Y857 in the PDGF-R) has an allosteric effect which 

increases the catalytic kinase activity and precedes additional phosphorylations 

(Naldini et ak, 1991). The second type o f autophosphorylation site includes up to 10 

tyrosine residues in C-terminal regions o f the receptor. In the PDGF-R, the resultant 

pY motifs serve as binding partners for at least 8 different cytoplasmic substrates o f 

the RTK. The PDGF-R substrates include p 8 5 a /p ll0 a  PI3-kinase, phospholipase C- 

Y (PLC-y), Src-family kinases and the (growth factor receptor-bound-2) GRB-2 

adapter protein. The co-ordinated recruitment o f these SH2 domain-containing signal 

transduction proteins mediates the formation and activation o f multiple signalling 

complexes (Claesson-Welsh, 1994).

It is noteworthy that multiple isoforms o f many RTKs have been identified 

and shown to undergo heterodimerisation. For example, in the PDGF receptor sub

family, the different isoforms o f PDGF induce different dimeric forms o f the 

receptors, resulting in different cellular responses to the growth factor. While PDGF- 

AA induces a - a  receptor homodimers only, PDGF-AB can induce a -a  receptors 

and also heterodimeric a-(3 receptors. PDGF-BB can induce all three PDGF 

receptor combinations (Heldin, 1995). Thus, in addition to the general mechanism of  

activation afforded by receptor homodimerisation, specific pairings within receptor 

dimers may allow for subtle variations in signal transduction. Through receptor 

heterodimerisation, it is thus possible to increase the range o f cellular responses that 

distinct ligands-receptor couplings can elicit.

In addition to the dimérisation o f growth factors and RTKs, there is 

evidence to suggest that signal transduction proteins further downstream in these 

pathways may also be regulated by dimérisation {Figure 1-2). For example, it has been 

observed that the protein serine/threonine kinase called Raf (the target o f Ras) is 

stimulated by dimérisation (Farrar et al., 1996; Luo et al., 1996). In this way, Raf 

employs dimérisation events to stimulate the mitogen-activated protein kinase 

(MAPK) pathway (Marshall, 1996). The dimérisation o f Raf may be extremely 

important, since the sequential protein kinase reactions o f the activated MAPK 

pathway elicit numerous cellular responses, including cell growth and differentiation 

(Johnson and Vaillancourt, 1994). In addition, dimérisation is implicated in the 

regulation o f the Akt protein serine/threonine kinase (also called PKB or RAC-PK). 

In vivo, Akt can be stimulated by insulin and growth factors in a PI3-kinase dependent
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manner (Alessi et al., 1996; Andjelkovic et al., 1996; Burgering and Cotter, 1995; 

Franke et ak, 1995; K ohn et ak, 1995). A num ber ot interesting tunctions have been 

demonstrated tor Akt, including the insulin-induced phosphorylation (and repression) 

ot glycogen-synthase kinase-3 (GSK-3), resulting in the stimulation ot glycogen 

synthesis (Cross et ak, 1995). In addition, Akt has been shown to phosphorylate Bad, 

thereby releasing the repression ot Bcl-x^ and preventing apoptosis (Datta et ak, 1997; 

del Peso et ak, 1997; Franke et ak, 1997). It has been reported that Akt can dimerise 

and interact with other proteins through an N-terminal region that includes a PH 

domain (Franke et ak, 1997; Konishi et ak, 1996). Furthermore, Franke et ak observ^ed 

that the homodimerisation o t Akt is induced by its interaction with specific 

phosphoinositide phospholipids and leads to an increase in Akt activity. Together, the 

observations regarding Raf and Akt suggest that dimérisation may be a com m on 

regulatory feature o f protein serine/threonine kinases and may therefore be o f 

importance in many signal transduction pathways.

Figure 1 -2: Dimérisation regulates many events in signal transduction pathïvcrys. In this diagram, the 
gwivth factor, the growth factor meptor. K ef and A k t  an given as examples of signal transduction 
pmteins which undergo dimérisation as pari of their response to cell stimulation.
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It will be interesting to see whether the widespread dimérisation o f  receptors 

is reflected by the dimérisation o f cytoplasmic target proteins. Although it is currently 

unclear whether the dimérisation o f recruited RTK substrates occurs, some defined 

interactions allow speculation that such events may exist. For example, the ZAP-70 

non-receptor tyrosine kinase simultaneously uses two SH2 domains for binding to a 

double pY-containing target sequence in the zeta sub-unit o f the T-cell receptor 

(Hatada et al., 1995). It is conceivable that for a protein containing only a single SH2 

domain, this type o f double pY-motif may promote dimérisation.

The importance o f dimérisation is exhibited in a variety o f signal 

transduction pathways. For example, the well-characterised Stat transcription factor 

proteins dimerise following cytokine-mediated cell stimulation (Fu, 1992; Shuai et al., 

1994). Stat dimérisation involves the mutual binding o f pY residues and results in the 

translocation of dimeric Stat to the cell nucleus and, ultimately, promotes gene 

expression (Darnell et al., 1994). Similarly, some G-protein coupled receptors have 

been shown to exhibit dimerisation-dependent regulation o f their biological activity. 

For example, the murine 5-opioid receptor was shown to exist as dimers when 

unstimulated. However, upon agonist-binding, the 5-opioid receptor becomes 

monomeric, and this event is thought to play a role in receptor internalisation (Cvejic 

and Devi, 1997). Thus, it appears that dimérisation often plays an important role 

during receptor activation and at various other levels in the regulation o f a variety o f  

different signal transduction pathways. In this light, the dimérisation events reported 

in this thesis may have particular significance as potential mechanisms for the 

regulation o f signal transduction proteins.

Cell surface recruitment in signal transduction pathways

As noted above, one o f the primary roles o f a RTK is the binding and 

recruitment o f signal transduction proteins. RTKs are constitutively membrane 

bound, usually via a short sequence o f hydrophobic amino acids. Therefore, the 

binding o f a cytoplasmic signal transduction protein to the pY motif o f a RTK 

necessarily results in the translocation o f the protein to a membrane-proximal site 

(Kazlauskas and Cooper, 1989). This membrane recruitment event is highly important 

for the activation o f downstream signalling processes (Panayotou and Waterfield,

1993).
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However, the membrane recruitment o f signal transduction proteins can be 

achieved in a number o f different ways. For example, RTKs not only recruit proteins 

through direct pY interactions, but also via interactions with adapter molecules such 

as GRB-2 and IRS-1 (Downward, 1994; Myers et al., 1994). Other receptors which 

lack intrinsic tyrosine kinase activity (e.g. the T-cell receptor) are dependent on 

proteins which do possess kinase activity but require membrane recruitment to 

perform their physiological functions (e.g. ZAP-70). In addition, the non-receptor 

tyrosine kinases such as the Src-family and Btk/Tec-family kinases require 

recruitment to the plasma membrane to perform their physiological functions (Resh,

1994). These kinases exhibit a variety o f RTK-independent membrane-recruitment 

mechanisms. The Src-family kinases are constitutively associated with the plasma 

membrane due to a post-translational modification which results in their N-terminal 

myristoylation. Indeed, it was the observation that Src-family kinases require 

myristoylation in order to transform cells that led to the identification o f a role for 

membrane proximity in signal transduction pathways (Kaplan et al., 1988). Similar 

lipid modifications are also required for the functions o f other constitutively 

membrane-localised signal transduction proteins; e.g. the GTPase Ras requires 

farnesylation (Buss et al., 1989). In contrast, certain members o f  the Btk/Tec-family 

kinases and the phospholipase C enzymes seem to undergo regulated membrane 

recruitment, probably through binding to specific membrane phospholipids, and 

these interactions have profound stimulatory effects on their enzymatic activities 

(Cifuentes et al., 1993; Li et al., 1997).

In short, it appears that there are various methods used for the recruitment 

of different intracellular signal transduction proteins to the plasma membrane {figure 

1-3). (The biomolecular interactions which mediate recruitment events are discussed 

below). The regulated recruitment o f signal transduction proteins is essential for the 

ordered propagation o f signals. Thus, it seems likely that the inner face o f the plasma 

membrane serves as a site at which complexes o f signal transduction proteins can be 

formed and activated. In addition, the membrane contains a variety o f phospholipid 

substrates for certain signal transduction proteins (see below). The fundamental 

importance o f membrane localisation has been demonstrated by the artificial 

introduction o f constitutive membrane targeting motifs to different signal 

transduction proteins. For example, it was shown that the Raf protein kinase can be 

activated by its targeting to the plasma membrane, and this activation is independent 

of Ras (Leevers et al., 1994). Similarly, the Akt protein kinase can be stimulated
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independently of RTKs, via the attachment of a viral Gag sequence and its 
consequent targeting to the cell surface (Burgering and Coffer, 1995).

Figure 1-3: Signal transduction pmteins can be recndted to the cell surface in numerous ways. This 
diagram shows domains (bold) in signal transduction proteins (italics) which mediate recruitment.
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It is possible that the increased rate o f intermolecular interactions which 

results from the planar co-localisation of signal transduction proteins upon 

membrane recruitment is a sufficient method for the activation of some signal 

transduction pathways. However, in some cases additional factors such as the 

orientation of the recruited protein may be important. For example, it has recently 

been shown that the orientation of the ZAP-70 kinase can determine downstream 

signalling events (Graef et al., 1997). This suggests that the successful formation of 

activated signalling complexes is likely to require both the ordered proximity and 

orientation of the signal transduction proteins being recruited.
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Modular domains of signal transduction proteins

The binding events which recruit cytoplasmic proteins to RTKs and the 

plasma membrane are central to the stimulation of signal transduction pathways and 

must, therefore, be tightly regulated. This regulation is provided by the modular 

domains of signal transduction proteins. Through specific binding interactions, the 

domains of signal transduction proteins are able to exert control over enzyme- 

substrate recognition, enzymatic activitŷ  and sub-cellular localisation. The importance 

of domains in signal transduction proteins is not only belied by their frequency (Figure 

1-4), but is also demonstrated by numerous observ^ations that mutations in certain 

signalling domains can prevent correct signal transduction i?i vivo. For example, 

removal of the SH2 domains in the C. elegans GRB-2 homologue abolishes essential 

signalling through the Ras pathway (Clark et al., 1992) and similarly the D. melanogaster 

GRB-2 homologue (drk) is required for responses downstream of various RTKs

Figure 1-4: Many intracellular signal transduction pmteins show a modular architecture. The 
ftequeng of pmtein domains highlights the importance of their functions. Moreover, the amino acids 
sequence conservation between domains facilitates the characterisation of novel pmteins.
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(Olivier et al., 1993).

The discovery and characterisation o f conserved protein domains occurred 

only towards the end o f the 1980s when an abundance of DNA and protein sequence 

information became readily accessible in the form of computerised databases. From 

analyses o f these databases it became apparent that many proteins are constructed 

from relatively few, small modular units (now termed domains) that appear many 

times (Baron et al., 1991; Patthy, 1991). Indeed, a recent analysis o f the Brookhaven 

Protein Database (PDB) (a computer-based archival file for macromolecular 

structures (Bernstein et al., 1977)) revealed that o f about 4700 high-resolution protein 

structure co-ordinate entries (including about 7400 polypeptide chains and over 11000 

domains), only about 600 represent topologically different domain structures (Orengo 

et al., 1997)h In this PDB analysis, the protein structures are classified in a hierarchic 

manner, wherein the topology o f a domain describes its overall structure and the 

connectivity o f its secondary structure elements (Michie, 1997). A domain is usually 

described as a unit o f about 50-150 amino acids (although other sizes are known) 

which can fold into a discrete unit and is capable o f functioning independently. 

Commonly, the N- and C-termini o f a domain are found in spatial proximity. In 

evolutionary terms, it is possible that this feature may have allowed domains to be 

introduced or removed from proteins without significantly disturbing the overall 3-D 

structure o f the host protein. Indeed, it seems likely that domains may have been 

exchanged between proteins during evolution, thus allowing a wide variety o f  novel 

proteins to be constructed from a limited repertoire o f functional domains (Patthy,

1994). Within their host proteins, domains may have experienced amino acid 

mutations which allowed them to undergo divergent evolution, resulting in the 

appearance o f functionally distinct but structurally related domains.

Many different domains with a variety o f  signalling functions have now been 

identified and structurally characterised. Clearly, this introduction cannot include a 

review o f more than a few examples. Therefore, the following discussion is limited to 

those domains o f  particular significance in the context o f this thesis, including the 

SH2, SH3, PH, BCR homology and phosphotyrosine binding (PTB) domains. 

Further details about the domains from the specific signal transduction proteins 

investigated are discussed in Chapter 4, Chapter 5 and Chapter 6.

 ̂ Latest figures: a PDB analysis performed in November 1997 yields: 11295 protein domains but only 
604 different fold topologies. Data kindly provided by Dr. C. A. Orengo, UGL.
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The Src homology (SH) domains

The Src homology domains 2 (SH2) and 3 (SH3) were among the first to be 

characterised in signal transduction proteins. These SH domains were identified as 

regions outside the catalytic kinase domain (SHI domain) o f cytoplasmic protein 

tyrosine kinases (PTKs) which shared homology with other known signal 

transduction proteins (Mayer et ak, 1988; Sadowski et al., 1986).

SH2 domains are sequences o f about 100 amino acids and have been found 

in many proteins o f the signal transduction pathways which regulate phospholipid 

metabolism, tyrosine phosphorylation and dephosphorylation, activation o f Ras- 

family GTPases, gene expression, protein trafficking and cell structure (Pawson and 

Schlessinger, 1993). In üw, signal transduction proteins containing SH2 domains bind 

to the phosphotyrosine (pY) motifs both o f activated cell-surface receptors and 

cytoplasmic proteins (Anderson et ak, 1990; Matsuda et al., 1990; Valius and 

Kazlauskas, 1993). The pY-SH2 domain interactions can be reproduced in vitro using 

isolated SH2 domains and short pY-containing peptide sequences o f 5 - 10 amino 

acids. SH2 domains bind their optimal target sequences with high affinity, where the 

equilibrium dissociation constant, Kg=10 - 100 nM. Peptides containing random 

sequences around the pY residue bind SH2 domains around 1000-fold less strongly. 

SH2 domains have essentially no affinity for non-phosphorylated peptides. Thus, the 

strength o f  binding comes mostly from the pY-SH2 domain interaction, while the 

surrounding amino acids contribute to the fine specificity o f binding (Piccione et al.,

1993).

Many structural studies have shown that SH2 domains exhibit a well- 

conserved 3-D topology comprising a central (3-sheet sandwiched between two a- 

helices (e.g. (Waksman et al., 1992)) (Figure 1-S), The structurally characterised SH2 

domains all bind pY residues in the same way, i.e. in a specific pocket o f the SH2 

domain that contains a strictly conserved arginine residue. The conserved arginine 

hydrogen-bonds with two pY oxygen atoms, while the loop between (3-strands B and 

C closes over the phosphate (e.g. (Lee et al., 1994)). In addition to the pY binding 

pocket, there is a groove on the SH2 domain surface containing variable amino acids 

which confer the specific recognition o f the three residues to the C-terminus o f  the 

pY residue in the target ligand (denoted +1 to +3) (Eck et ak, 1993; Waksman et ak,

1993). Two types o f consensus motif in the +1 to +3 region have been identified: the
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sequence of type pY-hydrophilic+^-hydrophilic+^-I/P+a binds to a group of SH2 
domains which includes those from Src, Fyn, Lck and Nek; while the SH2 domains 

of p 85a /p ll0a  PI3-kinase and PLC-y prefer a sequence of the t)'pe pY- 

hydrophobic+i-X+2-hydrophobic+3, where X is any amino acid (Songyang et ak, 1993; 

Zhou et ak, 1993).

It appears that the bipartite nature of the pY-SH2 domain interaction allows 

the tyrosine phosphorydation mechanism to act as an all-or-nothing signalling switch. 

I'his interaction does not seem to have major allosteric effects and therefore probably 

represents a simple device for the recruitment of signal transduction proteins (Sabe et 

ak, 1994). Since this recruitment is frequently performed by a RTK, it often results in 

the co-ordinated phosphorydation of the recruited signal transduction protein (Rotin 

et ak, 1992).

¥ignn 1-5: The backbone and secondary structure etemenfs of the z;-Src SI 12 domain (W'aksman 
et al., 1992). The consened SH 2 domain topology is clearly seen, i.e. an anti-parallel three-stranded 
P~sheet flanked by two a-helices. This diagram type was made using MOLSCRIPT (Kraulis, 1991).
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Like SH2 domains, SH3 domains are found in many signal transduction 

proteins, but also in proteins of the cytoskeleton (Drubin et ak, 1990; Koch et ak,

1991). SH3 domains are composed of 55 - 70 amino acids which fold into a compact 

domain of five (3-strands organised into two roughly orthogonal (3-sheets {Figure 1- 

(5) (structures have been determined both by X-ray cr^ ŝtallography (Musacchio et ak,

1992) and NMR (Yu et ak, 1992)). SH3 domains appear to be important for 

mediating the constitutive or reversible protein-protein interactions o f many signal 

transduction proteins. For example, the two SkI3 domains o f the adapter protein 

GRI3-2 mediate its constitutive interaction with SOS (Egan et ak, 1993). Thus, the 

signal-dependent recruitment of GRB-2 to RTKs also recruits SOS — a guanine 

nucleotide exchange factor (GEF) and activator of Ras (Bonfini et ak, 1992). In this 

way, RTK activation co-localises the GRB-2/SOS complex with membrane-bound 

Ras, leading to Ras activation and the consequent stimulation of the MAPK pathway. 

In addition, the Src-family and Btk/Tec-family kinases have SH3 domains which 

undergo regulated interactions with the proline-rich sequences o f different signal 
transduction proteins (see below). The in mvo importance of SH3 domain interactions 

is further underlined by the demonstration that mutations in the Src STI3 domain 

result in increased catalytic activit)  ̂and oncogenic potential of Src.

Figure 1-6: The 3-D stmctiire of the ^-spectrin SH3 domain (hhisacchio et al., 1992). SH3
domains Joms compact stmctnres of five ^-strands organised into two rvnghlj orthogonal ̂ -sheets.
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SH3 domains bind to proline-rich sequences o f about 10 amino acids, where 

for the isolated SH3 domain in vitrô  the Kd=5-100 |iM (Ren et al., 1993; Yu et al.,

1994). In general, the specificity o f binding is conferred by interactions between the 

non-proline amino acids o f the ligand and the non-conserved amino acids in two 

charged loops which flank the hydrophobic binding pocket on the SH3 domain 

surface (Cohen et al., 1995). When bound to SH3 domains, proline-rich sequences 

usually adopt a left-handed (polyproline) type II (PPII) helix, which has three residues 

per turn (Feng et al., 1994; Lim et al., 1994; Musacchio et al., 1994). The PPII helix 

has three spines, two o f which form a roughly planar surface and contact the SH3 

domain. The more exposed spine tends to contain proline residues which probably 

serve to stabilise the PPII helix structure. Although a consensus SH3 domain ligand 

was previously defined as X-p-hydrophobic-P-p-X-P (where X is any amino acid, p 

tends to be a proline residue and P is a conserved proline), it has recently been shown 

that a sequence containing only one proline residue is sufficient for PPII helix 

formation and intramolecular binding in the repressed, phosphorylated form o f the 

Src tyrosine kinase (Xu et al., 1997). Indeed, other recent studies have also revealed 

intramolecular SH3 domain-mediated interactions in Src-family kinases (Sicheri et al., 

1997) and in Itk, a Btk/Tec-family kinase (Andreotti et al., 1997). It is o f great interest 

that some o f these intramolecular SH3 domain interactions exhibit kinase-regulating 

abilities which, moreover, can be modulated by other signal transduction proteins 

(Andreotti et al., 1997; Moarefi et al., 1997). Therefore, a clear role for the SH3 

domains o f multiple signal transduction proteins has been demonstrated and it seems 

likely that SH3 domains may co-ordinate a whole array o f other signalling interactions 

yet undiscovered.

The pleckstrin homology (PH) domain

The PH domain was first identified as a region o f about 120 amino acids 

internally repeated in the phosphoprotein pleckstrin (the major substrate o f PKC in 

platelets) (Haslam et al., 1993; Mayer et al., 1993). Since then, extensive database 

searching has revealed PH domains in over 100 proteins, including serine/threonine 

kinases and tyrosine kinases, substrates for these kinases, PLC isoforms, regulators o f 

small GTPases, proteins o f the cytoskeleton, and the dynamin proteins (Gibson et al., 

1994; Musacchio et al., 1993). PH domains seem to occur throughout the animal
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kingdom and in yeasts, but not in plants or bacteria. In general, PH domain- 

containing proteins are modular and the PH domains seem to be independent o f  

other domains (Saraste and Hyvonen, 1995). However, some domains are found 

preferentially adjacent to PH domains. For example, the Dbl homology (DH) 

domain, implicated as a guanine nucleotide exchange factor for Rho-family proteins, 

is always followed by a PH domain (Cerione and Zheng, 1996). Similarly, in the 

Btk/Tec-family kinases a region o f Tec homology is preceded by a PH domain 

(Vihinen et al., 1994). From an extensive homology-modelling study, it has been 

proposed that a sub-class o f PH domains may have functional relationships with their 

neighbouring domains (Blomberg and Nilges, 1997). In addition to their widespread 

distribution, the importance o f the PH domain is demonstrated by the naturally 

occurring mutations o f the Btk PH domain which are sufficient to cause 

immunodeficiency disease (Thomas et al., 1993) (see Chapter 4).

Numerous studies by NMR and X-ray crystallography have provided the 3- 

D structures o f seven different PH domains, from the proteins pleckstrin (Yoon et 

al., 1994), p-spectrin (Hyvonen et al., 1995; Macias et al., 1994; Zhang et al., 1995), 

dynamin (Downing et al., 1994; Ferguson et al., 1995; Fushman et al., 1995; Timm et 

al., 1994), PLC-ôi (Ferguson et al., 1995), SOSl (Zheng et al., 1997), Btk (Hyvonen 

and Saras te, 1997) and P-ARK (Fushman et al., 1998). Despite a rather low 

conservation o f amino acid sequence, where inter-domain identity is typically only 10 

- 20% (Wagner, 1994), the PH domain structures show a well-conserved overall 

topology. The PH domain structure comprises two approximately orthogonal, anti

parallel P-sheets o f 3 and 4 P-strands, which are capped on one side by a C-terminal 

a-helix {figure 1-7).

When the first PH domain structures were solved (1994 —1995), the 

physiological function o f the domain was still unknown. Work performed and 

reported in this thesis comprises some o f the early work which defined the binding 

partners o f PH domains. Therefore, a more complete description o f PH domain 

functions is given in Chapter 4. In short, PH domains commonly seem to be required 

for the promotion o f membrane localisation o f  their host proteins (Hemmings, 1997; 

Lemmon et al., 1996). The understanding o f PH domain functions has been a great 

focus o f attention over the last few years and, consequently, considerable progress has 

been made towards defining their role in biology. In particular, numerous recent 

reports have led to descriptions o f the roles o f the PH domains o f protein kinase
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¥ignre 1-7: Ttoe 3-D stmctiire of the dynamin PH  domain (Feigiison et al, 1995). The PH  
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dependent kinase-1 (PDK-1), and its substrate Akt, as effectors of the RTK-activated 

PI3-kinase (Downward, 1998). These studies have enabled the elucidation of the 

pathways through which insulin and growth factors regulate a range of cellular 

responses.

In addition, there have been a few reports describing the binding of specihc 

PH domains to the Py-sub-units o f heterotrimeric G-proteins (Inglese et al., 1995; 

Mahadevan et al., 1995; Touhara et al., 1994). However, the recent structure 

determination of the (3-ARK PH domain, and its analysis by mutation studies, 

suggests that the G(3y-binding ability of at least this PH domain is partly located in the 

a-helix but also requires an additional C-terminal extension of the defined PH 

domain (Fushman et al., 1998). It therefore seems unlikely that G(3y-binding ability is
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an intrinsic, conserved feature o f many PH domains. In the unique case o f Btk, the 

PH domain has been reported to interact with protein kinase C (PKC) (Yao et ak,

1994). While this interaction was shown to down-regulate Btk activity in vitro, there 

have been no subsequent reports o f PH domain interactions with PKC, raising 

questions concerning the physiological relevance o f the latter observations.

The breakpoint cluster region (BCR) homology domain

The BCR homology domain was first identified as a region o f sequence 

homology between the RhoGAP protein and the product o f the her (breakpoint 

cluster region) gene — the translocation breakpoint in Philadelphia chromosome- 

positive chronic myeloid leukaemias (Diekmann et ak, 1991). The RhoGAP protein is 

a GTPase-activating protein (GAP) which stimulates GTP hydrolysis in members o f  

the Rho-family o f small G-pro teins (Boguski and McCormick, 1993). Rho-family 

members are signal transduction proteins which control the behaviour o f the actin 

cytoskeleton and thereby regulate cell shape, division and motility (Ridley et al., 1992). 

Subsequent to its preliminary identification, this domain has been found in several 

other proteins, including the S. cerevisiae Bem2 and Bem3 proteins, the mammalian 

pl90 protein and the 85 kDa sub-unit o f mammalian pBSa/pllO a PI3-kinase. 

However, since not all o f these proteins are known to have GAP activity, the 

nomenclature 'BCR homology domain’ is generally preferred. (In the context o f this 

thesis, however, the domain will be referred to simply as the BCR domain, for 

historical reasons). Nevertheless, an involvement with small Rho-family G-pro teins 

seems likely for most BCR domain-containing proteins.

The BCR domain contains about 200 amino acids which adopt similar 

structures in both the RhoGAP and pBSa BCR domains (Barrett et al., 1997; 

Musacchio et al., 1996). The pBSa BCR domain structure comprises seven a-helices, 

three o f which flank a central core o f  four a-helices approximating a four-helix 

bundle {Figure 1-8). This core contains most o f the residues conserved in different 

BCR domains, which are found to lie predominantly on one face o f the bundle.

Precise structural detail o f the interaction between the RhoGAP BCR 

domain and its target Rho-family protein (RhoA) has been obtained recently by X-ray 

crystallography (Rittinger et al., 1997). Via these structural studies, it has emerged that
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Figure 1-8: The 3-D stmctHn of the BCR domain from p85a  PI3-kinase (Musacchio et at., 
1996). The a-helices A , B, E  and F  form a four-helix bundle-like stmcture in the domain core.

,OA

(DtD

the commonly consented residues R85 and N194 of the RhoGAP BCR domain fall 

on the conserved face of the four-helix bundle and are critical for binding to G- 

proteins and enhancing GTPase activity. This study has provided an atomic 

description ot the guanine-nucleotide switch mechanism that regulates a variety of G- 

proteins (Bourne, 1997). Interestingly, the p85a BCR domain does not contain an 

equivalent N194, rather, it has a valine residue, which may explain the apparent lack 

of GAP activity for this protein.

The phosphotyrosine-blnding (PTB) domain

The P l’B domains are capable o f binding specifically to ligands containing 

the consensus amino acid sequence NPXY (where Y is commonly, but not always, 

phosphorylated and X can be any amino acid). The affinity for pY-containing ligands
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gives the PTB domain its name (which may be inappropriate in the light ot recent 

studies, see below) and suggests that it may have a role comparable to that ot SH2 

domains. The PTB domain was first identified through the characterisation of the 

adapter protein She, which was shown to bind to pY residues in growth factor 

receptors independently of an SH2 domain (Blaikie et al., 1994; Kavanaugh and

Williams, 1994). Since then, despite a relatively low conservation of amino acid

sequence, PTB domains have been identified in at least 13 other proteins (Bork and

Margolis, 1995). The binding partners identified for the PTB domains studied to date

suggest that, like SH2 and PPI domains, PTB domains are involved in signal- 

dependent receptor binding and possibly also in membrane targeting functions.

¥ignre 1-9: The 3-D stmctiire of the IRS-1 PTB domain (Zhou et at., 1995). The topology of the 
PTB domain is very similar to that of the PH domain, despite loiv sequence homology.

PTB domains contain about 110 amino acids which adopt a fold with 

remarkable similarit)  ̂ to that of the PH domain. For example, the She PTB domain 

comprises a sandwich of two (3-sheets capped at one end by a C-terminal a-helix 

{Figure 1-9) (Zhou et ak, 1995). It was also shown that the She PTB domain may bind 

to the same phospholipid membrane-components as various PH domains (see 

Chapter 4), but this has not been demonstrated for the IRS-1 PTB domain (Rameh et 

ak, 1997; Zhou et ak, 1996).
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Since the 3-D structures o f PTB domains and SH2 domains are very 

different, it is not surprising that PTB domains display an alternative mode o f binding 

to tyrosine-containing ligands. The PTB domains use their C-terminal a-helix and an 

adjacent ^-strand to bind peptide ligands. The She and IRS-1 PTB domains use non

conserved, positively charged amino acids to bind with high affinity to their negatively 

charged pY ligands (for IRS-1, pM)(Zhou et al., 1995). Unlike the important

+ 1 to +3 region o f the SH2 domain pY ligands (see above), the She and IRS-1 PTB 

domains achieve binding specificity through a hydrophobic pocket which 

accommodates hydrophobic amino acids in the pY-5 position (She) or pY-6/-8 

positions (IRS-1) o f their peptide ligands. Interestingly, it has recently been shown 

that the PTB domain o f the X I1 protein binds with high affinity (Kd=0.32 |liM) to an 

unphosphorylated peptide using a mechanism essentially the same as that used by the 

She and IRS-1 PTB domains for NPXpY ligand binding (Zhang et al., 1997). It will 

be interesting to see whether further examples o f the PTB domain bind to tyrosine 

phosphorylated or unphosphorylated target ligands and/or acidic phospholipids and 

whether their 3-D structures commonly resemble PH domains.

Phosphoinositides in signal transduction pathways

It was noted above that many signal transduction proteins require 

membrane recruitment to perform their functions. The plasma membrane contains a 

wealth o f different phospholipids, some of which exhibit signal dependent changes in 

concentration, e.g. due to the actions o f PI3-kinases, phosphoinositide-specific 

phosphatases and PLC enzymes. It has therefore been proposed that in addition to 

providing a general site for the formation o f activated signalling complexes, some 

phospholipids may have specific signal dependent functions within the membrane.

There is now considerable evidence to su rest that the phosphorylation and 

dephosphorylation o f the polar head groups o f phosphoinositides^ can signal either 

the recruitment or the activation o f  a variety o f  signal transduction proteins (De 

Camilli et al., 1996; Divecha and Irvine, 1995). In part due to work presented in this 

thesis, it has emerged that certain phosphoinositides can interact with signal 

transduction proteins through PH domains (see Chapter 4). In addition, a few other 

domains o f intracellular proteins have been proposed to bind to phospholipids.

2 The convention adopted for the nomenclature of phosphoinositides is stated below.
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including the first C2 domain o f the nerve-terminal protein synaptotagmin (Davletov 

and Sudhof, 1993). In addition, binding to phosphoinositides has been proposed for 

the PTB domain o f the She adapter protein (Zhou et al., 1995) and the SH2 domains 

o f p 8 5 a /p ll0 a  PI3-kinase (Rameh et al., 1995). This thesis reports a number of 

different approaches for the investigation o f interactions between proteins and 

phosphoinositides (Chapters 4 and 6 ). In short, the characterisation o f signal 

transduction proteins which bind to phosphoinositides has been a prominent area of 

research in signal transduction, and has recently allowed the linking o f a number of 

pathway components with their downstream signalling effectors.

For example, the membrane bound phospholipid products o f PI3-kinases 

have been implicated as second messengers for some time. However, only recently 

have physiologically relevant binding partners for 3-phosphorylated 

phosphoinositides been well characterised. Specifically, cytosolic Akt requires 

recruitment to the plasma membrane for its activation (Kohn et al., 1996) and this 

translocation is thought to be mediated by binding to the PI3-kinase products 

Ptdlns(3,4,5)P3 and/or PtdIns(3,4)Pz (Franke et al., 1997; James et al., 1996). 

However, the full activation o f Akt appears to require its phosphorylation on residue 

T308 by a protein kinase named Ptdlns (3 ,4 ,5 )P3—dependent protein kinase-1 (PDK- 
1)(Alessi et al., 1997), (Stokoe et al., 1997).*

Interestingly, the phosphorylation o f Akt by PDK-1 was reported to be activated in 

vitro by vesicles containing 3-phosphorylated phosphoinositides (Alessi et al., 1997). In 

addition, it has been proposed that PDK-1 can only phosphorylate Akt which is 

bound to Ptdlns(3 ,4 ,5 )P3 (Downward, 1998). Subsequently, a model describing a dual 

mechanism for the role o f phosphoinositides in Akt activation was recently suggested. 

In this model, Akt has a conformation which, in the absence o f Ptdlns (3,4,5)P 3 ,  

masks the T308 target o f PDK-1; further, Akt, PDK-1 and PDK-2 can be co

localised at the plasma membrane by 3-phosphorylated phosphoinositides 

(Downward, 1998). It has now been established that Akt and Akt-directed kinases are 

indeed dependent on the production o f 3-phosphorylated phosphoinositides 

(Stephens et al., 1998). Thus, it has become clear that phosphoinositides play essential 

roles in the stimulation o f numerous signal transduction pathway.

The ability o f phosphoinositides to play numerous roles in signal 

transduction pathways is perhaps not surprising, since the inositol head group is 

highly versatile. The Q-inositol ring o f phosphatidylinositol (Ptdlns) can be modified
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by reversible phosphorylation at several positions {Figiin 1-10). In the context ot this 

thesis, the conventions of nomenclature suggested by Divecha and Ir\dne will be 

adopted (Divecha and Ir\ane, 1995). Accordingly, the term ‘phosphoinositide’ 

describes any derivative of Ptdlns which has been additionally phosphorylated on the 

inositol head group. Thus, Ptdlns phosphorylated only at the 3 -0 H position is 

termed phosphatidylinositol-3-phosphate (abbreviated to PtdIns(3)P). The 

phosphoiyTation of the inositol ring of Ptdlns at one or a combination ot positions 

(including the 3-, 4-, or 5-OH positions) generates a set of five unique stereoisomers, 

many of which are implicated in signal transduction pathways (Figure 1-11). The 

phosphoinositides PtdIns(3)P, Ptdlns (4)P, Ptdlns (3,4) Pj, PtdIns(4,5)P2 and 

PtdIns(3,4,5)P3 have been found in mammalian cells under various physiological 

conditions. In addition, it has recently been shown that in S. cereiisiae and S. pombe 

PtdIns(3,5)P2 is made from PtdIns(3)P under conditions of osmotic stress, and that 

PtdIns(3,5)P2 can also be found in mammalian and plant cells (Dove et al., 1997). Ot 

the phosphoinositides mentioned, only PtdIns(4,5)P2 has been characterised as a 
substrate of phospholipase activity, which is one reason why the other 

phosphoinositides are proposed to be second messengers.

Figure 1-10: FhosphatidjUnositol (Ptdbis) has a Q  inositol ring which can be modified on the 3, 4, 
and 3-OFl grvups. The circled ‘P ’ represents the phosphate group common to all Ptdlns derivatives.
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The potential for distinct phosphoinositides to interact with proteins is also 

supported by neutron diffraction studies which have demonstrated that the inositol 

ring in the head group o f Ptdlns extends perpendicular to the membrane surface, in a 

cytoplasm-exposed orientation. Moreover, the conversion o f Ptdlns to Ptdlns(4)P 

results in tilting the inositol ring, which may represent a contribution to a mechanism 

conferring specificity in the binding o f distinct phosphoinositides by signal 

transduction proteins (Bradshaw et al., 1996).

Figure 1-11: The pathway for phosphoinositide biosynthesis. The kinase- and phosphatase-mediated 
reactions are regulated in vivo such that the various phosphoinositides can play signal-dependent roles.

Ptdlns

In the past, studies o f the binding o f phosphoinositides to proteins has been 

hampered by the poor solubility o f phosphoinositides in aqueous solution and by the 

difficulty o f their purification. Thus, numerous studies have used the more readily 

available, water-soluble inositol polyphosphates as approximations o f  the 

phosphoinositide head groups. The validity o f this approach is supported by a 

number o f lines o f evidence (discussed further in Chapter 4). It is also notable that 

the growing interest in the role o f phosphoinositides in signal transduction has 

prompted considerable efforts in a number o f organic chemistry laboratories, 

allowing the economic availability o f compounds such as inositol polyphosphates (B. 

Potter, Bath, UK; (Potter and Lampe, 1995)); full-length synthetic PI(3,4,5)P3 (R. 

Gigg, Bath, UK; (Desai et al., 1996)) and phosphoinositide analogues with water- 

soluble, reduced-length acyl chains (P. Gaffney and C. Reese, London, UK (Gaffney 

and Reese, 1997) and G. Prestwich, Utah, USA (Prestwich, 1996). These significant 

advances have facilitated the performance and assessment o f  studies described in this 

thesis for the characterisation o f signal transduction proteins thought to interact with 

inositol polyphosphates and/or phosphoinositides.
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Biophysical studies of signai transduction pathways

It emerges from the discussion above that the regulation o f signal 

transduction pathways involves a great diversity o f biomolecular interactions which 

occur both in membranous and cytoplasmic locations. In light o f this complexity, it is 

apparent that a comprehensive understanding o f signalling systems is likely to require 

the synthesis o f data obtained from various types o f biochemical and biophysical 

experiments. At the origins o f  research into signal transduction pathways lie many 

important genetic studies which revealed that numerous retroviral oncogenes 

correspond to mutant forms o f cellular, host genes (proto-oncogenes) (Bishop, 1991). 

The Src tyrosine kinase is the product o f a proto-oncogene and the cognate v-Src was 

the first viral oncogene to be characterised (Bishop, 1985). Subsequently, the 

biochemical characterisation o f numerous proto-oncogenes and their protein 

products constituted essential work in the delineation o f signal transduction pathways 

(Cantley et al., 1991). Significantly, it rapidly emerged that many signal transduction 

proteins were protein kinases (Hanks et al., 1988). Indeed, the successes o f the genetic 

and biochemical investigations o f signal transduction pathways have resulted in 

enormous resources being invested in this field o f scientific research. Consequently, 

these approaches will undoubtedly continue to enhance the understanding o f signal 

transduction pathways and appear to be o f increasing medical significance.

However, this thesis is primarily concerned with the application o f  

biophysical techniques for the detailed study o f biomolecular interactions which 

regulate signal transduction pathways. The comparatively recent emergence o f this 

type o f study has been critically dependent on (1) advances in the ability to clone and 

express recombinant D N A  in order to produce large quantities o f  purified proteins, 

and (2) the development o f a range o f different biophysical techniques which allow 

the characterisation o f biomolecular interactions at high resolution. Although the vast 

majority o f biophysical studies are performed in vitro, and have therefore been 

critically reviewed on occasion, it is unquestionable that they have dramatically 

enhanced the understanding o f many different signal transduction proteins and, 

moreover, o f the ways in which signal transduction pathways operate.

The widespread application o f many different, yet complementary, 

biophysical techniques has resulted in the detailed characterisation o f numerous 

biomolecular interactions which govern signal transduction pathways. In the mid—late
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1980s it became readily possible to produce and purify recombinant proteins from 

the high-yield expression systems provided by bacteria and yeast. This ability 

revolutionised the field o f molecular biology, since it became possible to obtain the 

(demanding) quantity and quality o f protein required for a molecular study by X-ray 

crystallography and/or nuclear magnetic resonance (NMR) spectroscopy. Studies 

employing these powerful techniques allowed the determination o f the 3-D structures 

o f many proteins and domains. Thus, the use o f both X-ray crystallography and 

NMR to describe macromolecular structures at atomic resolution defined a new 

discipline in biomedical research. The field o f structural biology has subsequently 

flourished, attracting widespread academic interest and considerable financial support.

The techniques o f X-ray crystallography and NMR have developed in 

tandem. X-ray crystallography carries the advantage o f being applicable to proteins of  

many different sizes, from small domains to large macromolecular assemblies. In 

contrast, high-resolution, macromolecular NMR is limited to studies o f  proteins of  

less than about 30 kDa in size. However, where X-ray crystallography describes 

molecules under restrained conditions, NMR can be used to study the dynamic 

motions o f proteins alone and their dynamic interactions with ligands in solution. 

Together, these techniques have revealed the 3-D structures o f many different 

domains found in numerous signal transduction proteins, such as the SH2, SH3, PH, 

C2, WW, PTB and BCR domains. The determination o f these structures has provided 

an understanding at the molecular level o f many o f the regulatory features on which 

signal transduction is dependent. To give just one example, through structural 

investigations it has become apparent how the specificity o f interactions between the 

pY-motifs o f different cell-surface receptors and their substrates containing SH2 

domains is achieved (Breeze et al., 1996; Hensmann et al., 1994; Nolte et al., 1996) 

(see Chapter 5). These molecular explanations have established how cells can use 

simultaneously many variations o f  a common mode o f signalling mechanism (e.g. the 

pY — SH2 domain interaction) without losing regulation or experiencing undesirable 

cross-talk between signal transduction pathways.

In addition to the many structural studies o f single domains isolated from 

signal transduction proteins, it is noteworthy that very recently a number o f multi

domain structures have been determined at high-resolution. Perhaps most notably, 

the 3-D structure o f a large fragment o f the Src tyrosine kinase was determined (Xu 

et al., 1997). This structure clarified many years o f  experimentation by finally allowing
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an understanding o f the regulatory intramolecular interactions between the Src SH2 

and SH3 domains and their endogenous pY- and pro line-containing ligands, 

respectively. While the ability to study very large, multi-domain complexes is 

predominantly limited to X-ray crystallography, comparable NMR studies o f  smaller 

multi-domain structures are also able to provide insight into the regulatory 

interactions o f signal transduction proteins. For example, it was a recent NMR study 

o f the Itk tyrosine kinase that reported the first 3-D structure o f a regulatory, 

intramolecular SH3 domain — proline-rich ligand interaction (Andreotti et al., 1997). 

Further, the high-resolution structural studies presented in this thesis have employed 

only NMR to gain considerable insight into the molecular features o f multi-domain 

protein complexes (Chapter 5).

However, the information provided by structural studies alone is not 

sufficient to fully characterise a biomolecular interaction, since this also requires a 

thermodynamic description o f the binding events. Thus, the most comprehensive 

studies comprise structural investigations in parallel with additional biophysical 

techniques which allow the strength and specificity o f interactions to be measured. 

Techniques such as surface plasmon resonance (SPR), isothermal titration calorimetry 

(ITC) and analytical ultracentrifugation (AUC) have all provided essential details for 

the complete descriptions o f interactions between many components o f  signal 

transduction pathways. Discussions o f the most important aspects o f the techniques 

actually employed in this thesis are given in Chapter 2.

In summary, this chapter has provided an introduction to some o f the 

principal features o f signal transduction pathways that were studied through the 

experiments presented in this thesis. Where it might be useful, the subsequent 

chapters include more involved descriptions o f the signal transduction proteins 

studied. The discussions o f the biophysical techniques employed allows a practical 

appreciation o f the experiments performed. Moreover, the critical evaluation o f the 

experiments described is facilitated by the sections in Chapter 2 which outline both 

the strengths and weaknesses o f the specific techniques chosen for each investigation. 

It is emphasised that where possible, a range o f different techniques were applied in 

order to reduce the possibility that ascertainment bias and experimental error might 

result in inaccurate interpretations.
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Nuclear magnetic resonance spectroscopy

The role of NMR in molecular biology

One o f the ultimate goals o f molecular biology is the understanding at an 

atomic level o f the biomolecular interactions which regulate biochemical processes. 

Nuclear magnetic resonance spectroscopy (NMR) is one o f the most powerful tools 

in modem molecular biology capable o f providing such detailed molecular 

information. NMR involves studying nuclear energy state transitions which occur in a 

molecule upon the input o f energy as electromagnetic (EM) radiation in the radio

frequency range. The specific frequency o f EM radiation required to stimulate 

changes in a nucleus depends on the precise microenvironment o f the nucleus. This 

relationship ultimately yields spatial information characterising the nucleus and its 

position in the protein as a whole. The sensitivity o f a nucleus to its local 

environment gives rise to the great utility o f NMR: the ability to allow the 

determination o f the 3-D structures o f proteins and other biomolecules, such as 

DNA, RNA, peptides and polysaccharides. Despite being a relatively new technique, 

NMR has already contributed significantly to the number o f known protein 

structures. The development o f NMR as a biophysical tool has been o f enormous 

interest across a wide field o f research because high-resolution descriptions o f 3-D 

biomolecular structures provide valuable information concerning: (1) the organisation 

of amino acids into the secondary, tertiary and quaternary structures o f proteins, (2) 

the atomic features o f a specific 3-D biomolecular structure which may be related to 

its biological function, and (3) the atomic details o f interactions occurring between 

biomolecules in solution. In addition, dynamic phenomena such as the rates o f  

diffusion, rotational correlation time and molecular flexibility can be studied by NMR. 

In short, NMR allows the comprehensive characterisation o f the structure and 

dynamics o f a biomolecule. This chapter aims to provide an introduction to the 

technique and to illustrate its practical applications o f relevance to the work presented 

in this thesis.

The Brookhaven Protein Database (PDB) comprises a site for the 

deposition o f 3-D structure co-ordinates obtained by experimental methods (Abola et 

al., 1987; Bernstein et al., 1977). The PDB is growing at a rate o f approximately 150
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new structures per month (Orengo et al., 1997) and there are already more than one 

thousand 3-D structure co-ordinate files resulting from NMR studies (predominantly 

of proteins) which have been released^ However, NMR shares the ability to 

determine 3-D structures with the technique called X-ray crystallography. Indeed, the 

majority o f high-resolution structure co-ordinates currently available are products of 

X-ray crystallography studies rather than NMR studiesb Nevertheless, the 

contribution o f NMR for the determination o f biomolecular structures in solution 

has dramatically increased over the last decade. In 1988, only a few NMR structures 

were released in the PDB and these were described to be o f poor resolution in 

comparison to those obtained by X-ray crystallography (Cooke and Campbell, 1988). 

In contrast, many o f the NMR structures more recently released in the PDB are o f a 

high resolution and have provided structural information thought to be o f quality 

roughly comparable to that obtainable by X-ray crystallography (Powers et al., 1993) 

(Clowes et al., 1995). And, although it could be argued that X-ray crystallography is 

ultimately still the more powerful technique for biomolecular structure determination, 

NMR is considerably more versatile in the range o f information it can yield (Cooke 

and Campbell, 1988). The previous assertion stems from the fact that NMR is a 

‘solution’ technique, i.e. NMR is used to study biomolecular samples free in solution, 

whereas X-ray crystallography requires the sample under study to adopt a crystalline 

format comprising a dynamically constrained, regular array o f biomolecules in close 

juxtaposition. There exists a number o f interesting cases where structures originally 

determined by X-ray crystallography have been enhanced or ‘corrected’ by NMR 

studies. For example, Mott et al. were able to determine the secondary structure of 

interleukin-2 by solution NMR (Mott et al., 1992), leading to the observation that its 

structure contains four regions o f a-helix and an anti-parallel (3-sheet, not eight a- 

helices as had been described by earlier low-resolution X-ray crystallography studies 

(Brandhuber et al., 1987).

However, the most significant advantage o f NMR over X-ray crystallography 

arises from its ability to study biomolecules in solution. NMR can thus provide 

information not available from the use o f X-ray crystallography. Consequently, there 

are two important aspects o f structural biology which are readily amenable for study

 ̂ Details from the PDB Holdings List, February P* 1998: Total o f 7056 released atomic co-ordinate 
entries, o f which 6248 are proteins, peptides and viruses, 276 are protein/nucleic acid complexes, 520 
are nucleic acids and 12 are carbohydrates. O f these structures, 1109 are derived from NMR studies, 
5768 from X-ray crystallography (or other diffraction) studies, and 179 from theoretical modelling.
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only through solution NMR. Firstly, since NMR studies are performed on 

biomolecules free in solution, the overall and internal molecular dynamics o f the 

biomolecule can be studied. Secondly, it is simple to add putative ligands to the 

sample solution and then to observe any changes in the system which may be caused 

by ligand binding. In this way, NMR has become a very powerful technique for the 

structural and dynamic characterisation o f the interactions between proteins and a 

wide variety o f binding partners. There exist many examples o f NMR studies 

describing proteins in complexes with other proteins, peptides, growth 

factors/hormones, and nucleic acids (see later). Moreover, NMR studies allow not 

only for the detection o f binding partners o f a protein, but also allow for the 

characterisation o f the molecular basis o f any binding specificities observed and any 

conformational changes which may occur upon binding. For example, Barbato et al. 

used solution NMR studies to show that the two sub-domains o f the protein 

calmodulin exhibit a high degree o f conformational flexibility about a central helical 

linker region (Barbato et al., 1992). Subsequently, Ikura et al. showed that changes in 

this flexibility occur upon peptide ligand binding (Ikura et al., 1991). These NMR 

results enabled the development o f a dynamic understanding o f the structure and 

function o f calmodulin in a manner that was not possible from the static information 

derived previously by X-ray crystallography studies (Babu et al., 1985).

The abilities provided by NMR have a potentially enormous impact on 

research in molecular biology since most biological functions are fundamentally 

dependent on reversible biomolecular interactions. The characterisation o f such 

interactions at high-resolution has already yielded great insight into numerous 

biological systems, particularly in signal transduction pathways. For example, NMR 

studies have provided detailed descriptions o f the structural and dynamic features o f 

the dimérisation o f the leucine zipper domain o f the c-Jun transcriptional activator 

(Junius et al., 1996; Mackay et al., 1996) and o f specific interactions with target peptide 

sequences shown by SH2 domains (Pascal et al., 1995) and SH3 domains (Morton et 

al., 1996). Collectively, these studies, and others like them, have described in atomic 

detail many o f the intermolecular interactions occurring along signal transduction 

pathways. This arguably represents a significant contribution to the field o f molecular 

biology concerned with the understanding o f mechanisms regulating (or deregulating 

the growth and proliferation o f cells.
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One o f the most interesting recent developments regarding the application 

o f NMR in molecular biology is the use o f the technique as a rapid screening device 

applicable to drug design programmes. S. Fesik and co-workers (Abbot Laboratories, 

USA) have developed an NMR-based method in which multiple small, organic 

molecules that bind to proximal sub-sites o f a protein are identified, optimised and 

linked together to produce high-affinity ligands for the protein (Shuker et al., 1996). 

The approach is called ‘SAR by NMR’, since Structure-Activity Relationships are 

investigated by NMR. Preliminary results from SAR by NMR have suggested that this 

empirically guided approach greatly facilitates the production o f high affinity protein 

ligands and is therefore o f great interest to drug design companies.

There are, however, limitations for the applications o f NMR in structural 

biology. For a number o f reasons which will be discussed later, it is extremely difficult 

to perform NMR studies on biomolecules o f greater than ~ 35 kDa. The result o f  

this is that the 3-D structures o f proteins containing more than ~ 250 amino acids, or 

similarly large protein-biomolecule complexes, cannot readily be determined by NMR. 

A few exceptional examples o f studies o f larger proteins do exist, such as the 

backbone resonance assignment, secondary structure determination and dynamic 

characterisation o f a 269 amino acid bacterial pro tease (Remerowski et al., 1994; 

Remerowski et al., 1996). However, in general X-ray crystallography is the only 

technique available which is appropriate for a 3-D structure determination o f large 

proteins (> 35 kDa). Although X-ray crystallography can be applied to very large 

biomolecules, a requirement is that the sample can be crystallised. Biomolecular 

crystallogenesis has often been referred to as an art, for which there are general 

guidelines but no guarantees for success. It is apparent, therefore, that whilst some 

sense o f competition between practitioners o f X-ray crystallography and NMR is 

almost inevitable, it is most beneficial to consider these techniques as complementary 

providers o f information, which together allow a comprehensive and detailed 

characterisation o f biomolecular structures and interactions. In light o f its versatility 

and complementarity with X-ray crystallography studies, it seems certain that NMR 

will continue to develop and play an important role in molecular biology.
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The emergence of NMR in the field of moiecuiar biology

The arrival o f NMR as a practical tool for the molecular biologist has already 

had an extremely widespread impact in the biological research field. In addition to the 

applications which will be discussed further here, NMR in various guises has many 

uses in medical, physical and chemical research. The recent development o f magnetic 

resonance imaging (MRI) methods based on NMR technology has led to an explosive 

increase in highly successful and non-invasive investigations o f brain functions. At a 

more basic level, NMR continues to play a role in monitoring and analysing progress 

in chemical synthesis pathways. Since many o f the breakthroughs that have brought 

NMR to its position at the forefront o f research have been technological, it is 

worthwhile to consider briefly its development in a technological context. The aim of 

this section is to introduce some o f the practical requirements for successful NMR of 

biomolecules. This also provides a framework for charting some o f the major 

developments over the last 50 years and the apparent limitations o f the technique.

One o f the earliest observations which could be directly related to the 

development o f NMR in modem science was the discovery in the 1930s that the 

nuclei o f many atoms have a magnetic moment. It followed that in an applied 

magnetic field these nuclear magnetic moments would give rise to distinct sets o f  

energy levels, between which it might be possible to stimulate transitions, e.g. by 

applying energy in the form o f electromagnetic (EM) radiation. One o f the first 

researchers to attempt to investigate this nuclear phenomenon was I. Rabi (Columbia 

University, USA). However, early attempts to stimulate and observe such energy level 

transitions were unsuccessful until American physicists M. Purcell (Harvard 

University, USA) and F. Bloch (Stanford University, USA) simultaneously published 

results describing the observation o f  NMR signals in 1946.

It became apparent that one o f the major practical requirements for an 

NMR experiment was for a strong, stable and homogeneous magnetic field. Also, 

sophisticated electronic equipment was required for the controlled application o f EM 

radiation in order to stimulate energy level transitions. Equally, amplifiers were 

required for the subsequent detection and processing o f the relatively small EM 

signals generated in the NMR experiments. In the early 1950s, pioneers such as R. 

Richards (Oxford University, UK) built large ferrous electromagnets for NMR 

experiments. Despite many problems attaining satisfactorily homogeneous magnetic
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fields, it was just possible to record NMR signals from some heavy nuclei which 

produced large signals (e.g. Co, Pt and V, the alkali metal ions, the halogen ions etc.). 

In the late 1950s and early 1960s stronger magnets with field strengths operating in 

the range 30-100 MHz for protons were constructed and it became possible to detect 

NMR signals from nuclei which produced smaller signals, including hydrogen. 

Subsequent developments led to the publication o f the first NMR spectrum o f a 

biological macromolecule in 1957. The 1-D NMR spectrum published by Saunders et 

al. was derived from pancreatic ribonuclease.

However, due to the limitations in magnetic field strength and the resultant 

low signal-noise ratio obtainable, the practical use o f NMR was limited to 

concentrated samples containing only rather small molecules. In addition, because it 

was difficult to isolate and purify large quantities o f biological macromolecules, studies 

o f proteins were rare during the 1950s and 1960s. Even when sufficient amounts of 

protein could be obtained, attempting to gain information from NMR studies was 

difficult since the many overlapping signals from the protein nuclei could not be 

resolved. The most obvious way to relieve this problem was to operate at higher 

magnetic field strengths which would increase the signal-noise ratio obtainable. 

However, the practical and economical limit o f constructing ferrous electromagnets 

had been approached without resolving this problem and thus the development of 

NMR reached a temporary bottleneck.

In order to solve the problem, attention was directed to developing an 

alternative means o f producing stronger magnetic fields. The breakthrough came with 

the development o f magnets produced by passing large electric currents through 

solenoids which, when cooled to very low temperatures, became superconductors. A 

superconducting alloy made from niobium and titanium brought improvements such 

that magnets producing field strengths equivalent to 320 MHz for protons could be 

built. The highly efficient insulation o f  the liquid gases used for the extreme cooling 

of the solenoids means that the NMR magnets produced now are essentially 

permanent magnets. Engineers have continued to design bigger and stronger 

magnets, to the extent that magnets with field strengths equivalent to 500, 600, 750 

and 800 MHz for protons are currently in use in many laboratories dedicated to the 

study o f biomolecules by NMR.
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In addition to the development o f powerful magnets, the computational 

power available for data analysis o f NMR experiments increased enormously. An 

important consequence o f  the availability o f increasing computer power was the 

development, by R. Ernst and W. Anderson in 1966, o f Fourier Transform (FT) 

NMR. In an FT-NMR experiment the full range o f nuclear resonances are stimulated 

simultaneously and the nuclear signals emitted are collected as one signal. Application 

of the mathematical method called the Fourier transform allows the output signal to 

be disentangled to reveal the individual signals in the sample. The FT-NMR technique 

is thus much faster than the original continuous wave NMR experiments and has an 

increased the signal-noise ratio obtainable in a given time.

The use o f stronger magnets initially allowed the NMR signals o f small 

organic molecules (e.g. < 500 Da) to be resolved and assigned fairly easily by 1-D ’H- 

NMR. However, when performing proton NMR on proteins (usually > 5000 Da) 

there are many NMR signals which overlap in a 1-D spectrum, making an analysis 

beyond a qualitative level very difficult. The introduction o f 2-D NMR methods was 

therefore a very important advance since it allowed overlapped 1-D spectra to be 

spread out into two orthogonal frequency dimensions with improved signal 

resolution. The conception o f 2-D NMR is generally attributed to J. Jeener in 1971, 

but it was not until K. Wiithrich and co-workers made further progress in the early 

1980s that the technique developed significantly. An additional important 

development in the 1980s was that o f recombinant gene technology, which facilitated 

the in vitro production o f large amounts o f  protein and made economically viable the 

production o f proteins labelled with NMR active nuclei in addition to the ^H nucleus. 

By producing ^̂ N- and ^^C-labelled proteins it became possible to extend the 

repertoire o f NMR experiments, leading to the development in the early 1990s o f  

multi-dimensional experiments allowing significantly enhanced spectral resolution 

(Clore et al., 1991; Ikura et al., 1990; Kay et al., 1990). There are now many 2-D, 3-D 

and 4-D experiments which are commonly used to interpret the spectra o f proteins 

of up to ~ 35 kDa, and in the current limit have even been used to allow the 

backbone assignments to be made for a 64 kDa ternary complex o f a tandem dimer 

of the trp-repressor and operator D N A  (Shan et al., 1996). The apparent size limit o f  

proteins to which NMR is usefully applicable has been increased by the development 

o f a technique for the deuteration o f proteins. By producing a protein from bacteria 

grown in media enriched with deuterated water (D 2O), many o f the amino acids o f  

the protein will have deuterons in place o f protons. This ‘dilution’ o f protons in the
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protein significantly enhances the NMR spectra obtained and allows the NMR spectra 

o f large proteins to be more readily interpreted (Sattler and Fesik, 1996).

The combination o f technological advances allowing the production o f  

strong, homogeneous magnetic fields, the development o f complex pulse sequences 

o f radio-frequency radiation, and the application o f fast, computer-based data analysis 

has resulted in the remarkably rapid development o f NMR over the last few decades. 

The availability o f biomolecules for study is a diminishing problem since the 

technology for their rapid production and purification is now well established, 

including strategies for the economical production o f isotope-labelled samples for 

heteronuclear NMR studies. As a result, it has become relatively straightforward to 

perform a range o f multi-dimensional homonuclear and heteronuclear NMR 

experiments in order to investigate many aspects o f the structure and dynamics o f  

biomolecules o f up to ~  35 kDa in size.

An introduction to the theory of NMR

The ability o f NMR to allow investigations o f  the structure and dynamics of 

biomolecules has been realised over the last two decades and has yielded many 

interesting results, examples o f  which appear in the text below. However, before 

elaborating on the applications o f NMR in molecular biology, it is useful to consider 

the theoretical aspects o f NMR in relation to the implementation and interpretation 

o f an NMR experiment. A comprehensive discussion o f the theory underlying the use 

o f NMR is not simple and is beyond the scope o f this thesis. However, the following 

introduction to the primary concepts o f NMR aims to enable a critical appreciation o f 

the NMR experiments performed in the context o f this thesis and o f the data 

presented.

The phenomenon of NMR

The following section aims to provide a description o f the spectroscopic 

phenomenon occurring in an NMR experiment. It was introduced above that the 

nuclei o f some atoms have a magnetic moment and are dipolar. The magnetic 

moment can be considered to be generated by a nucleus which, according to the
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classical description, can be thought o f  as a unit o f rotating charge. An NMR active 

nucleus is therefore said to possess the property o f ‘spin’. The magnetic moment o f  a 

nucleus, is analogous to the magnetic moment (or dipole) possessed by a simple bar 

magnet. If an NMR active nucleus is placed in an applied magnetic field (Bq) the 

magnetic moment (/t) will experience a torque equal to /i x Bq, This torque will cause 

the nuclear magnetic moment to align in the magnetic field (Bq), However, since the 

defined rotating nucleus has the property o f angular momentum (CO), the net effect of 

Bq will be to cause the nucleus to undergo a gyroscopic behaviour, i,e, in classical 

terms, the net effect is the precession o f the magnetic moment (jU) about Bq, To 

facilitate a 3-D description o f  this situation, the field Bg can be considered to exist in 

‘the laboratory frame’, where Bq defines the longitudinal Z axis and is perpendicular 

to the transverse XY-plane, During precession the longitudinal component o f the 

magnetic moment does not change while the transverse component rotates in 

the XY-plane, The frequency o f precession o f the magnetic moment is given by the 

Larmor equation:

CO = y Bq 'Equation NM R-1 

- where CO is the Larmor precession frequency;

and y is the magnetogyric ratio. The magnetogyric ratio is constant for a given 

nucleus, y = ^ /  7, where fJ. is the total magnetic moment and I  the total angular 

momentum o f a nucleus in a given state. The vectorial terms jÀ and I  are inextricably 

linked and describe the NMR properties o f a nucleus in a given state,

A nuclear magnetic moment which tends to align in an applied magnetic 

field (Bq) may adopt a limited set o f orientations with respect to Bq, This limitation 

can be seen to be a result o f  the quantization to discrete values o f the total angular 

momentum o f a nucleus. The number o f  discrete values possible is dependent on the 

spin quantum number (I) o f  the nucleus. In most multi-dimensional protein NMR 

experiments, the nuclei with non-zero spins include ^H, ^H, and ^̂ N, which all 

have a spin quantum number I = Yz. A nucleus can occupy (21 +1) spin states, such 

that a spin ’/z nucleus can assume two possible spin states, corresponding to two 

possible orientations in an applied magnetic field. The nuclei may be aligned in a 

parallel fashion (a-state, lower energy) or an anti-parallel fashion (P-state, higher 

energy) relative to Bq. It is possible to promote transitions between these two nuclear
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energy levels by applying electromagnetic radiation o f an appropriate frequency. In 

this model, the resonance frequency required to cause a transition from a lower to a 

higher energy state will be dependent on the energy associated with the precessive 

motion o f the nuclear magnetic moment, described by the Larmor frequency (and 

therefore proportional to Bq). Perhaps counter-intuitively, the NMR phenomenon 

which produces a signal does not really equate to an emission o f energy as the (3—state 

returns to the a-state. Rather, the observable phenomenon corresponds to a signal 

generated by the P-state nucleus which exists in the excited state following resonance 

with a radio-frequency pulse. The method o f detection o f this signal is described 

below. Following the resonance phenomenon, the loss o f  energy from the p-state 

and consequent return to the a-state occurs via relaxation processes which are 

discussed below. (This description o f the NMR phenomenon is somewhat simplistic 

but serves to illustrate the type o f process which occurs in an NMR experiment. It is 

noted that any illustration o f NMR which considers individual nuclei is intrinsically 

limited, since NMR phenomena apply only for an ensemble o f nuclei).

In NMR the energies involved in P-state to a-state nuclear transitions are 

very small. According to the Boltzmann distribution, the ground state equilibrium 

population difference is therefore also very small. This is reflected by the fact that 

energy level transitions in NMR require only small inputs o f energy, corresponding to 

EM radiation in the low energy radio-frequency range; whereas optical absorption or 

UV-spectroscopy requires high energy UV light to stimulate the spectroscopic 

process. Since, at equilibrium, the nuclear population difference is very small, only a 

few a-state to p-state transitions can be stimulated. The result o f this is that NMR is 

intrinsically a relatively insensitive technique, wherein the magnitude o f the response 

following only a small number o f energy state transitions is correspondingly small and 

thus is difficult to detect. Since the population difference between the a-state and P- 

state increases with the applied magnetic field (B q) it follows that the use o f stronger 

magnets in NMR experiments will produce larger signals, hence the appeal o f  high 

field superconducting magnets.

The classical formalism

The introduction o f  the basic concepts above facilitates an understanding o f  

the quantum spectroscopic phenomenon occurring in NMR. However, using only the
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model described o f the quantum a- and (3-states it is difficult to appreciate the 

behaviour o f the macroscopic nuclear magnetisation during the course of an NMR 

experiment. At this point, it is useful to introduce the more intuitive model o f an 

NMR experiment which is provided by the ‘classical formalism’. The classical 

formalism cannot be applied directly to the description o f a single nucleus since 

atomic phenomena do not behave classically. Rather, a quantum mechanical approach 

would be required to describe the non-Newtonian behaviour o f an individual nucleus 

during an NMR experiment. In NMR, the rather abstract ‘product operator 

formalism’ can be used for such a description; however, the classical formalism is 

preferred here for the sake o f simplicity. However, since the signal actually observed 

in an NMR experiment is derived from a large ensemble o f nuclei it is seen to behave 

in a classical manner. Thus, despite some limitations concerning the description o f  

multidimensional NMR experiments, the classical formalism can be an extremely 

useful descriptive tool and is sufficient to provide considerable insight into the 

evolution with time o f the net nuclear magnetisation during an NMR experiment.

The primary value o f the classical formalism is that the ‘bulk magnetisation’ 

derived from all the nuclear spins (magnetic moments, jp  in the NMR sample can be 

represented by a vector. There exists a bulk magnetisation due to the population 

difference between the two nuclear spin states o f a spin Vz nucleus in an applied 

magnetic field. At equilibrium, an excess o f nuclear spins populate the lower energy 

state (a), parallel to the applied magnetic field ( B q) ,  such that there will be a resulting 

macroscopic longitudinal magnetisation (M  ̂ = ILji ) parallel to the applied magnetic

Figure 2-1: Basic principles of NM R — at equilibrium, an excess of nuclear pins aligns parallel 
with the applied magneticfield, Bg. A s  a result, there is a net magnetisation, along the axis. 
The lack ofphase coherence results in the absence of any net magnetisation in the XY-plane.

i
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field ( B q)  (Figure 2-1). The transverse components o f the various magnetic moments 

will rotate in the XY-plane with no preferential phase. These magnetic moments are 

randomly distributed in the XY-plane such that total = My = 0.

The bulk magnetisation vector (Mq) can be resolved into contributions along 

the X, Y and Z axes. The phenomenologically formulated Bloch equations use this 

approach to describe the motion o f the bulk magnetisation vector with time. 

Precursors to the full Bloch equations describe the motion o f Mq with respect to time 

under the influence o f Bq and in the absence o f any additional exciting field (i.e. at 

equilibrium) as follows:

dMz/dt = 0,

dMx/dt = Y Bo My and dMy/dt = -y Bq Equations NMR-2

Equation NMR-2 describes the precessive motion o f Mq at thermal 

equilibrium. In order to progress to a description o f the effects on Mq o f a pulsed 

NMR experiment it is useful to consider a simplified system in which there is only 

one magnetically active nucleus. Then, if a magnetic field (B̂ ) oscillating with an 

angular frequency equal to the Larmor frequency CO is applied along the X-axis (e.g. by 

a pulse o f an appropriate radio-frequency radiation), the perpendicular bulk 

magnetisation vector will be affected and will begin to precess about Bj in the 

YZ-plane. The visualisation o f the effect o f this pulse can be simplified by the 

introducing the following concepts. Firstly, the magnetic component o f a radio- 

frequency field that is linearly polarised along the X-axis can be expressed as a cosine 

function o f co, the angular frequency o f the field and (j) the phase o f  the field. This 

expression can be decomposed into two circularly polarised fields in the XY-plane 

rotating in opposite directions about the Z-axis (Cavanagh et al., 1996). One 

component o f the magnetic field B̂  rotates at the Larmor frequency co, while the 

other is rotating in an opposite direction, i.e. has a frequency o f  -C O . Only the co 

component o f Bj rotating synchronously with the resonant Larmor frequency 

interacts significantly with the bulk magnetisation; the counter-rotating nonresonant 

field influences the nuclear spins only very slightly and so can be neglected.

Modified versions o f the precursor Bloch equations (Equations NMR-2 

above) can thus be formulated in order to describe the rate o f change with time o f
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Mx, My and in the presence o f an exciting radio-frequency field 2Bj acting along 

the X-axis:

dMx/dt = Y [ Bq My - BiyMz ] and dMy/dt = -y [ Bq Mx + B x̂ M% ]

dMz/dt = - y [ B ŷ Mx - Bjx My ] Equation NMR-3

- where the X and Y components o f the exciting resonant component o f the radio- 

frequency field 2Bj which rotates with the Larmor frequency (co) and precesses about 

the Z-axis are given by Bjx = B̂  cos (cot) and B̂ y = - B̂  sin (cot).

An understanding o f the system can be significantly simplified by the 

definition o f a reference frame rotating with the frequency co, called the rotating 

frame. In this rotating frame, the cause o f the precession about the Z-axis ( B q )  is 

removed. This makes it easier to appreciate that the radio-frequency pulse which

Figure 2-2: The appUcation of a 9(7^ pulse (BJ tips the bulk magnetisation into the XY-plane.
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generates B̂  along the X-axis makes it possible to move the bulk magnetisation by 

precession about the X-axis. This precession is induced by the same mechanism as 

was described for the motion o f the bulk magnetisation under the influence o f Bq. 

The rate o f this new precessive motion depends on the angular frequency o f Bj. It is
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possible to calculate the duration o f a pulse o f a specific angular frequency required 

in order to move the bulk magnetisation through precisely 90° about the X-axis. 

Thus, it is possible to move the magnetisation from the Z-axis to the Y-axis by 

applying a pulse Bj along the X-axis {Figure 2-2). At this point the B, pulse is 

terminated and, returning from the rotating frame to the laboratory frame, the bulk 

magnetisation along the Y-axis resumes a precession solely due to the effect o f Bq. 

The result is a precession o f the bulk magnetisation in the XY-plane, again with the 

Larmor frequency. This oscillating magnetisation in the XY-plane will induce an 

alternating voltage in the receiver coils o f the NMR spectrometer set in this plane. 

The observable NMR signal is this voltage, a time-dependent sinusoidal function with 

the Larmor frequency ca In practice, the NMR signal is seen to decay exponentially in 

less than a few seconds, due to relaxation processes which are described below.

Relaxation processes in NMR

Longitudinal (Ti ) relaxation

In the classical formalism, the magnetisation oscillating in the XY-plane after 

a 90° Bi pulse represents an equalisation o f the nuclear populations in the higher ((3) 

and lower (a) energy states. Indeed, the motion o f the bulk magnetisation after any 

pulse o f 0° can be expressed terms o f changing the population distribution between 

the a-state and P-state energy levels. This can be appreciated by considering a system 

containing N  spins in which the macroscopic magnetisation ( M q )  before the pulse is 

proportional to the difference (S) in populations between the a-state and p-state:

Mz = Mo oc p°a - P°P = Ô ; where P"a = (N + S)/2 and P°P = (N - S)/2.

Then, after a pulse o f 0° :

M% = Mq cos 0 oc 6 cos 0 = Pa - PP

Since Pa + PP = N, then:

Pa = (N + 5 cos 0)/2  and P°P = (N - 5 cos 0)/2
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So, if 0 = 90°, it follows that cos 0 = 0 such that Pa = PP = N /2 .

After the population equalisation induced by a 90° pulse along the X-axis, 

the system returns to equilibrium by a process o f relaxation which is postulated to be 

exponential. In liquids, this assumption is almost always very close to reality. In 

agreement, monitoring an NMR signal produced after a pulse typically reveals that the 

signal measured in the XY-plane decays exponentially. Eventually magnetisation 

returns to the Z-axis, i.e. the lower energy state, parallel to Bq becomes more 

populated, such that the bulk magnetisation M% is restored. The rate o f change of  

with respect to time, t, during this process is described by the following 

phenomenologically formulated equation:

dMz/dt = Mo - Mz/Ti 

By integrating, it can be seen that:

Mz = Mq (1- 'Equation NMR-4

The term T̂  is called the longitudinal relaxation time, since it is responsible 

for the recovery o f the longitudinal magnetisation along the Z-axis. This return to the 

equilibrium polarisation involves transitions from the P-state to the a-state, such that 

energy will be transferred to the environment (the lattice). Since energy is released in 

this process, T̂  relaxation can be regarded as an enthalpic process. The energy state 

transitions must be stimulated to occur because the probability o f spontaneous 

emission is very small. There are various mechanisms which can cause longitudinal 

relaxation. For the typical protein spin V2 nuclei studied by solution NMR, the most 

effective mechanism for inducing T̂  relaxation is the magnetic dipole interaction 

between proximal nuclei, which is modulated by molecular motions. In NMR of  

proteins in solution, T̂  is usually o f the order o f seconds.

The mechanism by which molecular motions stimulate energy level 

transitions causing Tj relaxation can be superficially explained as follows. The many 

individual amino acids in a protein will contain a number o f NMR active spin V2 

nuclei, each o f which comprises a magnetic dipole according to the classical model. 

Since the protein molecule in solution undergoes an overall tumbling motion, and 

possibly other internal dynamics, there is a continuous movement o f each o f these
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dipoles which results in the generation o f many fluctuating local magnetic fields. If 

these magnetic fields fluctuate at frequencies corresponding to the resonance 

(absorption) frequencies o f the nuclei in the system, then T, relaxation processes are 

stimulated and the equilibrium magnetisation will tend to be restored.

Transverse (T2) relaxation

An additional type o f  relaxation occurs during the NMR experiment which, 

while retaining the constraints o f the classical formalism, can best be described by 

considering another effect o f the 90° Bj. According to the classical formalism, an 

effect o f the 90° Bj pulse — in addition to causing population equalisation — is to 

induce ‘coherence’ in the precession o f the various nuclei about the applied magnetic 

field ( B q) .  The cause o f this phase coherence can be described as follows. As stated 

earlier, before the 90° B̂  pulse there is a random distribution o f the magnetisation in 

the XY-plane, such that:

Mxy = Z ;UxY = 0 ; whereas M 2, = Z jLi^  ̂0.

The pulse modifies the precession cone o f each nucleus (in the laboratory frame), 

rotating the magnetisation with the effect that:

Mxy Mxz and M% => My

The signal observed after the pulse comes only from My, while the Mxz magnetisation 

is essentially lost, since Z Mxz -  0» Since My comes from the original macroscopic 

magnetisation, it is true that the (new) My = (old) Z . This means that there is a 

component o f each nucleus aligned along the Y axis. These components start 

precessing about Bq together at the same time and from the same point. The motion 

o f these components in the XY-plane is therefore described as being ‘in phase’.

However, the phase coherence induced by B̂  is lost with time. This is in 

part due to macroscopic differences within the sample. For example, phase coherence 

is lost because the static magnetic field Bq is not perfectly uniform across the whole 

sample. Such field inhomogeneities cause the Larmor frequency o f a certain type o f 

nucleus to vary within the NMR sample tube. These differences are finite and can be 

as much as a few Hz in protein samples in solution. The result o f this is that a few
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seconds after the 90° pulse, the XY components o f the magnetisation will lose 

coherence and ‘dephase’ until they redistribute uniformly in the XY-plane, causing the 

disappearance o f the NMR signal. This second type o f relaxation is termed transverse 

T2 relaxation because it happens in the transverse XY-plane perpendicular to Bq. The 

specific type o f Tg relaxation occurring due to field inhomogeneity is sometimes 

called T2*. However, the more ‘authentic’ T2 relaxation processes also bring about the 

loss o f phase coherence by affecting the Larmor frequency. This kind o f relaxation 

does not involve the exchange o f spin energy with the lattice but, instead, energy is 

mutually exchanged between spins in what has been called a ‘flip-flop’ spin-spin 

relaxation mechanism. Like the spin-lattice T̂  relaxation processes, T 2 relaxation spin- 

spin energy exchanges are stimulated due to fluctuating local magnetic fields in the 

sample (such that T2 relaxation can also be related to molecular motions). While the 

Larmor frequency o f a specific nucleus can be affected by a spin-spin energy 

exchange, the total energy o f the system does not change. However, the disorder o f  

the system increases due to spin-spin relaxation such that T2 relaxation can be 

regarded as an entropie process. The T2 relaxation process is also postulated to be 

exponential, and can be described by;

Mxy -  MxY 'Equation NMR-S

It is clear that the upper limit for T2 is T̂  (i.e. T2 < /=  TI) since Mxy will 

necessarily be zero if the bulk magnetisation is restored along the Z-axis. Formal 

expressions describing T̂  and T2 relaxation mechanisms can be found in the literature 

(Homans, 1989), and these expressions essentially define the relaxation rates in terms 

o f the probability o f the occurrence o f spin transitions with respect to fluctuating 

magnetic fields in the sample. In protein NMR there are a number o f types o f 

molecular motions which occur at frequencies capable o f stimulating Tj and T2 

relaxation mechanisms. These motions include rotational and diffusional motions o f 

the whole protein and the slightly faster dynamic motion o f  polypeptide chain 

flexibility. Conversely, electronic motions and molecular vibrations are not efficient in 

stimulating Tj relaxation mechanisms. The full expressions describing T̂  and T2 can 

be shown to contain the term (x^ corresponding to the rotational motion o f the 

protein (Clore et al., 1990) (Kay et al., 1989). The fact that the relaxation mechanisms 

are modulated by molecular motion can be used advantageously, since monitoring the 

spin-relaxation properties o f specific nuclei will yield information relating to 

molecular dynamics (see below).
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A synthesis o f these sections describing the motion o f magnetisation with 

time in the field Bg, the effect o f the exciting radio-frequency pulse Bj and the 

relaxation processes and Tj which restore system equilibrium, allows an 

understanding o f the full Bloch equations (in the laboratory frame):

dMx/dt = Y [ Bq My - BjyM2 ] - M^/Tj 

dMy/dt = -y[ Bg + B x̂ hfz ] " hly/Ta

dMz/dt = - Y [ B̂ y Mx - B^xMy ] - (M  ̂- Mg)/Ti . Equation NMR-6

For the purposes o f this thesis, this introduction to NMR provides a 

sufficiently comprehensive description o f the bulk magnetisation during an NMR 

experiment, in terms o f the classical formalism.

Practical aspects of NMR 

Producing a spectrum from a signal

Following a radio-frequency pulse exciting the NMR sample, the signal is 

detected by the NMR spectrometer hardware and is saved on computer as an 

oscillating intensity signal recorded in the ‘time domain’. The NMR signal observed is 

a combination o f a sinusoidal function and an exponential decay. It is commonly 

described as the Free Induction Decay (FID). The FID contains a contribution from 

each NMR active nucleus in the sample which was excited during the experimental 

pulse sequence. The mathematical method o f Fourier transformation converts this 

time domain signal into a ‘frequency domain’ and yields a 1-D NMR spectrum. The 

NMR spectrum contains a series o f resonances (peaks) corresponding to the 

frequencies at which nuclear transitions occurred. The magnitude o f a peak is, in part, 

dependent on the number o f nuclei contributing to that signal. The specific position 

of the peak in the spectrum is modulated by the chemical environment experienced 

by the nuclei yielding the signal.
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In a typical protein NMR experiment there are usually hundreds o f nuclei 

contributing to the FID. Each chemically distinct nucleus will precess under the 

influence o f the applied magnetic field (Bq) at a slightly different rate. The precise rate 

o f nuclear precession (cû) will vary due to the different chemical environments 

experienced by the different nuclei. That is, local chemical features slightly modify the 

net magnetic field experienced by each nucleus in the molecule, such that O) = y (Bq + 

Bloc). This, o f course, is o f profound importance, since it gives rise to a shift o f the 

resonance frequency (from the Larmor frequency) for each chemically distinct 

nucleus. The effect is called the 'chemical shift’ and, at a particular field strength, 

tends to vary by about 10-12 parts per million (p.p.m.) for protons. Thus, for a 

sample containing n magnetically distinct nuclei there will, in theory, be n different 

resonance signals in the NMR spectrum produced. In practice, since the different 

nuclei in a protein will yield signals o f finite linewidth, some o f the resonance signals 

in the NMR spectrum may overlap. Spectral overlap is one o f the factors which limits 

the size o f biomolecules amenable for study. Clearly, large proteins are more likely to 

exhibit spectral overlap since there will be more copies o f each amino acid present 

potentially giving rise to more chemical shift signals o f the same or similar value.

The appearance o f an NMR spectrum can be significantly enhanced by 

certain manipulations o f the data during processing. For example, the multiplication 

of the FID by a sine-bell function gives greatly increased resolution in NMR 

spectrum, although this is at the expense o f the signal-noise ratio obtained. 

Conversely, the spectral sensitivity can be enhanced by applying a decaying 

exponential function to the FID. Similarly, the FID can be artificially extended by 

'zero-filling’, i.e. adding strings o f zero amplitude to the FID for the larger values of 

time, t, prior to performing the Fourier transform. Zero-filling may improve the 

Fourier transform procedure yielding increased spectral quality without recording 

additional data. However, the signal-noise ratio can only be enhanced to a limited 

extent and, a practical disadvantage, zero-filling increases the time required for data 

processing. The FID data can also be treated 'deconvoluted’ to remove systematic 

noise effects, e.g. from the large signal emitted by the many water ^H nuclei. The 

effective removal o f the water signal from the NMR experiment and subsequent 

spectrum is o f paramount importance because the superabundant ^H signals from 

water (110 M for water-^H) will tend to obscure the relatively small protein signals 

obtained (~ 1 mM protein-^H). Many different water-suppressing pulse sequence 

techniques have been developed (Cavanagh et al., 1996). After the Fourier transform.
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the spectrum can be further treated to improve its appearance, e.g. by baseline- 

flattening.

2-D NMR experiments

The problem o f signal overlap in the NM R spectra o f biomolecules can be 

relieved to a considerable extent by the use o f  2-D NM R experiments. The 

development o f 2-D NM R techniques was a vital breakthrough in the use o f NM R in 

molecular biology. The main features o f  multi-dimensional NM R can be explained by 

considering an NM R experiment in terms o f its principle components.

A simple 1-D N M R experiment (a pulse-and-collect experiment) consists of 

a radio-frequency pulse causing nuclear excitation, evolution o f the magnetisation and 

detection o f the NM R signal (the FID) in the time-domain. Fourier transformation of 

the FID  yields a 1-D spectrum in which intensity peaks are plotted along a frequency 

axis {Fignre 2-3). A  typical 2-D NMR experiment is only slightly more complicated. In 

order to collect data with a second frequency dimension, it is necessary to introduce a 

second time element into the NMR experiment. This is essentially achieved by 

performing two consecutive pulse-and-collect experiments but without allowing

Figure 2-3: A  schematic outline of the basic 1-D and 2-D NAIR  experiments.
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thermal equilibrium to be reached between the experiments. This comprises the 

fundamental concept o f a 2-D NM R experiment: the probing o f  a spin-system which 

is in a non-equilibrium state {Figure 2-3).

The typical 2-D NM R experiment can be thought o f  as containing four 

sections: Preparation — Evolution ( t j  -  Mixing (x^ — Detection (t?). The preparation 

section involves pulsing the system such that the magnetisation reaches the desired 

non-equilibrium state, this preparation varies depending on the type o f  experiment. 

The nuclear spins are allowed to ‘evolve’ for a time t̂  during the evolution section. 

During t̂  evolution, the magnetisation is ‘labelled’ with the Larmor frequencies o f the 

specific nuclear spins excited during the preparation section. Thus, during the 

evolution time t,, a nucleus A may precess with its characteristic frequency. During 

the mixing time (X Ĵ, if a second nucleus B is coupled to nucleus A it may interact 

through a ‘coherence transfer’ pathway, such that B will become excited. The 

frequency o f nucleus B will be subsequently detected in the FID  collected during t,. 

In this way, the magnetisation is ‘labelled’ with com ponents coming from nucleus A 

and nucleus B, modulated as a function o f  t̂ .

After each pulse sequence an FID is collected, comprising a signal of

intensit)' which varies with time. The ‘second dimension’ o f a 2-D experiment is

introduced by collecting a series o f the four-step experiments described which differ

only according to a successive incrementation o f their time delays in the t, evolution

period. In this way, detection in t, followed by Fourier transform ation produces a

signal from nucleus B which is modulated with the frequency nucleus A, and in the 2-

D frequency spectrum produced there will exist a ‘cross-peak’ at the intersection o f

Figiin 2-4: The results of the 1 -D N M R  experiments with different settings form a 2-D matrix. 
Fourier transforms along /; and yield signals with two frequency components in a 2-D contour 
map. Cmss-peaks indicate that nuclei A  and B are pin-coipled.
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the two nuclear signals {Figure 2-4). Most 3-D and 4-D NMR experiments are 

essentially built from blocks o f 2-D experiments which can be added after the 

experimental ‘evolution — mixing period’ block, prior to the detection period.

The process o f coherence transfer, mentioned in the outline o f a 2-D NMR 

experiment above, cannot readily be described using the model o f the classical 

formalism. The more powerful product operator formalism is required in order to 

explain the mechanisms by which phase coherence allows magnetisation transfer 

between coupled nuclei during an NMR experiment. A full description o f this process 

is beyond the scope o f this thesis, but it can be noted that the principle differences 

between 2-D experiments are contained within the pulse schemes during the ‘Mixing’ 

period outlined in the typical 2-D NMR experiment given earlier. It can be shown 

that the spin coupling process gives rise to cross-peaks in the 2-D spectrum which 

occur at the intersection o f the chemical shifts corresponding to the coupled nuclei. 

Spin coupling can either be a scalar coupling occurring through bonds, or a dipolar 

coupling reflecting through-space interactions. The result o f this is that there are two 

different types o f basic 2-D NMR experiments which have been designed in order to 

investigate the different couplings. Correlated spectroscopy (COSY) provides the 

basis for measuring through-bond couplings, such that in a COSY spectrum cross

peak resonances occur for chemically bonded nuclei. Many variations o f this 

experiment have been designed in order to gain information which allows the 

assignment o f resonance patterns to specific amino acid types. In particular, the 

TOCSY (total correlation spectroscopy) experiment is used to correlate scalar- 

coupled protons within a spin-system. TOCSY experiments yield data describing long 

range through-bond connectivities; however, the coupling detected does not 

efficiently traverse the peptide bond such that TOCSY experiments can only provide 

intra-residue information.

The second type o f NMR experiment is described as a nuclear Overhauser 

effect spectroscopy (NOESY) experiment. The nuclear Overhauser effect describes 

the change in intensity o f a resonance when a neighbouring nucleus is selectively 

irradiated. In a NOESY spectrum, cross-peaks occur between resonances which are 

connected by a through-space dipolar coupling. The intensity o f the cross-peak is 

proportional to the inverse sixth power o f the intemuclear separation, with the 

practical result that NOESY cross-peaks are not usually observed for nuclei separated 

by greater than 0.5 nm. NOESY experiments therefore allow the collection o f data
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which gives information on the 3-D organisation o f the nuclei within the sample, i.e. 

nuclei close in space can be identified. Firstly, this information allows the amino acid 

resonance types identified by COSY experiments to be recognised in terms o f their 

position in the primary sequence o f the protein. This essential procedure is known as 

the ‘sequential assignment strategy’ (Wagner and Wiithrich, 1982). In addition, the 

NOESY experiments provide spatial information concerning the intemuclear 

distances o f atoms in amino acids which may be distant in the primary protein 

sequence but close in 3-D space. Together, the ability o f the COSY-type experiment 

to allow assignment o f the spectral resonances plus the spatial information provided 

by NOESY experiments forms the basis o f the methodology for a structural 

determination by NMR. A more detailed description o f the procedure for 

biomolecular structure determination is not required here, but can be found in the 

literature (Wiithrich, 1986).

Effects of relaxation

The NMR nuclear relaxation processes which restore the bulk magnetisation 

along the Z-axis were introduced earlier. The accompanying suggestion that the 

relationship between T̂  and T2 relaxation times and molecular motions might be 

exploited during investigations o f molecular dynamics is considered below. However, 

it is noteworthy that while studies o f relaxation effects can be informative, the nuclear 

relaxation phenomenon poses significant limits upon NMR studies. In brief, with 

increasing protein size, NMR relaxation processes become more efficient and result in 

increasingly attenuated FID signals. Since the Fourier Transform o f an attenuated 

FID produces an NMR spectrum containing broad linewidths, the NMR spectra o f  

large proteins tend to exhibit broadened peaks and diminished spectral resolution. 

Indeed, this consequence o f relaxation is the primary factor which commonly 

constrains the study o f proteins by NMR to those o f less than ~ 40 kDa. In addition 

to the effects o f relaxation, spectral overlap is compounded by the presence o f an 

increasing number o f signals per spectrum as protein size increases.

As mentioned earlier, the deuterium (^H) labelling o f a protein results in 

increased relaxation times due to the removal o f various relaxation pathways. This 

effect can now be appreciated, since the decreased efficiency o f relaxation reduces 

FID attenuation. The magnetogyric ratio o f  ^H is approximately 6.5-fold smaller than
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for ^H. Therefore, since the relaxation rates o f ^H-labelled proteins are scaled down 

by approximately the square o f this difference, i.e. a factor o f 0.02, the spectral 

resolution o f the ^H-lablled protein is considerably enhanced (Sattler and Fesik, 1996). 

In this way, ^H-labelling allows the limit imposed on NMR studies by fast relaxation 

rates o f large molecules to be extended, allowing investigations o f increasingly sized 

proteins.

The applications of NMR in moiecuiar biology

The following section aims to complement the introductions to NMR 

theory and practice by giving a relevant overview o f the diverse applications o f NMR 

in molecular biology. In the context o f this thesis, NMR has not been applied for the 

determination o f a protein structure. However, much o f the work performed has 

taken advantage o f structural information derived from previous NMR studies and as 

such it is useful to consider briefly the main features o f a structural NMR study and to 

outline the information it provides.

Protein structure determination by NMR

The methods for protein structure determination are now well established 

and can be divided into the following different steps: Sample preparation — NMR 

measurements — Resonance assignments — Structure calculations. A brief overview of 

the technique can be provided by a few comments on the different steps.

As described earlier, NMR is a relatively insensitive technique such that a 

typical NMR sample must contain 5 - 2 0  mg o f purified protein in order to generate 

an adequate signal-noise ratio. There are many different ways in which recombinant 

proteins can be expressed and purified in such quantities, some o f which are 

described in Chapter 3. In general, the sample must be stable for weeks in solutions 

o f millimolar concentration. It is advantageous, though not essential, to work under 

slightly acidic conditions (pH < 6) in order to minimise the exchange rate o f the 

protein amide-protons with the solvent water protons. Amide-protons which 

undergo fast exchange with water protons, or are subject to cross-saturation effects.
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tend to have diminished signal intensity and may even be invisible in the NMR 

spectrum, leading to a loss o f information.

The NMR measurements made fall into two basic sets, as described above. 

The COSY-type NMR experiments are used to provide through-bond information, 

the NOESY-type experiments provide through-space information. The number o f  

pulse sequences designed for optimal performance o f these experiments has increased 

steadily in recent years. Reviews o f the many different types o f multi-dimensional 

NMR experiment used for structure determinations can be found in the literature 

(Bax and Grzesiek, 1993; Oschkinat et al., 1994). The assignment o f the peaks in a 

spectrum to its corresponding nuclei in the protein is complicated by that fact each 

protein can contain many copies o f the same amino acid. However, the sequential 

assignment strategy allows the assignment problem to be solved by relying on prior 

knowledge o f the primary amino acid sequence and in principle allows the full 

assignment o f each peak in an NMR spectrum.

Once the assignment o f peaks in the spectrum has been made, the spatial 

NOESY information can be used. The NOESY spectra provide essential information 

required for the computer-based structure calculations since they define maximum 

distances between specific nuclei in the protein. In addition, conformational 

information can be determined from through-bond COSY experiments which define 

bond-angle torsion restraints. Together, these distance restraints are used in restrained 

molecular dynamics and distance geometry protocols for the structure calculations. 

The success o f computer-based structure calculations is dependent on the number of 

conformational restraints provided by the analysis o f the NMR spectra. The quality o f 

a calculated structure can be assessed by (a) comparison with other structures which 

are conforming solutions to the set o f distance restraints provided for the structure 

calculation, (b) comparison with structures o f the same molecule determined by X-ray 

crystallography, and (c) computerised analyses using data sets o f ‘allowed’ 

conformations determined from previous 3-D structures (Laskowski et al., 1996), A 

precisely determined protein structure should show few differences when subjected to 

these comparisons.

A full discussion o f the merits o f NMR as a tool for structure determination 

in molecular biology is not o f primary importance in this context. However, the 

outline given above introduces the steps involved in a protein structure
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determination. From this, it can be seen how the resonance assignment data provided 

for the proteins studied was obtained and how it facilitated the work presented below.

Studying protein-ligand interactions by NMR

The primary use o f NMR in the context o f this thesis has been to monitor 

protein-ligand interactions in solution. In the field o f molecular biology there are a 

number o f  other techniques which can perform this role, such as surface plasmon 

resonance (see later) and isothermal titration calorimetry (Connelly, 1994). However, 

it could be argued that NMR is the most powerful o f these since it is the only 

technique which can give precise 3-D information on protein-ligand interactions. For 

example, although SPR and ITC studies interactions between phosphotyrosine- 

containing peptides and SH2 domains have yielded insightful kinetic characterisations 

(Ladbury et al., 1995; Panayotou et al., 1993), a number o f NMR studies have greatly 

increased the understanding o f structural aspects o f these interactions. For example, 

the residues in the PLCy-SH2 domain which mediate phosphotyrosine-containing 

peptide binding have been identified by NMR studies (Pascal et al., 1995). Similarly, 

the recently published structure o f the p85a C-SH2 domain in complex with a 

PDGF-R phosphotyrosine-containing peptide has revealed the importance o f a 

highly conserved arginine residue in determining the specificity o f the interaction 

(Breeze et al., 1996).

These descriptions o f protein-peptide interactions represent interesting 

examples o f the powerful approach afforded by NMR for the provision o f  novel 

structural information and for elucidating the regulatory mechanisms o f  signal 

transduction pathways. However, studies o f biomolecular interactions are not limited 

to those between proteins and small peptide ligands. NMR has also been used to 

study whole protein domain-domain interactions, such as the interaction between the 

cell-surface recognition molecules CD2 and CD48 (McAlister et al., 1996). More 

recently, NMR has been applied to the study o f nucleic acids, resulting in detailed 

structural descriptions o f  structure and backbone dynamics o f the lac repressor 

headpiece protein — target D N A  complex (Slijper et al., 1997; Slijper et al., 1996). 

NMR studies o f nucleic acids have also been extended to RNA structures, including 

for example the determination o f the structure o f Tat-TAR peptide-RNA complex 

from a bovine immunodeficiency virus (Puglisi et al., 1995). In addition, ^^P-NMR was
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used to probe the interactions between a solubilised inositol phospholipid and the N- 

terminal PH domain o f pleckstrin (Harlan et al., 1994), a study which stimulated a 

num ber o f investigations o f PH domain — phospholipid interactions. It is apparent 

from these examples that the ability o f NM R to study biological interactions can 

provide desirable high-resolution information about a variety o f systems.

The basis o f using NM R to measure biomolecular interactions is relatively 

simple {Figure 2-5) and has been described previously (Otting, 1993). First, a simple 2- 

D NM R experiment is run to obtain a spectrum o f  the protein sample in the absence 

ot any potential ligand. The peaks in the spectrum must be assigned to the specific 

atoms in the protein in order to ĝ ain any specific structural information from 

subsequent binding studies. Ideally, both a full assignment o f the NM R spectrum and 

the 3-D structure o f  the protein should be known. (This information is obtained by 

the NMR methods described in the previous section). Then, a small am ount o f a 

solution containing the putative binding partner is introduced into the sample and.

Figure 2-5: N M R  titrations can be used to define binding sites on proteins. For exanple, in the 
absence of putative ligand, signals from amino acids (aa) 1-5 occur in spedfic positions in the N M R  
ipectra. Upon the addition of ligand, those amino acids (here, aal and aa2) in proximity irith the 
bound ligand experience a new environment and, consequently, their signal position changes.

aa2aa.
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after any necessary corrections to pH, a second 2-D NMR experiment is performed. 

In general, it is reasonable to start by adding ligand to a 1:10 ratio o f ligandiprotein. If 

the protein is isotopically labelled, then the NMR experiments can be designed such 

that signals from the ligand introduced do not appear in the NMR spectra produced. 

The second spectrum obtained can be compared with the first spectrum made in the 

absence o f ligand and any differences caused by the presence o f the added ligand can 

be noted. Additions o f the putative binding partner and further NMR experiments 

can be repeated iteratively until the titration is completed, i.e. until the addition o f 

ligand causes no further changes in the subsequent spectrum.

If the putative ligand binds specifically to the protein, the NMR spectra 

obtained during the titration will show chemical shift changes at a subset o f peaks 

positions. If the ligand-protein interaction exhibits fast exchange the NMR signals 

observed will constitute one set o f peaks representing the average state o f the ligand- 

protein complex. In this case, the shifting peaks can be easily traced during the course 

o f the titration. Alternatively, if the ligand-protein interaction exhibits slow exchange 

the spectra at the start and finish o f the titration, and the intermediate spectra, will 

show only two distinct peak distributions. That is, for a nuclei affected by ligand 

binding, there will exist only two distinct peak positions, for example j!?start ^ d  ^end- 

In the absence o f ligand, the signal intensity at />start will be 100% and at ̂ end will be 

0% o f the total signal derived from this nucleus. The distribution o f the total signal 

intensity will undergo a balanced inversion throughout the titration, until all protein 

molecules are ligand-bound and the signal intensity at />start becomes 0% and at ̂ end 

becomes 100% (Evans, 1995).

As discussed earlier, the chemical shift o f a nucleus is dependent on the 

applied magnetic field (Bq) and the local magnetic field (Bloc)- Since Bq is constant, 

changes in the observed chemical shifts must be a result o f changes in the local 

magnetic field (Blqc) experienced by the nucleus — this change can be attributed to 

the introduction o f the putative ligand in the NMR titration. If the putative ligand 

affects the Blqc (and therefore the chemical shift) for a specific nucleus it is likely to 

be because the ligand comes into close contact with that nucleus. Alternatively, it is 

possible that the ligand contacts another part o f the protein and causes an allosteric, 

conformational change which effects the Blqc for the distant nucleus.
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If the resonance assignments and the 3-D structure o f the protein are 

known, then the protein atoms affected by the introduction o f the ligand can be 

identified on the 3-D structure. This allows the site o f the protein-ligand interaction 

to be described. Moreover, by monitoring the progression o f shifting peaks with 

increasing ligand concentration during the titration, it is possible to derive an 

association constant (K^ for the interaction. In this way, NMR can be used to follow 

a protein-ligand interaction structurally, kinetically (by defining the type o f exchange 

processes occurring) and thermodynamically (by the determination o f K^.

Studying molecular dynamics In solution

As described, NMR not only provides structural information but can also be 

used to investigate the dynamic phenomena o f proteins. Many reports have described 

translational diffusion coefficients and the rotational correlation times^ o f proteins. 

For example, Altieri et al. determined the diffusion coefficient o f different cytokines 

and demonstrated that this method was effective for the determination o f the 

oligomerisation state o f these proteins in solution (Altieri et al., 1995). The 

determination o f the sample oligomerisation state under NMR conditions can 

facilitate the identification o f intermolecular NOESY cross-peaks essential for the 

provision o f distance constraints in the structure calculations o f a dimeric protein. 

Similarly, measurements o f other molecular motions, such rotational correlation times 

and polypeptide chain backbone flexibility, have been used to correlate dynamic 

properties o f  proteins with their functional characteristics (Akke et al., 1993). Man del 

et al. investigated the molecular dynamics o f E. coU ribonuclease H and were able to 

demonstrate that the dynamic features associated with the active site and the 

surrounding loop regions correlated with functional properties o f the enzyme 

(Mandel et al., 1995). The methods for the determination o f such dynamic parameters 

include the use modified versions o f the type o f 2-D NMR experiments described 

above.

^Definition: consider a correlation function _g(t) which estabhshes a correlation between a parameter at 
a time t and at some time later (t + t). Here, (̂t) describes the stochastic, isotropic motion of a 
molecule with time and the rate constant for the exponential decay process described by this 
correlation function is defined as the rotational correlation time (in seconds).
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Molecular dynamics from nuclear relaxation time measurements

The Bloch equations describing the time dependent evolution o f bulk 

magnetisation after a pulse in an NMR experiment were given above (Equations NMR- 

4, NMR-S and NMR-6). It was introduced that the rates o f relaxation o f the bulk 

magnetisation are dependent on the motion o f  the biomolecule. As a consequence, 

measurements o f the relaxation parameters (e.g. the longitudinal relaxation time T̂  

and the transverse relaxation time T̂ ) can yield information relating to the motions o f  

a protein.

In short, for each relaxation parameter, a series o f measurements with pulse 

sequences containing incremented relaxation time delays must be recorded. The plots 

of ‘signal intensity vs. relaxation time delay’ provide curves with a simple exponential 

decay when studying heteronuclear interactions such as the dipolar coupled 

system. A least-squares analysis o f this curve allows the determination o f the 

relaxation rate constants. An accurate analysis o f the relaxation rate is possible 

since the relaxation o f this nucleus is governed predominantly by the dipolar 

interaction only with directly bound protons (Abragham, 1961; Kay et al., 1989). That 

is, the couplings o f with other nuclei which might lead to alternative relaxation 

pathways are assumed to be negligible. In contrast, relaxation measurements o f  

nuclei are dominated by the many efficient ^H-^H relaxation pathways, such that the 

signal decays very rapidly and can yield little information about molecular motion 

(Abragham, 1961; Sattler and Fesik, 1996).

Different types o f NMR experiment can be used to determine 

independently both the Tj and the Tg ’^N-^H dipolar relaxation times. The T̂  

experiments make measurements o f the longitudinal relaxation time by using a 180° 

pulse to invert the bulk magnetisation to the -Z axis. A subsequent 90° pulse, after a 

relaxation delay which is incremented between successive experiments, allows the 

amount o f magnetisation along the Z-axis to be measured. Monitoring the recovery 

of +Z magnetisation with respect to time allows determination o f the T̂  relaxation 

time. Measurements o f the Tj relaxation time can be achieved by a similar method, 

although in this case the relaxation delay is incremented when the net magnetisation is 

in the transverse XY plane. In this case, the effects o f magnetic field inhomogeneity 

giving rise to (‘non-authentic’) Tj* relaxation must be accounted for within the pulse 

sequence. Thus, a Carr-Purcell type o f ‘spin-echo’ sequence is used, in which the first
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90° pulse is followed by a time delay T, a 180° pulse, and a second equivalent time 

delay, x, before acquisition. The l  — 180° — T sequence has the effect o f rephasing the 

magnetisation from nuclei which have lost phase coherence due to field 

inhomogeneity, but it cannot refocus authentic T 2 relaxation processes. This pulse 

scheme provides the experimental basis for the determination o f the Tg relaxation 

time.

An additional term, the NO E value, can also be determined for dipolar 

coupled systems by a series o f ‘NO E build-up’ experiments. Like the relaxation 

measurements, NOE values can yield information relating to molecular motions or 

unstructured regions o f a protein (Clore et al., 1990; Muchmore et al., 1996). 

However, determinations o f the NOE value were not used in the context o f the work 

presented in this thesis and consequently will not be discussed further.

The Tj and T̂  relaxation measurements can provide information relating to 

each distinct amide ^^N-̂ H dipole (i.e. each amino acid, plus residues with N- 

containing side-chains) visible in the protein NMR spectrum. An analysis based on 

the Tj and T̂  relaxation rate results for each ^̂ N nucleus, coupled with knowledge of 

the resonance assignment and 3-D structure o f the protein, is sufficient to provide 

insight into the dynamics o f each amino acid in the protein and to define the motion 

of the protein as a whole. The residue-specific information allows the characterisation 

of regions o f flexibility within the protein. Terms relating to the whole protein allow 

the estimation o f its tumbling rate and thus yield insight into the oligomeric state of 

the protein (Clore et al., 1990; Kay et al., 1989). Such information is interesting since 

the oligomeric state o f a protein may determine its regulation. Moreover, identifying 

the regions o f greatest flexibility can be useful for characterising the loops and termini 

of a protein. Since many proteins bind their ligands through flexible loop regions, 

information concerning loop flexibility in a bound and unbound state can be 

enlightening.

Molecular self-diffusion measured by PFG-NMR

The diffusion coefficient o f a protein in solution can be measured using 

pulsed field gradient (PEG) NMR experiments (Altieri et al., 1995). PFG-NMR 

techniques have recently become popular due to the increasing availability o f gradient
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hardware for NMR spectrometers and because the estimated diffusion rate o f a 

biomolecule may yield information about its hydrodynamic properties, molecular 

volume and oligomerisation state. Although these features have traditionally been 

determined by analytical ultracentrifugation and dynamic light scattering techniques, 

PFG-NMR carries the advantage that it is fast and can operate at high protein 

concentrations under identical conditions as are used for other NMR experiments. 

This is o f importance since the self-associative behaviour o f a protein is usually 

concentration dependent and it is essential to know the oligomerisation state o f a 

protein under the conditions used for a structural investigation. Moreover, PFG- 

NMR experiments can be performed relatively quickly and do not require the spectral 

resonance assignment in order to provide an estimate o f the molecular size o f the 

biomolecule. This means that PFG-NMR experiments are appropriate as part o f a 

preliminary characterisation and can yield useful information about the NMR sample.

The simplest PFG-NMR experiment can be considered to contain the 

following pulse sequence: (90° — (PFG) — x — 180° — i  — (PFG) — Acquire). The 

(PFG) module corresponds to a specific time delay (usually a few milliseconds) during 

which the PFG is applied and transverse magnetisation evolves. This PFG pulse 

essentially ‘encodes’ the magnetisation in a spatially dependent manner. The 180° 

pulse should rephase the nuclear magnetisation components which have a constant 

Larmor frequency during the experimental delay time, x. The second PFG pulse then 

‘decodes’ the magnetisation. Thus, the amount o f magnetisation actually refocused 

and measured (the echo amplitude, [A(2x)]) will depend on the extent to which nuclei 

have diffused during the time period 2x, since by diffusion across the field gradient 

they will experience different values o f Bq and may thus have an altered Larmor 

frequency. The strength o f the PFG pulse is increased in successive experiments such 

that the amplitude vd(2x) is differentially attenuated in each spectrum due to 

translational diffusion. The equation relating this term to the self-diffusion coefficient, 

Dg, is given by:

v4(2x) = A{0) exp [-(Y 5 Q"(A - 6/3)Dg] Equation NMR-7

- where y = magnetogyric ratio, 6 = PFG duration (s), G = gradient strength 

(G/cm), and A = time between PFG pulses in seconds ( = 2x in the scheme above). 

The value o f Dg can be determined by fitting this equation to the exponential decay 

of a signal intensity with increasing gradient field strength. Accurate curve fitting
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requires at least a 10-fold signal attenuation, which can usually be achieved by 

adjusting the PFG duration and/or strength, or the time delay allowed for diffusion.

A number o f improvements on the original PFG-NMR pulse sequence have 

been made. A stimulated echo experiment was designed by Tanner et al. (1970) to 

avoid the adverse Tj relaxation effects during the experiment. This experiment uses 

additional 90° pulses between the gradient pulses in order to ‘store’ the magnetisation 

along the Z-axis during the time allowed for diffusion. More recently, pulse sequences 

including refined water-suppression sequences have been designed and their 

incorporation into PFG-NMR experiments has also allowed an increase in the 

dynamic range o f the signal attenuation to be sampled (Altieri et al., 1995).

One particular limitation concerning the interpretation o f data from both 

PFG-NMR and ^^N-relaxabon experiments is readily apparent. That is, when 

calculations o f molecular dynamics, rotational correlation times or diffusion 

coefficients are interpreted in terms o f molecular size, the assumption is made that 

the protein under study behaves isotropically in solution. Isotropic motion is 

characterised by a randomly tumbling sphere and, since many proteins deviate 

substantially from a spherical shape, the previous assumption may not always be valid. 

The result o f this is that inaccuracies in measurements o f  molecular motions by NMR 

spectroscopy may arise due to anisotropic behaviour (Tjandra et al., 1996). The 

contributions o f motional anisotropy to such measurements have been investigated 

such that in cases where the 3-D structure o f the protein under study is known, its 

gross morphology may be taken into account during calculations o f the rotational 

correlation time or diffusion constant (Tjandra et al., 1995).

Methodology

NMR experiments were performed on Varian UNITY-plus spectrometers 

operating at a frequency o f 500 or 600 MHz. The NMR data were processed on 

Silicon Graphics INDY workstations using either Felix2.3 (Biosym), PRO SA 

(Guntert et al., 1992) or NMRPipe (Delaglio et al., 1995) software packages. A typical 

data set was processed using sine-bell weighting functions and the application o f zero- 

filling prior to Fourier transformation. Processed spectra were analysed using either
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XEASY (Bartels et al., 1995) or Azara software (Azara Version II, W. Boucher, 

Department o f Biochemistry, University o f Cambridge, UK).

There were four main types o f 2-D NMR experiment used: (1) ^^N-HSQC 

experiments, (2) ^H-^H TOCSY experiments and (3) ’H-^H NOESY experiments 

were used to monitor titrations o f proteins with putative ligands; while (4) ^^N-nuclear 

T ]/T 2 relaxation experiments were used to investigate protein dynamics. In addition,

1-D NMR experiments were performed for the preliminary characterisation o f each 

sample studied and also for the PFG-NMR experiments used to estimate protein 

diffusion coefficients. For each type o f experiment, the methodological NMR details 

of primary importance are provided below. The preparation o f the protein samples 

used for NMR is described in Chapter 3.

The ^®N-HSQC experiment

The ^^N-^H heteronuclear single-quantum coherence (’̂ N-^H HSQC) 

experiment is a relatively simple and sensitive experiment which generates a 2-D 

NMR spectrum in which each cross-peak corresponds to an N-H group in the 

protein. Thus, for the backbone amide group o f each amino acid in the protein there 

should be a corresponding peak in the spectrum. Thus, in theory a protein o f 100 

amino acids will yield a 2-D ^^N-̂ H HSQC spectrum containing 100 cross-peaks plus 

any additional peaks which may arise from the N-H side-chain groups contributed by 

lysine, arginine, asparagine, glutamine, tryptophan or histidine residues.

The ^^N-^H HSQC experiment was used in a variety o f investigations 

reported in this thesis. It is described below in terms o f its principle components. In 

addition, this description o f the ^^N-̂ H HSQC experiment facilitates an 

understanding o f the ^^N-nuclear relaxation experiments described later.

The ^^N-̂ H HSQC experiment uses a pulse sequence which incorporates a 

double-INEPT transfer o f magnetisation. The INEPT (insensitive nuclei enhanced 

by polarisation transfer) sequence is a commonly used method for the transfer o f  ^H 

nuclear magnetisation to nuclear magnetisation o f less sensitive, coupled nuclei with 

low 7, magnetogyric ratio. In the ^^N-^H HSQC experiment, the first INEPT 

sequence transfers ^H magnetisation into ^̂ N magnetisation. This sequence is
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followed by a time delay, tj, during which the magnetisation evolves and is 

‘frequency labelled’ according to the chemical shifts o f  the distinct nuclei. 

Decoupling o f the magnetisation during the time delay tj is achieved by a 180° 

pulse at the midpoint o f tj {Figure 2-6). Subsequently, the second IN E PT  sequence 

reconverts the transverse magnetisation into magnetisation which is observed 

during the period t? with frequency labelling, in conjunction with decoupling 

to prevent line-splitting (Figure 2-6).

The HSQC experiment used for the investigations reported here is

essentially composed o f the double-IN EPT sequence given and is further enhanced 

in a num ber o f ways, as suggested by Zhang et al. (Zhang et al., 1994). These 

enhancements involve the use o f multiple pulsed field gradients to minimise the 

artefact content o f the spectra (Bax and Pochapsky, 1992) and to select for the 

coherence transfer pathway traversing nitrogen, using an enhanced-sensitivity (Palmer

Figure 2-6: The IN E P T  pulse sequence which forms the basis of the °N - 'H  H SQ C  N M R  
experiments used. The thin, black blocks represent 9(Ppulses; the grey blocks represent 180^ pulses.

A single INEPT sequence

A basic HSQC pulse sequence with double-INEPT

6  I \J2  I  \J2  I 5

H

15N
Deœupipg
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et al., 1991) gradient approach reported in the literature (Kay et al., 1992). The 

saturation o f water was minimised through the use o f selective pulses and gradients 

and by placing the water magnetisation on the + Z-axis prior to data acquisition (Kay 

et al., 1994). Consequently, the gradient-enhanced sensitivity HSQC

experiment allows for increased solvent suppression, while minimising saturation o f 

the water resonance. One o f the primary benefits o f this pulse scheme is that there is 

a reduction in amide proton saturation via exchange with water protons which 

ameliorates the loss o f signals (intensity reduction) from the 2-D ^^N-^H HSQC 

spectrum.

^^N-’H HSQC experiments were used to monitor interactions between 

proteins and putative ligands. The procedure for applying this experiment to define 

protein-ligand interactions was described earlier. Since the ^̂ N-̂ H HSQC experiment 

is particularly sensitive, protein samples were prepared at relatively low 

concentrations, i.e. from 0.25 - 1.0 mM, and each experiment could be recorded in 1 - 

2 hours. This allowed a series o f  titrations o f ligand into protein involving 1 0 - 1 5  

steps to be completed in under 48 hours, during which time the proteins studied 

showed no significant signs o f instability.

A typical protocol used for an ^^N-^H HSQC-based NMR titration is as 

follows. The dynamin PH domain was prepared to a concentration o f 0.37 mM in a 

buffer o f 20 mM deuterated Tris-HCl pH 7.5, 50 mM NaCl, 2 mM DTT and 0.02% 

NaNj, in a sample volume o f 600 |il. Solutions o f the putative ligands were prepared 

at concentrations ranging from 30 - 50 mM in the same buffer and were titrated into 

the protein sample in 2 pi aliquots. At each step o f the titration, including prior to the 

addition o f  any ligand, 2-D gradient-enhanced sensitivity ^̂ N-̂ H HSQC experiments 

were recorded at 15 °C, using the pulse sequence described above (kindly provided by 

Professor. L.E. Kay )̂. decoupling during data acquisition was achieved by G ARP 

composite pulse decoupling (Shaka et al., 1985). Sign discrimination in q was 

achieved using the States-TPPI method (Marion et al., 1989). The HSQC spectra 

were acquired with 1024 complex tj data points, 228 complex t̂  increments and 

spectral widths o f 9000 Hz (̂ H) and 1600 Hz (̂ ^N). This type o f gradient-enhanced 

sensitivity ^^N-^H HSQC NMR experiment was used subsequently for all other

 ̂Professor Lewis E. Kay, Departments of Medical Genetics, Biochemistry and Chemistry, University 
of Toronto, Toronto, Ontario, MSS 1A8, Canada.
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proteins studied, with the only variations being in spectral sweep widths and number 

of data points collected, and in the experimental temperature where stated.

The H-H TOCSY and H-H NOESY experiments

2-D total correlation spectroscopy (TOCSY) and nuclear Overhauser effect 

spectroscopy (NOESY) experiments were recorded with low power pre-irradiation o f  

the water resonance combined with a SCUBA delay (Brown et al., 1988). A  pre

acquisition spin-echo element was included for optimal performance o f time-domain 

deconvolution o f the residual solvent signal (Waltho and Cavanagh, 1993). The 

following parameters were used for both types o f experiment: ’H sweep widths were 

666.7 Hz and 13.33 kHz in the q (indirect) and t̂  (direct) dimensions, respectively. In 

the direct dimension, 2048 complex data points were collected; 400 complex data 

points were collected in the indirect dimension. A relaxation delay o f 1.5 seconds was 

included. TOCSY and NOESY experiments were performed at each point in a 7-step 

titration o f the dynamin PH domain (1.2 mM) with D - I P 3  (final concentration 3.0 

mM).

The ^®N-nuclear Ti and T2 relaxation experiments

The Tj and Tg relaxation parameters were determined in accordance with 

the procedures outlined earlier. The T̂  and T2 relaxation experiment pulse schemes 

are extensions o f the basic ^^N-^H HSQC experiment. The ^^N-^H HSQC experiment 

is adapted to allow the measurement o f relaxation parameters by the introduction o f  

an extra relaxation delay prior to the q delay (see ’^N-^H HSQC sequence given 

above), during which time the magnetisation is either longitudinal (Tj experiments) or 

transverse (T2 experiments). The intensity o f a given signal in the 2-D spectrum is 

consequently dependent on both the duration o f the extra relaxation delay and the 

relaxation rate o f the corresponding ^̂ N nucleus. By performing a series o f  2-D  

experiments where the relaxation delay is successively incremented, it is possible to 

measure and plot the intensity o f each signal in the spectrum obtained as a function 

of the relaxation delay. Therefore, a curve-fitting procedure allows the estimation o f  

the relaxation rates R1 and R2 (l/T j and I /T 2, respectively) for each signal observed 

in the spectrum.
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The Tj and T̂  pulse sequences contain modifications o f the sensitivity- 

enhanced HSQC experiment (Zhang et al., 1994), and were essentially identical to 

those used previously by Farrow et al. (Farrow et al., 1994). The Tj experiments 

included multiple Carr-Purcell-Meiboom-Gill spin-echo pulse schemes during the 

relaxation delay in order to compensate for magnetic field inhomogeneity and 

consequent Tg* relaxation effects. Both Tj and T  ̂ experiments were performed with 

sweep widths o f 10000 Hz and 2400 Hz in the ^H and dimensions, respectively; 

1024 complex t̂  data points and 160 complex tz data points were recorded. For nine 

successive T̂  experiments performed at 17 °C on the SH3-P1 protein, the relaxation 

delay was set as follows: 0.01005, 0.06031, 0.13068, 0.23121, 0.34178, 0.48251, 0.74387, 

1.06554 and 1.50785 seconds. In the eight successive Tg experiments performed at 17 

°C on the SH3-P1 protein, the relaxation delay was set to: 0.0, 0.016832, 0.033664,

0.050496, 0.067328, 0.08416, 0.117824 and 0.151488 seconds. All other T2 

experiments were performed at 32 °C, using the same set o f eight values for the 

relaxation delay. Since these experiments required data acquisition over long periods 

(~24 hours) at relatively high temperatures, a short duration ^^N-^H HSQC 

experiment (-30  minutes) was recorded before and after each set o f Tj experiments, 

allowing the integrity o f the protein sample to be closely monitored.

For the determinations o f both the R1 and R2 relaxation parameters, data 

points corresponding to the signal intensity at a given site in the spectra were 

subjected to a least-squares fitting procedure using the following two-parameter 

model o f an exponential decay:

I  (t) = Iq exp (-tR^ Equation NMR-8

- where I  is the signal intensity as a function o f the relaxation delay x and R̂  is the 

relaxation rate, with i denoting the type of relaxation experiment. The uncertainty in 

the intensity measurement was taken to be the noise level in the spectra.

The relaxation rate parameters R1 and R2 determined for the SH3-P1 

protein at 17°C were used to estimate its overall molecular rotational correlation time, 

Xm- In practice, the ratio R2/R1 can be used to estimate X̂ . The calculation o f X̂  was 

performed according to published procedures, adopting the assumptions that (1) 

there are no internal molecular dynamics, and (2) there are no slow (millisecond time 

scale) conformational averaging effects in the protein (Mandel et al., 1996). In
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Correction: The interpretation of N M R  relaxation parameters fo r  the determination of molecular motion

The use of NMR relaxation parameters to yield information on molecular dynamics 
is relatively well-established. The method was introduced in publications reporting 
heteronuclear NMR experiments which yielded insight into protein dynamics and mobility^ 
Relaxation data are interpreted using the Lipari-Szabo model-free a p p r o a c h e d .  The model-free 
formalism describes the internal motions o f a molecule using only two parameters: a generalised 
order parameter, S, and an effective correlation time. T e .  For most N-H bond vectors in proteins 
it can be assumed that the overall and internal motions are independent, since they occur on 
significantly different time-scales (i.e. nanoseconds compared with picoseconds, respectively). In 
the method employed, the determination of the overall rotational correlation time T m  is 
independent o f S, such that local differences in protein dynamics do not greatly affect the value 
obtained for T m - The contribution o f T e  during the determination o f T m  is small and is neglected 
here. Thus, the model-free formalism allows the measured parameters R1 and R2 to be used to 
determine T m  , to describe the overall motion o f the protein. This protocol has been used 
previously^’̂  and is outlined further below.

The Ti and T2  relaxation times (where 1/T i and I /T 2 correspond to the relaxation 
rates R1 and R2, respectively) o f an amide ^̂ N nucleus are dominated by the dipolar interaction 
of the ^̂ N nucleus with its attached proton and by chemical shift anisotropy (CSA), as described 
previously^. The terms 1/T i and I /T 2 are given by:

1/T i = d̂  [ /(C O h - COn) + 3/(C 0n ) + 6/(C 0h  + COn) ] + c^/(COn) (1)

I /T 2  = 0.5d  ̂[ 4/(0) + /((O h  - (O n) + 3/(C 0n ) +  6 /(C 0h ) +  6/(C 0h +  (On) ] +
( 1 / 6 )  c 2 [ 3 / ( ( 0 N )  + 4 / ( 0 ) ]  ( 2 )

- where the constants (R and ĉ  are defined as:

d̂  = 0.1 h^/{4-K^{ ŷ NH and ĉ  = (2/15)

- where J, is the gyromagnetic ratio of spin i ; (Oh and (On are the and ^̂ N Larmor 
frequencies, t n h  is the intemuclear ^̂ N distance (1.02Â), Ho is the magnetic field strength, 
and the parallel and perpendicular components o f the assumed axially symmetrical ^̂ N chemical 
shift tensor are represented by C\\ and The latter assumption has been shown to be valid for 
peptide bonds®.

The term / ( (O ,)  represents the spectral density function, where CO, defines the Larmor 
frequency o f nucleus i  (The term /(O) describes the spectral density at zero frequency). The 
spectral density function, fundamental for the theoretical description o f NMR relaxation, allows 
the motional characteristics o f a system to be expressed in terms of the power at a frequency CO.

A plot o f the spectral density function against frequency yields a curve whose shape, but not 
integral, is modulated by the rate o f molecular motion. The spectral density function can be 
represented using the model-free formalism, employing a rriinimum number o f parameters to 
describe the tumbling motion o f a macromolecule and the internal motions of the ^H—̂®N bond 
vector, in the following expression:

/ ( C O )  =  S 2 T m / (  1  +  CO^Tm^ )  +  (  1  -  S 2 ) T / (  1  -H C C P C ^ ) ( 3 )

... .continued overlea
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accordance with the Lipari-Szabo model-free formalism, the simultaneous use o f  both 

relaxation parameters to determine allows the effects o f internal motion in the 

protein to be neglected. That is, although both R1 and R2 show a dependency on the 

order parameter'  ̂ (S^), when the ratio R2/R1 is used to determine the dependency 
on vanishes. Correction: The protocol for determining is given opposite.

The rotational correlation time, T̂ , o f a molecule can be used to estimate its 

size via the Stokes-Einstein relation:

Xm = XIH/ kT  Equation NMR-9

- where is the solvent viscosity, V  the molecular volume o f the sample, k  the 

Boltzmann constant and T the absolute temperature. Thus, knowing also the density 

o f the protein, the calculated value o f X„ can be used to estimate the apparent 

molecular mass o f the protein in solution.

In subsequent experiments, full determinations o f X̂  were not used in order 

to derive insight into the dynamics and apparent molecular sizes o f the proteins 

studied. Rather, it was considered sufficient to determine only a single relaxation 

parameter: R2. While this approach is perhaps not ideal, it has the advantage o f  

significantly reducing the experimental data acquisition time. The use o f R2 values to 

provide insight into molecular dynamics was considered sufficient since, for most 

proteins, R2 is related to x  ̂ in an approximately linear manner {Figure 2-7). In 

particular, an almost linear relationship is seen for the range o f X̂  values likely to be 

encountered in NMR experiments o f biological macromolecules. In contrast, R1 

displays a more complex, non-linear relationship with respect to X̂ , and thus would be 

more likely to introduce errors if used to describe dynamic characteristics such as 

molecular tumbling rate, and thereby molecular size (Figure 2-7).

It is noteworthy that this strategy is potentially limited, since R2 is not a 

strictly linear function o f X̂  and may be affected by slow dynamics corresponding to 

conformational exchanges on the millisecond time scale (Clore et al., 1990). Therefore 

the interpretation of R2 data alone with respect to molecular dynamics should be 

performed with caution. In particular, the value o f R2 alone does not factor out the

The term describes the internal molecular motions of a spherical molecule. A value of S^=l 
corresponds to a rigid sphere, with S^=0 describing the alternative non-rigid extreme.
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- the order parameter, Ŝ , describes the degree o f spatial restriction o f  the internal motion of 
the bond vector; T m  is the overall molecular rotational correlation time. Equation 3
assumes that molecular tumbling is isotropic. The effective correlation time resulting from 
internal motions is described by Te , where 1/T = 1/Tm + 1/Te . However, under conditions 
where Te< 100 ps and Tm > Ins, and T2 is not significantly shortened by chemical or 
conformational exchange, the T 1/T 2 ratio is essentially independent of both S and T e  . The 
insignificance o f S and T e  when calculating T m  means that T m  is largely independent o f internal 
dynamics. Thus, the spectral density function is simplified to:

J W  =  S 2 T m / (  1 +  C O ^T m ^ )  ( 4 )

A value for T m  can subsequently be determined from the ratio o f Ti and T2 , by 
substituting equations 1 and 2 with the term for the spectral density function given in equation 4. 
The term is ‘factored out’ o f the ratio T1 /T 2 since occurs with almost identical frequency in 
both terms. Thus, the experimentally determined values of Ti and T2 are used determine a value 
for T m  per residue. The overall value of T m  is taken as the average o f calculated values. (The 
residues which yield Tm ~  ten-fold different from the mean are excluded from the calculation o f 
the overall T m  . This exclusion is used since it is likely that the ^H— bond vectors in these 
residues undergo additional forms o f molecular motion, e.g. slow conformational exchange, 
leading to shortened T2  relaxation times). This describes the protocol used for the determination 
of the rotational correlation time ( T m )  of the SH3-P1 protein.

Although this approach accounts neither for anisotropic tumbling nor for variable 
CSA o f different nuclei, the method was considered appropriate for describing the overall 
molecular dynamics o f the protein since the SH3 domain alone is a globular protein and CSA 
variations are generally small.
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Figure 2-7: Calculated values of the N M R  relaxation parameters R1 and R2, with variedfrom
1-30 ns,for H  frequeng ôOOMH; .̂ Values determined as described in Mandel et al (1996). It 
was assumed thatfast motions do not contribute; the order parameter was set to 0.85.
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dependency on the order parameter, Ŝ . However, S^~0.85 for most residues in the 

regular secondary structure elements o f a protein. Thus, by assuming that the most o f 

the signals in the spectra correspond to residues in regular secondary structures, the 

errors introduced by assuming that R2 values closely relate to molecular dynamics are 

likely to be small. Thus, using the Lipari-Szabo formalism to relate observed R2 values 

to Tjn, estimations o f the molecular size o f a molecule can subsequently made using 

the Stokes-Einstein relation.

The PFG-NMR experiment

The self-diffusion coefficients (Dg) for variety o f protein NMR samples were 

measured using PFG-NMR experiments based on the method outlined above. 

Specifically, the pulse sequence used corresponded to the ‘pulsed field gradient 

longitudinal encode-decode’ (PFGLED) experiment previously reported in the 

literature (Altieri et al., 1995; Dingley et al., 1995) {Figure 2-8). In all experiments, the 

duration Ô o f the encode and decode PFG pulses was 10 ms. The experimental 

diffusion delay time A between the encode and decode PFG pulses varied from 60 - 

70 ms, depending on the protein being studied and the duration required to achieve a 

10-fold signal attenuation with the gradient hardware available. For each sample, 25 - 

30 different experiments were performed in which the gradient strength, G, was
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Tigitre 2-8: The PFCAJ2D pulse sequence. Tolloning presatiiration, the magnetisation is patiallj 
/nV//g ///g /)/2 - PFG/ - /)/2

bj a short delay to allow edchy currents to die away, the read pulse (e) and data acquisition.
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incremented in the range 0.91 - 27.55 (G/cm) (which tor the plots presented was 
converted to 8.436 x 10  ̂ - 0.0759 (T/m)^. Under these conditions it was possible to 
record spectra in which the signal intensities measured ranged from the maximum 

achievable down to approximately zero.

The values of Dg were determined from a least-squares fit of the PFGLED 

spectra intensity data integrated between approximately 2.5 and 0.5 p.p.m. with 

varying gradient strength levels. The two-parameter model given in Equation NAIR-7 

was used to fit the normalised data. Although the data obtained were not used to 

determine the MŴ pp of protein samples, it is worth noting for the purposes of 

comparing of the Dg values determined for a single sample at different 

concentrations, that MŴ pp is proportional to l/(Dg)^ (Dingley et al., 1995). This 

latter assertion holds only when differential effects o f density and shape are 

disregarded.
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Surface plasmon resonance

An introduction to surface piasmon resonance

One o f the primary tasks facing the molecular biologist is the 

characterisation o f interactions between biological macromolecules. This task has 

been greatly facilitated by the development over the last 10 - 15 years o f highly 

sensitive biosensor machines to monitor biomolecular interactions. Previously, many 

o f the techniques available for studying biomolecular interactions were either labour- 

intensive (e.g. multi-step immunoprécipitation techniques) or involved labelling (e.g. 

with radioactivity) o f the molecules under study. In contrast, biosensor technology 

represents a significant breakthrough in the field since it has provided a research tool 

capable o f using unlabelled material and o f making accurate, direct and rapid 

measurements in real-time (Panayotou et al., 1993). A typical set o f biosensor 

experiments requires a relatively small amount o f protein (~ 100 |ig) and can be 

completed within a few hours. Moreover, a series o f experiments can be fully 

automated by a PC computer coupled to the biosensor machine, which also allows 

for immediate and straightforward data analysis. Consequently, the use o f analytical 

biosensor techniques has become a popular approach for the investigation o f a wide 

range o f  biological systems, including analyses o f many types o f protein-ligand 

interactions (Malmqvist, 1993).

Research and development o f optical biosensor devices has resulted in the 

availability o f two different types o f instrument. The machines take measurements at 

a biosensor surface o f the interaction between an immobilised molecule and a 

potential binding partner which is delivered to the biosensor surface in aqueous 

solution. The difference between the two machines available is largely the method for 

detecting any binding o f the molecules presented. The biosensor machine employed 

for the work presented in this thesis uses the phenomenon o f surface plasmon 

resonance (SPR) for measuring interactions (see below). The alternative biosensor 

machine employs a wave-guiding technique for the detection o f  interactions. While it 

has been suggested that the integrated optical biosensors accompanying the latter 

machine may ultimately be slightly more sensitive than those in the SPR biosensor, a
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number of practical features unique to the SPR biosensor render it both a highly 

useful and powerful approach to the analysis of the systems under study.

The sections below include a brief description of the underlying principles of 

the SPR biosensor and an overview of its potential applications. There then follows a 

description of the use o f SPR biosensor techniques to study the putative protein- 

ligand and protein-phospholipid interactions of interest in the work presented in this 

thesis.

Theory of SPR

The technology of the SPR biosensor allows the binding of macromolecules 

to an immobilised ligand on a sensor chip to be measured at the same time and place 

as it occurs {Figure 2-9). The SPR biosensor measurement is essentially the detection 

of a change in refractive index occurring at the biosensor surface, where changes in 

refractive index are directly proportional to changes in the total mass of

Figure 2-9: A  schematic representation of the surface plasmon resonance biosensor machine. Changes 
in molecular massj concentration associated with the biosensor surface result in changes of 9, the angle 
at which the intensity of reflected light is a minimum — due to mcodmal surface plasmon resonance. 
SPR data collection constitutes the measurement of the changes in 9 with time.
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macromolecules bound in the vicinity o f this surface. Thus, with a potential ligand 

immobilised at the biosensor surface, the SPR biosensor provides a system which can 

detect any further macromolecular adsorption to the surface-linked ligand, thus 

defining an interaction {Figure 2-9).

In order to design appropriate and effective experiments, to understand the 

processes occurring during SPR experiments and to allow a critical evaluation o f  the 

data collected, it is useful to consider a description o f the SPR phenomenon which 

occurs at the sensor chip surface during an experiment. The discussion o f SPR given 

below is limited to the principle biophysical aspects o f standard SPR experiments. A 

number o f more detailed descriptions o f SPR and SPR biosensors can be found in 

the literature (Jonsson et al., 1991).

Plasmons, also known as plasma waves, are charge-density oscillations 

propagating in a plasma (e.g. a gas) o f charged particles. A number o f types o f solid 

metallic surface can approximate such a plasma in the sense that they provide a ‘gas’ 

o f free electrons. A gas-like behaviour, i.e. where the electrostatic potential from the 

ion cores has a negligible effect on the spatial motion o f the electrons in the lattice, is 

provided by the subset o f metals which includes gold, silver, copper and aluminium. 

In practice, gold is usually preferred due to its inert and durable qualities. Thus, in the 

SPR biosensor there is a thin gold plate located at the sensor chip surface at which, it 

follows, plasmons can form. The gold plate is in juxtaposition with the experimental 

flow cell containing an aqueous solution o f the putative interacting macromolecules. 

The plasma oscillations that can propagate at such a metal-solvent interface are called 

surface plasmons. A requirement for surface plasmons to exist is that the media at the 

interface must have dielectric permeabilities (£) o f opposite sign. The experienced 

dielectric constant o f a material is partially dependent on the wavelength o f the 

incident light and it follows that the excitement o f surface plasmons may not be 

possible for all different wavelengths. However, to achieve the conditions required, 

SPR biosensors operate within the spectral range o f infrared - visible light, where for 

metals the dielectric constant (8 )̂ is negative and for most aqueous solvents the 

dielectric constant (Eg) is positive, thus permitting the existence o f surface plasmons 

at the gold-solvent interface.

Surface plasmons are electromagnetic waves which have maximal intensity at 

the gold-solvent interface in the SPR biosensor. The surface plasmon has an
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associated component called the evanescent wave, where term ‘evanescent’ is used to 

describe the exponential decay o f the surface plasmon component with increasing 

distance from the gold-solvent interface; this decay occurs in both o f the boundary 

media. The surface plasmon wave is different from the bulk (incident) 

electromagnetic wave insofar as it is specifically associated with the gold-solvent 

interface. The generated surface plasmon is a wave which is propagated in association 

with the interface and accordingly can be described by a wave vector. The wave 

vectors describing the surface plasmon (̂ gp) and the bulk wave (^g), are defined as 

follows:

^sp ~  /  (̂ M Eg) ] Equation SP^-1

= Mq £ĝ ^̂  Equation SPR-2

- where Mq is the wave vector in a vacuum (Silin and Plant, 1997).

The phenomenon and occurrence o f  SPR is dependent upon the creation o f 

conditions that lead to the bulk wave being transformed into the surface plasmon 

wave. Resonance is achieved when the surface plasmon wave vector is equal to the 

bulk electromagnetic wave vector, i.e. /ègp =

Practically, the resonance condition is achieved in the SPR biosensor by 

using prism-couplers with refractive indices, «p, larger than Eĝ \̂ where n̂  = 8p̂ ^̂  

(where £p is the dielectric constant o f the glass prism). In the SPR biosensor, the 

‘Kretschmann optical configuration’ is used in order to promote surface plasmon 

excitation on the surface o f the gold film deposited on the prism adjacent to the 

biosensor surface (Figure 2-10). The efficiency o f  conversion o f bulk waves into 

surface plasmons depends in part on the thickness and transparency o f the gold film. 

In the design o f the SPR biosensor these parameters are optimised for maximum 

sensitivity o f measurement, typical specifications being a gold film o f ~ 50 nm for an 

incident light wavelength o f 750 - 800 nm.

When the conditions permitting SPR are fulfilled, the occurrence o f  

resonance itself is a function o f the angle o f incidence, 0, o f the bulk wave (/èg) in the 

following way:
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figure 2-10: The bulk vector, kj,, is modulated ly the refractive index of the prism. For incident 
light at angle d̂ pR, if the hortî̂ ontal component (n̂ kysin Oppp) equals the surface plasmon vector, k ,̂ 
there is maximum transformation of incident light into surface plasmon. This resonance results in a 
sharp decrease in light reflected at Ô pp. The subsequent association of molecules with the biosensor 
surface results in changes in the refractive index at the gold-solvent interface, n. Upon this change, 
the resonance angle Oppp changes to Oflp — this is the measured response in the SPR biosensor.
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k̂ P = kn Sin 6 Equation SPR-3

When resonance occurs for the specific angle o f incidence 0sprj , the result is maximal 
transformation of the incident light at into surface plasmons. In turn, this results 

in maximal absorption of the incident light at the gold-solvent sensor chip interface, 

such that a sharp minimum in the reflected light at angle is observed. The angle 

of incident light for which SPR occurs (0spr)> causing the minimum in reflected light 

at the same angle, is strongly dependent on the refractive indices o f all the boundary 

media, including the gold film, the bulk solution in contact with the gold-coated prism 

and additional layers such as biomolecules deposited on the surface by adsorption 

from solution. In general, increases with increasing biolayer thickness

(biomolecular mass concentration) at the gold surface, resulting in increases in the 

observed value of 0spr- Thus, the thicker the biolayer adsorbed onto the gold surface, 

the greater /ègp and 0spr shifts; it is this shifting which can be measured in real-time 

dunng the process of biomolecular adsorption, resulting in the production of the SPR 

biosensor output, known as the sensorgram (Figure 2-11). In summary, the SPR
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Figure 2-11: A  typical sensorgram contains three distinct phases. The sensorgram plots the 
magnitude of the change in u ith respect to time. Changes in are directly prvportional to 
the increase in biomolecular mass concentration at the biosensor surface.
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biosensor output data is directly proportional to the changes occurring in the angle 0 
SPR at which the maximum SPR occurs.

Since the degree of penetration of the surface plasmon wave into the 

surrounding media is of the order of one wavelength of the incident light (~ 700 nm, 

which is considerably larger than most biomolecules), the resonance conditions will 

be sensitive to changes in ŝp induced by biomolecular adsorption some distance from 

the sensor chip surface (Panayotou et al., 1993). Indeed, a sampling range which 

penetrates 700 nm into the SPR biosensor flow cell is sufficient to observe the 

formation or assembly of a large biomolecular complex.

Practical Considerations

For any SPR biosensor study a primary consideration is that of how to 

immobilise the molecule of interest at the biosensor surface. The gold SPR biosensor 

surface which is exposed to the experimental flow cell can be modified in many ways
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in order to facilitate biomolecular immobilisation (Schuck, 1997). Although direct 

bonding to the gold plate is possible, a favoured approach is to use a SPR biosensor 

surface to which is attached a matrix o f carboxymethylated dextran. This approach is 

preferred since it allows the biomolecular interaction to take place in an extended 

volume such that it is possible to get more than an equivalent monolayer bound in 

the matrix. It has been demonstrated that this possibility more than counteracts for 

the increase in distance from the biosensor surface at which the interaction occurs 

(Liedberg et al., 1993). The matrix provides multiple sites which can be activated by 

addition o f NHS and EDG to the carboxymethyl groups (Johnsson et al., 1991). In 

turn, injection o f a peptide or protein solution over this activated surface results in 

immobilisation o f the protein through covalent bonding to its polypeptide backbone 

amide groups. However, if the rather direct, NHS/EDC-mediated attachment to the 

carboxymethylated dextran matrix is not appropriate, alternative chemistries are 

available for the immobilisation o f biomolecules. Indeed, there exists a versatile array 

of immobilisation chemistries, such that an appropriate choice can be made 

depending on the nature o f the system under study.

Additional factors to be considered include the optimisation o f the SPR 

biosensor response. That is, since any SPR biosensor response is directly proportional 

to the change in mass concentration o f biomolecules associated with the biosensor 

surface, it follows that when studying an interaction between two molecules o f 

different mass, the smaller should be the one chosen for immobilisation, thus 

selecting for the greater response when the larger component subsequently binds. In 

some cases, however, it may be more important to choose the molecule for 

immobilisation according to which molecule is more resistant to the stringent 

conditions required for regeneration o f the surface between experiments.

The applications of SPR

It emerges from the discussion above that the capability o f SPR biosensors 

provides molecular biologists with a technique o f great potential for many 

applications. Indeed, this observation is reflected by the rapidly growing number o f 

reports appearing in the literature which involve SPR biosensors. A comprehensive 

account o f the numerous applications o f SPR technology clearly cannot be presented 

here; extensive lists o f examples can be found in the literature (Shen, 1997; Silin and
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Plant, 1997; Wang and Tao, 1996). However, a few reported applications which 

provide insight into practical considerations o f relevance here are considered below.

Investigations of biomolecular interaction kinetics

Perhaps the most prevalent use o f SPR biosensors is for the characterisation 

o f protein-ligand interactions. A characterisation o f the binding events occurring 

upon such interactions may encompass a full kinetic analysis, including measurements 

o f the association and dissociation rate constants. A number o f such analyses have 

been reported relating to studies o f extracellular ligand-receptor systems and the 

subsequent downstream intracellular signal transduction pathways (Zhou et al., 1993) 

(Schuster et al., 1993) (Labadia et al., 1996).

A classic application o f the SPR biosensor is demonstrated by Panayotou et 

al. in a study o f the interactions between a receptor tyrosine kinase and numerous 

intracellular signal transduction proteins (Panayotou et al., 1993). In this study, the 

SPR biosensor was used to determine the kinetic parameters defining the binding 

interactions occurring between a variety o f SH2 domains and phosphotyrosine- 

containing peptide sequences corresponding to C-terminal regions o f the platelet- 

derived growth factor ^-receptor (PDGF-PR). This approach yielded insight into the 

binding preferences o f specific SH2 domains for different phosphotyrosine- 

containing peptide sequences. Since this study is pertinent to the investigation o f  

putative ligands o f SH2 domains presented in this thesis, some o f its more interesting 

and relevant aspects are outlined below.

Panayotou et al. expressed SH2 domains as GST-fusion proteins and 

monitored the interactions o f these proteins with phosphotyrosine residues within 

target peptide ligand sequences o f  12-17 amino acid residues. The phosphotyrosine- 

containing peptide moiety was chosen for immobilisation to the SPR biosensor 

surface since this allowed observation o f a relatively large signal upon binding with the 

GST-SH2 domain, a species o f ~  40 kDa. In contrast, the reciprocal configuration 

could have provided only a very small observable signal since the phosphotyrosine- 

containing peptide was considerably smaller, ~  2 kDa. A further advantage o f this 

design was that the immobilised peptide sequence was more resistant than the GST-
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SH2 protein to the rather harsh methods o f biosensor surface regeneration 

performed between consecutive experiments.

In order to distance the peptide from the SPR biosensor surface, thus 

minimising steric constraints which might potentially restrict binding, the 

phosphotyrosine-containing peptide was biotinylated at its N-terminus. This modified 

biotinylated peptide was then immobilised on an SPR biosensor chip coated in 

streptavidin, which binds strongly to biotin with a very low dissociation constant (K^ 

= 10 ’  ̂ M) (Savage et al., 1992). This allowed for a system in which any variety o f  

biotinylated peptide could be immobilised and its interaction with GST-SH2 domains 

studied by presenting the protein in solution in the experimental flow-cell.

A typical SPR biosensor experiment can be thought o f as occurring in three 

phases, as indicated in {Figure 2-11). Phase 1: 20 pi GST-SH2 domain (1 - 10 pg/ml) 

was injected into the flow-cell, typical flow rates being 5 pi per minute. Binding o f the 

protein to the peptide resulted in increased biomolecular mass at the biosensor 

surface, which increased the refractive index at the gold-solvent interface and thus 

generated an observable response. The response was measured in resonance units 

(which correspond to the amount o f bound protein) and was immediately plotted 

against time. Phase 2: following the injection o f protein, a flow o f buffer only was 

maintained, during which time dissociation o f the protein occurred and the response 

returned to approximately its original baseline reading. Phase 3: before performing 

another experiment the surface was completely cleaned o f any residual protein by 

washing with a solution containing 0.05% SDS detergent. The process was repeated 

in order to obtain a set o f binding results covering a range o f concentrations o f the 

protein; this cycle was performed for a variety o f GST-SH2 proteins and for different 

peptide ligands.

The methodology for the determination o f  association and dissociation rate 

constants from SPR biosensor data can be found in the literature (Panayotou et al., 

1993) (Karlsson et al., 1991). In short, where R is the measured relative response, the 

gradient (G) o f a plot o f ‘dR/dt vs. R’ is determined for each experiment using a 

different protein concentration. The gradient value is then plotted against the 

concentration o f protein injected, which allows determination o f  the association rate 

constant according to the equation:
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G = C + Equation SPR-4

- where is the association rate constant, is the dissociation rate constant and C 

is the protein concentration. The dissociation rate constant can also be determined in 

a similar way by studying the decrease in response due to the dissociation o f the 

protein during the flow o f buffer only (phase 2). One complication o f such 

determinations is that during the phase o f  buffer only flow the dissociating protein 

may re-bind to available peptide sites on the biosensor surface, thus decreasing the 

apparent dissociation. This effect was circumvented by either (a) using high 

concentrations o f protein in the initial injection in order to reduce the number o f free 

sites available when dissociation commences, or (b) adding non-biobnylated 

phosphotyrosine-containing peptide to the buffer flow, thus competing for the re

binding o f dissociating SH2 protein.

Panayotou et al. determined the association and dissociation rate constants 

for the interactions between PDGF P-R-derived phosphotyrosine-containing 

peptides and the SH2 domains from the proteins p85a (the regulatory sub-unit o f the 

enzyme PI3-kinase), phospholipase C-y (PLC-'>̂  and GTPase-activating protein 

(GAP). This study allowed the identification o f the binding preferences o f the two 

p85a SH2 domains for the two different binding sites in the PDGF P-R.

In the context o f this thesis, the description above o f the SPR biosensor- 

based determination o f SH2 domain ligands is particularly relevant. Work presented 

in this thesis describes a simple adaptation o f the methods o f Panayotou et al. for an 

analysis o f putative competitors o f the interaction between the phosphotyrosine- 

containing peptide and the p85a SH2 domains. The modified experiment (described 

in full later) allowed the characterisation o f  the binding o f a range o f test molecules to 

the p85a SH2 domains.

Protein -  phospholipid interactions

The application o f the SPR biosensor to analyses o f biomolecular interaction 

kinetics represents a significant technological advance primarily by reducing the 

amount o f effort and biological material required for a typical study. Moreover, the 

versatility o f the SPR biosensor system has meant that it has also been developed to
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allow rapid studies o f systems which were previously practically intractable. The case 

in question concerns the direct study o f interactions between proteins and 

phospholipid membrane components. There exists a large number o f proteins which 

interact peripherally and reversibly with biological membranes and the mechanisms by 

which these interactions occur are o f great interest. For example, 

immunofluorescence analyses have shown that an N-terminal domain o f the enzyme 

phospholipase C-Ô, is necessary for its interaction with the plasma membrane- an 

interaction which is required for enzymatic activity (Paterson et al., 1995). Additional 

studies o f PLC-ôi have provided insight into this protein-membrane interaction 

process and have suggested potential roles o f other protein domains which may effect 

similar membrane translocation events (Garcia et al., 1995) (Ferguson et al., 1995).

The development o f SPR biosensor assays to measure protein-phospholipid 

interactions has been multifaceted. Considerable efforts have been invested in 

attempts to develop methods for immobilising phospholipid bilayers on the SPR 

biosensor surface such that membrane behaviour and phospholipid binding events 

might be measured (Plant, 1993) (Florin and Gaub, 1993) (Lang et al., 1994). Despite 

complications regarding the deposition and immobilisation o f amphipathic membrane 

components on a metallic surface, there has been some success in this area. Notably, 

Plant et al. have descried the reproducible preparation o f a model lipid bilayer 

membrane by the addition o f phospholipid vesicles to alkanethiol monolayers on a 

gold surface (Plant et al., 1994). Ultimately, this technique may be suitable for the 

preparation o f a SPR biosensor surface comprising a phospholipid bilayer. However, 

at present the methods for preparing such bilayers on the biosensor surface are rather 

involved and not well established. Therefore, the work presented in this thesis 

includes a novel adaptation o f the SPR biosensor for the study o f protein- 

phospholipid interactions.

In the context o f detecting protein-phospholipid interactions, one o f the 

practical driving forces for attempting to immobilise a phospholipid bilayer on the 

SPR biosensor surface is related to the signal-detecdon issue. Since the protein 

component o f any protein-phospholipid interaction is likely to be o f considerably 

larger mass than the distinct phospholipid molecule, it has been considered preferable 

to use the protein as the phase 1 injection molecule in order to generate an optimal 

biosensor response. However, this constraint can be removed, as described in the 

method below which was designed to use immobilised proteins and to search for
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their interactions with large unilamellar liposomes o f variable phospholipid 

composition. The method developed resulted in the identification o f specific 

phospholipid ligands for different protein domains (see later) (Salim et al., 1996). A  

similar approach has also been developed by Rajaram et al., in which case the SPR 

biosensor was used to determine the kinetics o f binding o f cholesteryl ester transfer 

protein to the surface o f emulsion particles o f defined size and composition (Rajaram 

and Sawyer, 1996). It is apparent that the development o f the latter techniques will 

prove useful in characterising the binding o f proteins to lipid surfaces.

Current developments in SPR

It is clearly evident that the SPR biosensor is a highly versatile technique; 

although there are, o f course, some technical limitations which remain. For example, 

the interpretation o f kinetic data describing interactions at the SPR biosensor surface 

can be complicated by a range o f undesirable effects, including; the presence o f two 

(or more) distinct populations o f immobilised ligand; a change (e.g. conformational) 

of the immobilised ligand before or after binding the soluble ligand; steric hindrance 

of soluble ligand binding at the SPR biosensor surface; or the non-specific adsorption 

to the biosensor surface observed for some biomolecules (Edwards et al., 1995). The 

presence o f these complications has meant that while many studies have generated 

data at a qualitative level, the oversimplification o f binding reactions and fitting of 

data to simplified models have limited the quantitative interpretation o f results (Fisher 

and Fivash, 1994).

However, current research is at least beginning to characterise effects 

limiting the interpretation o f results, yielding suggestions for improved data analysis. 

Progress is therefore being made both in the planning o f  SPR biosensor experiments 

and in data analysis, for example by employing global data fitting schemes using a 

series o f  scaled sensorgrams (Schuck, 1997) (Nieba et al., 1996) (Roden and Myszka, 

1996). In most cases, progress in experimental and analytical procedures has been 

made such that restrictions on data interpretation can be minimised and seem unlikely 

to hinder the development o f SPR biosensor applications (Schuck, 1997).

The current progress made across a spectrum o f biological systems will 

ensure continued interest in the field o f SPR biosensor research, with a growing

110



CHAPTER 2 T/je biophysical techniques

impact on industry expected. Whilst the applications o f SPR biosensor technology 

described in this thesis are clearly research-related, there will probably develop 

industrial and pharmaceutical applications which will deploy the system for the 

automated large-scale screening o f potential lead compounds or drugs. Progress for a 

screening or drug-searching application has already been made on a small scale 

(Gambari et al., 1997). Further, technical developments have enabled SPR biosensors 

to detect binding events involving species as small as 150 Da (in comparison with a 

limit o f 1500 Da a few years ago) (Hutchinson, 1995). The result o f this improvement 

in instrument sensitivity is that SPR biosensor assays are becoming more suitable for 

the study o f drugs binding to immobilised protein targets. The use o f SPR biosensor 

technology in research is also likely to increase since the practical aspects o f machine 

use are likely to improve, as indicated by a recent report o f a portable benchtop mini

sensor being developed (Melendez et al., 1997). The SPR biosensor has thus become 

firmly established as a powerful technique in biological research and, as described 

below, has been readily applied for a variety o f uses in the context o f this thesis.

Methods and materials

SPR biosensor assays of PH domain-phosphollpid interactions

Interactions between PH domains and phospholipid membrane 

components were studied by SPR biosensor techniques using a novel assay developed 

in collaboration with Dr. G. Panayotou and K. Salim .̂ Although the system under 

study involved the measurement o f protein-membrane interactions, the assay was 

developed such that there was no requirement for complex techniques for the 

generation o f phospholipid membranes on the SPR biosensor surface. Previous 

attempts to create an SPR biosensor surface comprising a phospholipid membrane 

had been unsuccessful (Dr. G. Panayotou, LICR, personal communication). That is, 

although a membrane could apparently be deposited, it was shown to bind non- 

specifically to all proteins tested and thus did not represent a meaningful 

approximation o f a biological membrane.

5 Dr. George Panayotou and Kamran Salim, Ludwig Institute for Cancer Research, 91 Riding House 
Street, London, WIP 8BT, UK.
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Generation of the SPR biosensor surface

A  goat antibody against glutathione S-transferase (GST) (Pharmacia) was 

immobilised covalently on the matrix o f  carboxymethylated dextran provided by a 

CM-5 sensor chip (Pharmacia BIAcore) docked in the SPR biosensor (Pharmacia 

BIAcore 1000 and BIAcore 2000 machines). The immobilisation was achieved by 

covalent modification o f the free amino groups (e.g. the N-terminus or free lysine 

side chains) o f the antibody. In this procedure, the carboxymethyl dextran surface 

was first activated by injecting 20 - 40 pi o f a freshly prepared mixture containing 

equal volumes o f NHS (11.5 mg/ml) and EDG (75 mg/ml). The antibody was then 

injected in a low pH acetate buffer. The pH at this stage was crucial, since the 

covalent modification depends upon an initial electrostatic interaction between the 

activated matrix and the protein (Johnsson et al., 1991). In general, the lower the pH 

the stronger will be the electrostatic interaction. However, using a low pH buffer also 

results in increased protonation o f amino groups which will reduce coupling 

efficiency. Thus, in practice a range o f  antibody solutions were prepared with pH 

varying from 4.0 to 4.8 allowing conditions resulting in maximal immobilisation o f the 

antibody to the SPR biosensor surface to be determined. When sufficient coupling o f  

antibody to the SPR biosensor surface was achieved, any activated carboxymethyl 

sites remaining on the matrix were blocked with a 40 pi injection o f 1 M 

ethanolamine. Any non-covalently associated antibody was removed at this stage by 

washing with 0.1 M glycine buffer, pH 2.2.

The matrix-coupled anti-GST antibody allowed any GST-fusion protein to 

be captured on the SPR biosensor surface in a reproducible manner. Advantages o f  

this antibody-mediated protein capturing system included the generation o f a 

relatively homogeneous surface such that all GST-PH domains were fixed only 

through binding to the GST moiety. The use o f the anti-GST antibody, rather than 

direct immobilisation o f the PH domains, was also beneficial since it allowed the PH 

domain to be distanced from the SPR biosensor surface. This reduced possible steric 

hindrance o f binding to putative ligands and, since the antibody is directed against the 

GST moiety o f the fusion protein, should allow a relatively free presentation o f the 

PH domain in solution. Further, the capturing required no chemical modification o f  

the protein after its expression and purification. These features minimise the risk o f  

masking potential binding surfaces on the PH domain. The anti-GST antibody used 

had a high affinity for GST, resulting in minimal dissociation during the course o f the
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SPR biosensor experiments. Further, the antibody was resistant to the short pH 2.2 

treatment used for regeneration o f the SPR biosensor surface between experiments. 

This allowed the same SPR biosensor surface to be used repetitively, thus minimising 

variations between consecutive experiments.

Preparation of the putative binding partners

The SPR biosensor surface described above was used to detect interactions 

between GST-PH domain fusion proteins and phospholipids. In order to maximise 

the SPR biosensor response the phospholipids were presented as large unilamellar 

liposomes in the phase 1  injection o f potential target ligands. Thus, by presenting 

liposomes o f considerable size (diameter ~ 1 0 0 0  nm), instead o f a small phospholipid, 

it was possible to use the SPR biosensor to observe directly any protein-phospholipid 

interaction. Moreover, by presenting the phospholipids in a membranous bilayer the 

putative interactions can be monitored under a situation approaching physiological 

conditions.

The liposomes were prepared with lipid compositions approximately 

representing those o f the inner leaflet o f an average plasma membrane: 30% (w/w) 

phosphatidylcholine (PC), 20% (w/w) cholesterol (CH), 15% (w/w) sphingomyelin 

(SP), 15% (w/w) phosphatidylethanolamine (PE) and 10% (w/w) phosphahdylserine 

(PS) (Alberts et al., 1983). To search for potential PH domain ligands, the liposome 

mixture was then doped with 10 % (w/w) o f  the test phospholipid. Test 

phospholipids included: PC, phosphatidylinositol (Ptdlns), phosphatidylinositol-4- 

monophosphate (PtdIns(4)P), phosphatidylinositol-4,5-bisphosphate (Ptdlns(4 ,5 )P2) 

and phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3 ,4 ,5 )P3). The phospholipid 

compounds used were obtained from commercial sources as follows: PC, CH, SP, 

PE, PS: Sigma Chemical Co.; Ptdlns, Ptdlns(4)P and PtdIns(4 ,5 )P2: Lipid Products, 

Redhill, Surrey, UK; Ptdlns (3,4,5)P̂ : was synthesised by Dr. R. Gigg  ̂ as described 

previously (Desai et al., 1996).

Liposomes were prepared by an established method operating under very 

mild conditions (Philippot et al., 1983). According to Philippot et al., this method 

results in the production o f large unilamellar liposomes o f ~ 1000 nm diameter. The

 ̂Dr. Roy Gigg, National Institute for Medical Research, Mill Hill, London, NW7 lAA, U K
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lipid components were mixed and then dried under a stream o f nitrogen. The dried 

components were resuspended in liposome buffer (10 mM HEPES pH 7.4, 80 mM 

KCl, 15 mM NaCl, 0.7 mM NaH^PO,, 1 mM EGTA, 0.466 mM CaCl ,̂ 2.1 mM 

MgClz) containing 50 mM /z-octyl-(3-D-glucopyranoside detergent. The tubes were 

rotated for 20 minutes at 25 °C to solubilise the phospholipids and the detergent was 

then slowly removed by dialysis against three changes o f liposome buffer (lacking n- 

octyl-P-D-glucopyranoside). For dialysis, Spectra/Por Spectrum 12 -14 kDa cut-off 

membrane was used. Removal o f detergent was promoted by the addition to the 

liposome buffer dialysate o f SM-2 Bio-beads which bind and retain detergent 

molecules (Bio-Rad).

Observations suggesting that the method was successful in the production o f  

large unilamellar vesicles include that the liposome products gave reproducible results 

in the SPR biosensor assay and that the binding responses measured were greater 

than those observed for the small multilamellar vesicles prepared, in contrast, by 

sonication o f phospholipids. Moreover, the liposome products obtained were stable 

in liposome buffer at 4 °C for many weeks, in contrast with multilamellar vesicle 

preparations which were rather unstable.

The GST-PH domain fusion proteins for the SPR biosensor experiments 

were prepared as described in Chapter 3. The final protein purification step was 

exchange o f the protein into the liposome buffer given above. The precise 

composition o f this buffer was found to be very important. The presence o f EDTA  

resulted in very high amounts o f binding for all charged phospholipids, with binding 

correlating simply with the number o f phosphate groups present. Addition o f calcium 

or magnesium ions dramatically reduced the level o f binding o f all phospholipids. 

Indeed, a dose dependence was observed at up to 2 mM o f either metal ion. It was 

decided, therefore, to perform all experiments in a buffer which approximated 

conditions found within an activated cell, where the free cation concentrations are 

approximately: 1 pM Câ  ̂ and 2 mM Mĝ  ̂ (Alberts et al., 1983). The calculation to 

determine the concentrations o f cations vs. chelating components used in the 

liposome buffer in order to achieve these required free cation concentrations was 

performed using the program MAXC (C. Patton, Stanford University, CA 93950, 

USA), which was formulated according to published data (Harrison and Bers, 1989).
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Experimental procedure

The experimental procedures involved in performing an SPR biosensor 

assay are straightforward. Once the SPR biosensor surface has been prepared as 

desired (see above), the concentrations o f  the solutions containing the binding 

partners should be optimised such that the observed responses are o f an appropriate 

magnitude. This usually means not saturating the biosensor surface with protein such 

that binding is not sterically hindered nor is dissociation subject to substantial re

binding events. Thus, in order to generate a SPR biosensor surface with a good 

signal-noise ratio, anti-GST antibody was immobilised to give a signal o f 12000 - 

15000 resonance units. This amount o f antibody was sufficient to bind GST-fusion 

protein yielding a response o f 1000-2000 resonance units. Typically, 10 |Xg o f GST- 

PH domain (in 100 |il buffer) was required to elicit a such a response. The proteins 

were injected in the liposome buffer described above and the response monitored in 

real-time. If the response observed was considered too low the concentration of 

protein was increased until a sufficient final binding response could be achieved with 

a 20 - 40 |al injection.

The SPR biosensor system was then tested to determine whether any 

binding o f putative ligand could be observed. In this case, the different liposomes 

under study were injected in turn and approximate responses noted. It was assumed 

that since all the liposomes had been prepared by the same protocol and with the 

same basic lipid composition (excluding the variable test lipid at 1 0  % (w/w)) they 

would have formed solutions o f equal liposome concentrations. In practice, liposome 

concentration was adjusted until the highest response observed was 400 - 1000 

resonance units.

The reversibility o f the system was established by demonstrating that the 

signal returned to zero after the addition o f  a liposome sample followed by continued 

buffer flow. However, the observed decrease in response was noted to be rather slow, 

which is probably attributable to effects o f  re-binding o f  the multivalent liposomes to 

GST-PH domains at the SPR biosensor surface. Thus, in most cases the process was 

accelerated by regeneration o f the anti-GST antibody surface by washing with an 

injection o f 10 }il 0.2 M glycine, pH 2.2. Despite this low pH treatment, the 

antibodies were consistently viable and gave reproducible binding responses for many 

cycles o f interaction. An additional regeneration step comprising a short detergent
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wash with 5 |il o f 50 |xM n-octyl-P-D-glucopyranoside was also included. Following 

regeneration and buffer flow to establish a flat baseline response, the next experiment 

could continue as before; first with the injection o f GST-PH domain and then by 

injection o f the next lipid-doped liposome to be tested.

After establishing appropriate ligand concentration conditions, a PC- 

controlled program was used to perform the automated execution o f  the full set o f  

SPR biosensor experiments. Such a program contained an iterative loop o f injection 

commands o f the following pattern. All injections were performed at a flow rate o f 5 

pi/minute. (1) Injection o f 20 pi GST-PH domain. (2) Continued flow o f liposome 

buffer for 90 seconds (7.5 pi). (3) Injection o f  20 pi o f test liposome sample. (4) 

Continued flow o f liposome buffer for 60 seconds (5 pi). (5) Regeneration o f the anti- 

GST antibody by injection o f 10 pi 0.2 M glycine, pH 2.2 and 5 pi o f 50 pM n-octyl- 

p-D-glucopyranoside. (6 ) Continued flow o f liposome buffer for 90 seconds (7.5 pi). 

A program o f this type was used to execute and monitor the interactions between the 

range o f GST-PH domains and all putative liposome ligands. Interactions were 

monitored in real-time and plotted as ‘Response units vs. Time (seconds)’. Data 

analysis was performed on a PC using the BIAevaluation (Version II) software 

package provided with the SPR biosensors.

The described SPR biosensor assay developed allowed the identification o f  

distinct phospholipid binding specificities exhibited by different PH domains. A 

limitation o f the assay is that it was not possible to calculate with accuracy any binding 

affinities for the interactions observed since the concentration o f the phospholipid 

liposomes in solution cannot easily be determined. However, this weakness o f the 

technique was countered by the use o f a complementary NMR-based approach for 

determination o f equilibrium dissociation constant (see earlier and Chapter 4).

An alternative assay using a metai chelation immobilisation strategy

During the preliminary development o f the SPR biosensor assay described 

above some problems were encountered. Initially, it was found that the binding 

specificity o f the anti-GST antibodies available was not constant. Since the assay was 

dependent on high-quality antibody some effort was invested in the development o f  

alternative SPR biosensor-based assays. A further problem was that the GST-PLC-ôi
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fusion protein was too unstable for use in this assay, such that development o f a new 

assay also provided an opportunity to attempt to re-clone the PLC-5i PH domain to 

produce a more stable product for future studies.

There are references in the literature describing the use o f metal chelation 

strategies in the context o f  SPR biosensor assays (Gershon and Khilko, 1995; Sigal et 

al., 1996). The use o f metal chelating groups has become widespread in the field o f  

protein purification since the reports 2 0  years ago on the use metal chelate affinity 

chromatography for protein fractionation (Porath et al., 1975). It is now common 

practice to modify a target gene to allow the production o f a recombinant protein 

with a tag o f 6  - 10 histidine residues at either terminus. It is then simple to purify the 

protein using immobilised nickel ions (Nî "̂ ) or cobalt ions (Cô "̂ ) which bind strongly 

to the oligohistidine tag and thus separate the tagged protein from other 

contaminants. The release o f  tagged proteins from bound metal ions can be effected 

by washing with 50 - 200 mM imidazole solution or by chelation o f the metal ions by 

washing with 500 mM EDTA pH 8.0 (Fisher et al., 1993) (Dekker et al., 1993).

Thus, following the example o f Gershon et al. (Gershon and Khilko, 1995), 

an alternative approach was developed using a metal chelation strategy to immobilise 

test PH domain proteins on the SPR biosensor surface. A carboxymethylated SPR 

biosensor surface (biosensor chip CM-5, Pharmacia) was activated with NHS and 

EDG as described above and then coated with NTA ligand (QIAGEN) by injection 

of 50 pi o f 50 mM NTA in Tris-HCl pH 8.0. Activated sites remaining after the NTA  

treatment were blocked by injection o f 1 M ethanolamine. The NTA SPR biosensor 

surface was ‘charged’ by a 50 pi injection o f 10 mM NiSO^. NTA chelates Nî "̂  

through three co-ordinate bonds. This binding leaves two vacant co-ordination sites 

on the Nî "̂ , allowing for metal chelation o f oligohistidine-tagged proteins through the 

imidazole side chains o f their histidine residues. Following protein binding, the SPR 

biosensor surface could be regenerated by a 10 pi injection o f 500 mM EDTA pH 8.0 

which chelates all available Nî "̂  to regenerate free NTA. Subsequently, the free NTA  

ligand can be re-charged by another injection o f 10 mM NiSO^.

Thus, this alternative assay provided a SPR biosensor surface for the 

reversible immobilisation o f  oligohistidine-tagged proteins through an NTA-Ni^"  ̂

metal chelation strategy. In principle, the system represented an advance, since it 

required neither antibodies nor fusion-protein moieties to be prepared, nor did it

117



CHAPTER 2 Tbe biophysical techniques

require the post-expression chemical modification o f the protein under study. The 

oligohistidine-tagged PH domain proteins were prepared as described in Chapter 3; 

the liposome preparations and experimental procedures were as described above.

SPR biosensor assays of SH2 domain interactions

The SPR biosensor assay described above proved useful for the analysis o f  

interactions between recombinant PH domain proteins and phospholipids presented 

in large unilamellar vesicles. The development o f this assay was based on the 

immobilisation o f the anti-GST antibody allowing the subsequent capture o f the 

GST-PH domain fusion proteins. The assay therefore carries the advantage o f  

potential adaptation for use with any GST-fusion protein. Thus, a report in the 

literature that some SH2 domains may bind to membrane phospholipids in addition 

to their established phosphotyrosine ligands (Rameh et al., 1995) prompted an 

investigation using the SPR biosensor assay described above. In this adaptation, the 

GST-PH domain proteins were replaced with GST-SH2 domain proteins. This assay 

thus allowed the measurement o f any interactions between the SH2 domains tested 

and large unilamellar liposomes doped with test phospholipids.

In the original report by Rameh et al., it was proposed that the well- 

characterised binding o f the p85a SH2 domains to phosphotyrosine-containing 

peptide motifs might be competed by phosphoinositide phospholipids. In order to 

investigate this competition process an additional SPR biosensor assay was developed 

in which the effects o f phosphoinositide-containing phospholipids on the binding o f  

SH2 domains to phosphotyrosine-containing peptides could be directly monitored. 

The assay developed was based on that described by Panayotou et al., in which it was 

demonstrated that the p85a SH2 domains can bind to phosphotyrosine-containing 

peptide sequences corresponding to regions o f  the activated PDGF (3-R (Panayotou 

et al., 1993). Similarly, the assay developed here involved measuring the interaction 

between SH2 domains and an SPR biosensor surface on which PDGF P-R 

phosphotyrosine-containing peptide was immobilised through a biotin-streptavidin 

linkage. An SPR biosensor surface pre-coated with streptavidin (the SA-5 biosensor 

chip, Pharmacia) was used. The biotinylated PDGF P-R phosphotyrosine-containing 

peptide was then essentially irreversibly captured by injection over the SPR biosensor 

surface in the buffer used throughout this assay: 20 mM HEPES, 150 mM NaCl, 3.4
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mM EDTA, 0.005% Tween-20 and 4 mM DTT. PDGF P-R phosphotyrosine- 

containing peptide was loaded to the extent where subsequent saturation o f the SPR 

biosensor surface resulted in a response o f 400 - 800 response units. This level o f  

response was suitable since it produced a good signal-noise ratio in the observed 

response, but did not overload the SPR biosensor surface.

The competition assay presented in this thesis comprised an investigation o f  

the competitive effect o f phosphoinositide analogues and inositol polyphosphates on 

the interaction between SH2 domains and an PDGF P-R phosphotyrosine-containing 

peptide. The competition was assessed by incubating the test SH2 domain with a 

synthetic, soluble phosphoinositide or an inositol polyphosphate prior to injection 

over the prepared SPR biosensor surface. It was thus possible to detect the 

interaction o f  soluble phospholipids with the SH2 domain by comparison o f the 

competed response with that observed for the interaction o f the SH2 domain alone 

with the PDGF P-R phosphotyrosine-containing peptide (Figure 2-12). As 2. control, a 

competition experiment was performed using a non-biotinylated soluble equivalent o f  

the immobilised PDGF P-R phosphotyrosine-containing peptide. In all cases, by 

performing a series o f  experiments using a widely varying range o f competitor 

concentrations it was possible to calculate an IC50 value for the interaction, i.e. the 

concentration o f competitor inhibiting 50% o f specific binding between the SH2 

domain and the immobilised PDGF P-R phosphotyrosine-containing peptide.

The putative ligands o f the SH2 domains which were tested for their 

competitive effect on the interaction between the SH2 domain and phosphotyrosine 

peptide included the following: D-myo-inositol 1,4,5-tris-phosphate (D-IP3), L-myo- 

inositol 1,4,5-tris-phosphate (L-IP3) and myo-inositol hexakis [dihydrogen phosphate] 

(also called inositol hexaphosphoric acid, or phytic acid) (IPj were obtained from 

Sigma Chemical Co.; D-myo-inositol 1,3,4,5-tetrakis-phosphate (D-IPJ and L-myo- 

inositol 1,3,4,5-tetrakis-phosphate (L-IP4) were kindly provided by Professor B.V.L. 

Potter and Dr. A. M. Riley ;̂ dihexanoyl phosphatidylinositol 1,3,4,5-tetrakis- 

phosphate (DiCô-PtdIns (3,4,5)P3) was kindly provided by Dr. P. Gaffney^; and, as a 

control, a 12-mer phosphotyrosine peptide containing pŶ ĝ  from the PDGF P-R 

(provided by Dr. G. Panayotou, LICR).

Professor Barry V. L. Potter and Dr. Andrew M. Riley, Department o f Medicinal Chemistry, School 
of Pharmacy and Pharmacology, University o f Bath, Bath, BA2 7AY, UK.
* Dr. Piers R. J. Gaffney, Department o f Chemistry, University College London, 20 Gordon Street, 
London, WCIH OAJ.
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Figure 2-12: A  diagram of the SPR competition as sag used to investigate the interactions of SH2 
domains and pY-containing ligands in the presence and absence of putative ligands (PT). If PT  
competes with the pY-containing ligandfor binding to SH2 domains, the magnitude of the biosensor 
response in experiment B will be smaller than that observed in the control experiment A .

A: Control
SH2 domain ligand

5ml/mm injection

Biotinylated peptide

B; Competition

Data analysis was performed using the PC software package provided with 

the SPR biosensor used: the Pharmacia BIAcore 2000. This SPR biosensor is 

advanced in comparison with the BIAcore biosensor used for the assays above. The 

BIAcore 2000 has a parallel flow facility which allowed each injection of SH2 + 

competitor to be performed in parallel over multiple biosensor surfaces. Thus, by 

choosing to perform control injections simultaneously over a target biosensor surface
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and a biosensor surface lacking the PDGF (3-R phosphotyrosine-containing peptide it 

was possible to correct for bulk effects (such as change in solvent density upon 

injection) or non-specific adsorption to the SPR biosensor surface.

The calculations o f IC50 values were performed as follows using the software 

package Kaleidagraph for Windows (Version 3,07). For each competition interaction 

observed, the control response (i.e. injection over the biosensor surface lacking the 

PDGF (3-R phosphotyrosine-containing peptide) was subtracted from the 

experimental response and the maximum response observed was noted. This data was 

taken for each different concentration o f competitor, enabling a plot o f ‘Response 

units vs. Concentration o f competitor’ to be made. Since the range o f ‘Concentration 

o f competitor’ used to effect a wide spread o f inhibition was large, the analytical plot 

preferred used a scale o f ‘logio (Concentration o f competitor)’ on the x-axis. The data 

were fitted by a nonlinear least-squares analysis to the following equation describing 

the interaction:

y = B /[ l + (C/ IC5o)T Equation SPK-5

- where B is the response for SH2 binding in the absence o f competitor,

- C is the concentration o f competitor,

- IC50 is the concentration o f competitor inhibiting 50% of specific binding,

- P is the slope factor, or Hill coefficient. The values o f IC50 obtained allowed a 

comparison o f the relative strengths o f interactions with SH2 domains across the 

range o f the competitors used. A discussion o f the results obtained is given in 

Chapter 6 .
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Analytical ultracentrifugation

The role of AUC In molecular biology

A major goal o f the work presented in this thesis, and in the field o f  

molecular biology as a whole, is to develop an understanding o f the relationship 

between molecular structure and biological function. To this end, high-resolution 

techniques such as NMR spectroscopy and X-ray crystallography have been 

employed to provide detailed 3-D information about macromolecular structure. In 

many cases, structural information has provided considerable insight into the function 

of the macromolecular system under study (see earlier). However, in these cases the 

information provided is usually limited to rather static descriptions o f the proteins 

and does not yield much insight into their dynamic interactions with other molecules. 

In general, these structural techniques are not the preferred method for the 

thermodynamic characterisation o f biomolecular interactions. Thus, although high- 

resolution structural studies yield insights about biological systems at an atomic level, 

a more complete description o f biological interactions can be gained by employing a 

range o f biophysical techniques in a combined approach. In this way, a wealth of 

both structural and thermodynamic information is generated in order to characterise 

the binding interactions.

The role o f the kinetic characterisation o f macromolecular events o f binding 

and assembly can be performed by a range o f  biophysical techniques, including 

surface plasmon resonance (Schuster et al., 1993; Szabo et al., 1995), spectral 

approaches such as CD spectroscopy and light scattering (Lu et al., 1995), isothermal 

titration calorimetry (Cunningham et al., 1991), and analytical ultracentrifugation 

(AUC) (McRorie and Voelker, 1993). The particular strengths and weaknesses o f each 

o f these techniques have been reviewed recently (Hensley, 1996), with the conclusion 

that AUC is perhaps the most rigorous and versatile approach suitable for the analysis 

o f macromolecular interactions with equilibrium dissociation constants in the range 

10  ̂ - 10  ̂M. There are numerous studies which have demonstrated the application of 

AUC for the characterisation o f physiological interactions relating to biological 

systems. For example, an AUC study o f the interaction o f the protein chromogranin-
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a with the inositol 1,4,5-trisphosphate receptor has established the stoichiometry and 

thermodynamics o f the interaction (Yoo and Lewis, 1995).

The technique o f AUG was originally developed as a method for the 

characterisation o f biological macromolecules in solution. The pioneering theoretical 

and experimental work was led by T. Svedberg in 1929 (Uppsala University, Sweden), 

However, despite its age and a decline in popularity between the 1950s and 1970s, 

recent technological advances both in instrumentation and computing have re

invented AUG as a powerful technique. Thus, AUG has re-emerged to be considered 

the preferred method for determining the following properties o f biological 

macromolecules in solution: size; size distribution; gross conformation;

thermodynamic nonideality; stability o f macromolecular complexes; and the 

equilibrium constants o f self-association and other protein-ligand interactions 

(Hansen et al,, 1994), O f these, the investigation o f biomolecular interactions, 

especially o f self-association, is o f primary interest in the context o f the work 

presented in this thesis.

The advantages o f AUG over other techniques for the characterisation o f  

self-associating systems are numerous. The wide range o f rotor speeds available on 

the Beckman XL-A ultracentrifuge makes it possible to study molecules as small as a 

few hundred Daltons, e,g, sucrose, and as large as fifty million Daltons, e,g, tobacco 

mosaic virus (Gondino, 1992), For polydisperse samples, average molecular weights 

can be obtained, as well as some measure o f the molecular weight distribution. In 

addition to its wide-ranging applicability, and perhaps most importantly, the standard 

sedimentation equilibrium AUG methods do not require any assumptions about the 

shape or hydration o f the solute under study. This obviates the problems frequently 

experienced in comparative techniques o f macromolecular solute characterisation 

which commonly depend on the assumption that the analyte is spherical and 

undergoes isotropic motion. For example, in SFG such assumptions can yield 

misleading results if solutes are sized on a calibrated column (see SFG section below) 

(Wen et al,, 1996), It is therefore a considerable advantage that the primary 

measurements made in the ultracentrifuge require no calibration with standard 

materials o f known molecular weight.

Naturally, some original features o f the AUG have been surpassed since its 

conception in the late 1920s, For example, recent technical developments have
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rendered mass spectrometry an exquisitely sensitive tool capable o f rapid and accurate 

measurements o f molecular mass from only femtomole—picomole quantities o f  

sample (Mann and Talbo, 1994; Siuzdak, 1994). However, despite the accuracy and 

ease o f implementation o f MALDI-TOF mass spectrometry, this technique does not 

allow the molecular weight measurement o f non-covalent molecular assemblies which 

may exist in solution. In contrast, electrospray ionisation (ESI) mass spectrometry has 

advanced to allow extremely precise and accurate measurements o f molecular mass, 

including those o f some molecular assemblies with non-covalent tertiary structure 

(Nemirovskiy et al., 1997). However, ESI mass spectrometry is not readily applicable 

to the characterisation o f physiologically relevant medium/low-affinity intermolecular 

interactions and cannot lead to the determination o f dissociation constants because 

conditions o f reversible equilibrium are not applicable under the experimental 

conditions (Mann and Wilm, 1995). In contrast, AUC has the ability to provide such 

useful information. It is the potential ability o f the AUC to provide reliable data 

describing reversible systems o f molecular self-association in solution that makes it an 

extremely valuable tool for the purposes o f this work.

The theory of AUC

There are two main types o f AUC experiment which, despite some 

functional overlap, have slightly different applications. The sedimentation velocity 

(SV) experiment is more useful for measuring diffusion rates o f solutes, whereas the 

sedimentation equilibrium (SE) experiment is preferred for the determination o f  

molecular weight and the detection o f  self-association o f the sample (Schuster and 

Toedt, 1996). The application o f AUC in the context o f this work is limited to the SE 

experiment because, with respect to the determination o f molecular weight, it has 

several advantages over SV AUC, including that SE AUC (a) has a secure theoretical 

basis in thermodynamics requiring few assumptions for its systematic application to 

experimental data, (b) is simpler experimentally, and (c) is more accurate. In short, the 

main practical difference is that the SE AUC experiment is run at relatively low speed 

in comparison to the SV AUC experiment and, rather than a gradual pelleting, this 

allows an equilibrium distribution o f solute to be established across the whole 

experimental cell. The sedimentation equilibrium condition is attained when solute 

sedimentation is equally opposed by diffusion. The resultant solute equilibrium
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distribution, detected by absorbance optics, is dependent on the molecular weight o f  

the solute but is independent o f its shape.

The theory o f SE AUC can be considered either kinetically or 

thermodynamically, both approaches ultimately yielding the same equations relating 

the final concentration distribution in the experimental cell to the molecular weight o f  

the solute. In the kinetic treatment, as mentioned above, the equilibrium condition is 

seen to be achieved when the rate o f transport o f material in one direction due to 

sedimentation is exactly balanced by the rate o f transport in the other direction due 

to diffusion. In the thermodynamic treatment, equilibrium is reached when the total 

potential (the sum of the chemical potential and the centrifugal potential) is 

independent o f time and o f position in the cell. Although attainment o f  the 

theoretical, final equilibrium position would require an infinite length o f time, in 

practice it is possible to make an asymptotic approach to this situation, thus 

satisfactorily approximating equilibrium. At this pseudo-equilibrium point, the 

concentration distribution in the experimental cell does not change during the time 

taken for its measurement, which can typically be up to 2  hours.

In order to calculate solute molecular weight from SE AUC experiments the 

following must be considered. At the position o f equilibrium, solute concentration 

distribution is dependent on the angular velocity, cô ; the absolute temperature, T; and 

the buoyant molecular weight, M(1 - vp), where M  is the true solute molecular weight; 

(McRorie and Voelker, 1993). Since, from a single experiment, only the buoyant 

molecular weight is directly measurable, it is necessary to determine accurate values o f  

the partial specific volume o f the solute,^ termed v (m l/^ , and the solvent density p 

(g /1), which can be estimated with sufficient accuracy from the sum o f its 

components. For proteins, values o f v can be calculated from the sample 

composition by taking the weighted sum o f the empirically determined values o f v for 

each constituent amino acid, which have been reported previously (Durschschlag, 

1986; Laue et al., 1992). Thus, from the Lamm equation describing movement o f  

molecules in a centrifugal field, the following equation can be derived for a single, 

thermodynamically ideal solute:

ln(cr)/r  ̂ = M (1 - vp) coV 2RT Equation A U C-1

 ̂The partial specific volume («) is defined as the change in volume fin ml) o f the solution per gram of 
added solute.
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- where <Tr is the solute concentration at radius r from the rotor, R is the gas constant 

(other terms given above). This equation provides the theoretical basis for analysing 

SE AUC data. Equation A U  C-1 is extremely useful insofar as it allows a rapid analysis 

yielding a first approximation o f the apparent weight-average molecular weighd^ 

(MW^p) and can indicate the presence o f a solute displaying thermodynamic 

nonideality or polydispersity.

Sedimentation equiiibrium AUC: data anaiysis techniques

It follows from Equation A U  C-1 that for any non-associating macrosolute 

with negligible nonideality, the concentration distribution in the ultracentrifuge cell at 

equilibrium can be described by:

Ct -  rro exp {((if /  2RT) M{1-vp) (r -̂ r^ }̂ Equation A U C-2

- where Ct — concentration o f macrosolute at any radial distance r, and = 

concentration o f macrosolute at the reference radial distance rp. Thus, at equilibrium 

in the SE AUC experiment, when there is an equalisation o f the movement o f  

macromolecules due to sedimentation and diffusion, a plot o f ‘concentration (or 

absorbance) vs. radius’ is typically an exponential curve {Figure 2-13). In practice, 

measurements o f solute concentration are made in terms o f optical absorbance, 

usually at 280 nm for protein samples. Therefore, assuming that Beer’s law holds and 

absorbance is proportional to protein concentration, it is possible to substitute the c 

(concentration) terms with A (absorbance) terms, such that the terms r, Ct and Cro may 

henceforth replaced in the text by A, Ar and Aro. The SE AUC output shown in Figure 

2-13 as a single exponential curve in fact corresponds to a ‘corrected’ value o f  

absorbance determined by subtracting the absorbance o f the reference cell from the 

absorbance o f the sample cell. Since the liquid menisci result in anomalous 

absorbance values, the difference in liquid volume in the two cells thus allows the 

different contributions to the final signal to be identified. In practice, this allows the 

‘background’ absorbance o f the reference sample in the cell to be checked (at least 

for the low values o f r) and also allows the liquid volumes in the cells to be checked 

for any decrease during the experiment which may be caused by cell leakage.

A weight-average molecular weight is defined as MWapp = 2  Q M  /  Z Ĉ , where Q is the 
concentration o f component i, and M, is the molecular weight o f component /  (Condino, 1992).

126



CHAPTER 2 Tbe biophysical technicfues

Tigun 2-13: The primary oiipntftvm a sedimentation equilibrium A U C  experiment is a plot of 
absorbance against raditis. A t  equilibrium the net solute movement is nil, since there is a balance 
between sedimentation force and solute diffusion. A  typical plot shows an exponential distribution.
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Equations A U  C-1 and A U  C-2 provide a basis tor the analysis o f the 

equilibrium distribution of solute with respect to radial position in the ultracentrifuge. 

The analysis of SE AUC data can be considered as a stepwise process beginning with 

a tit of the data to Equation A U  C-2 — a model describing an ideal non-associating 

species. The goodness-of-fit to this model is then evaluated. The evaluation 

procedures used are described in detail below. However, initial insight into the solute 

behaviour is provided by a plot of the residuals for the fitted curve with increasing 

radius (i.e. the residuals describe the extent by which each data point deviates from
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the point o f best-fit). A solute which displays non-ideal behaviour yields a humped 

residuals plot which corresponds to a decrease in MW^p with increasing solute 

concentration {Figure 2-14, A  and B). Solutes which exhibit such non-ideal behaviour 

are quite rare and are generally unsuitable for further analysis in the AUC. However, a 

poor fit to the model described in Equations A U  C-2 may exhibit alternative features 

which are indicative neither o f non-ideal behaviour nor ideal non-associating 

behaviour. In this case, the analysis progresses to evaluate fits o f the data to 

alternative models, including those describing the behaviour o f a self-associating 

solute. This analysis may involve a nonlinear least-squares fit o f the concentration 

distribution, allowing direct determination o f self-association equilibrium constants. 

When multiple speed/concentration SE experiments are performed for a protein, the 

data can be analysed both as single and multiple data files. The typical data analysis 

process is now described in greater detail.

STEP 1. Transforming an equilibrium gradient (‘absorbance vs. radius’, as in 

Figure 2-13) into a plot o f ‘MW^pp vs. absorbance’ provides information o f the 

associative order o f the system. This transformation involves moving a segment of 

data points (typically 20-60) across the radial path one data point at a time and 

calculating MW^pp via Equation A U  C-1, from the slope o f a plot o f ‘In (A) vs. F ’ for 

this subset. A plot o f ‘MW^pp vs. absorbance’ (where the absorbance value is taken at 

the midpoint o f each segment) creates a plot whose slope is proportional to M. The 

shape o f the plot can provide an estimate o f self-associative behaviour with respect to 

concentration, since the plot for a non-associating solute will be a flat line (Figure 2-14, 

Q , whereas a self-associating solute will exhibit an apparent increase in MW^pp as the 

sample concentration increases (Figure 2-14, D). From such a plot which curves 

upwards (indicating self-association) it is possible to gain a first estimate o f the 

associative order o f the system by dividing the MW^p at maximum absorbance by the 

MW^pp at minimum absorbance. However, even an indication o f a monomer-dimer 

equilibrium does not, at this stage, rule out the possibility o f higher orders o f 

association.

Another, more qualitative, method providing information about the system 

is simply to interpret a plot o f ‘In(A) vs. F ’. According to Equation AU C-1, for an 

ideal non-associating solute this plot will yield a straight line with a slope proportional 

to M {Figure 2-14, E). However, if the solute displays self-association the plot will 

deviate from a straight line by curving upwards with increasing solute concentration.
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Yhgiire 2.14: Schematic examples of typical plots used to intepret A U C  data. A  and B: 
plots indicative of non-ideal solute behamur. A  flat plot of Allly^p vs. Absorbance is 
given by an ideal, non-associating solute (C), nhereas a self-associating solute yields a plot 
of M W in c r e a s i n g  iiith concentration (D). Plot E: a linear graph of L nfA ] vs. 
radiuf also indicates ideal solute behamur.
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Since a deviation from linearit)" even by as much as 10% can be difficult to detect by 

eye this latter t)̂ pe of analysis is less favoured.

STEP 2. The data are fit to the single ideal species model described in 

Equation AUC-2. An evaluation o f this fit is enlightening. A set of randomly 

distributed residuals (the points off the best-fit curve) suggests that the equation 

describing an ideal non-associating solute is appropriate (Figure 2-1S). However, a set 

of non-random residuals indicates a poor fit to the model chosen. A non-random set 

of residuals forming a plot of ‘residual value vs. r’ which curves upwards with
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increasing r is indicative ot a system containing a self-associating species {Figure 2-19) 

(McRorie and Voelker, 1993). Such a non-random  pattern o f residuals would be 

expected for a sample which in step 1 yielded a plot o f ‘MW^pp vs. absorbance’ which 

curves upwards with increasing sample concentration {Figure 2-14, Q . In addition, the 

data fit to Equation AU C -2  also provides an estimate o f the MW’̂ pp which if larger 

than the predicted M  may give further insight into the associative order o f  the system.

STEP 3. The data are fit to a more complex model describing self- 

associative behaviour. This model is an extension o f Equation AU C-2, adapted to 

contain terms to allow for the presence o f higher oligomeric orders o f the solute. 

I'hus, in order to account for self-associative behaviour o f the solute sample. Equation

Figure 2-15: The distribution of residuals to a bestfit cune can protide inform at ion about the solute 
behaiiour: A : Randomised residual distribution suggests that the model chosen for curve fitting is 
appropriate. B: Non-random residuals suggest the model chosen poorly describes the data. The cune 
in B is characteristic of a self-associating species fitted to a modelfor an ideal, non-associating solute.
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Ct = fro exp {(coV  2 RT) M (1-vp) (r -̂ 

is expanded to the following format:

Ct — rmonomer,ro exp ((co /  2RT) Af (1-îp) (r - Tq̂ }

+ (<̂ monomer,ro) ((^ /  2RT) nj iVf (1-ip) (r -

(%ionomer,ro)”̂ K^ 3  ((® /  2RT) n̂  M (1-tp) (r - Tq̂ }

■I" (̂ monomer,ro) ‘'H^ 4  exp {(co /  2 RT) n̂  M  (1-ip) (r - fQ l̂

Equation A  UC-3

- where Cr = the concentration o f the solute at radius r; rmonomer,ro = the 

concentration o f the monomer at the reference radius rg; M  = the monomer 

molecular weight; n̂  = the stoichiometry for species 2 ; — the association

constant for the monomer-n-mer equilibrium o f species 2 ; n̂  = the stoichiometry for 

species 3; = the association constant for the monomer-n-mer equilibrium of

species 3; etc. and E  is the baseline offset (see below).

Fitting the data to Equation AUC-3 allows the association constant (K^ o f  

the system to be determined. Values o f obtained by AUC are usually in agreement 

with those determined by complementary techniques, such as titration 

microcalorimetry (Burrows et al., 1994), and are capable o f providing insight into the 

association state o f a macromolecule under physiological solution conditions 

(Burrows et al., 1994; Correia et al., 1995; Yoo and Lewis, 1995). This fitting step is 

also used to test the reversibility o f  the system. A reversible self-associating system 

should yield approximately the same association constant independent o f rotor speed 

or initial concentration. The more complex models o f self-association (described in 

Equation AUC-3) are usually evaluated with multiple data files. In addition to 

facilitating convergence on a global least-squares minimum, the simultaneous use of 

multiple data files increases the ability to span the associative range o f  the system.

When using complex models for data fitting the number o f parameters 

allowed to vary during each fit is kept to a minimum. Since the proteins under 

investigation are usually well characterised in terms o f primary sequence and by SDS-

131



CHAPTER 2 The biophysical techniques

PAGE, the fitting term for the monomeric molecular weight can be constrained. By 

incrementing the term defining the associative order o f the system (nj, n̂ , n^...) in 

successive fit attempts followed by comparisons o f the distribution o f the residuals, 

the stoichiometry o f self-association can be determined. An additional term used in 

the fitting procedure is the baseline offset, E, which corrects for any ‘background’ 

components which contribute to the absorbance o f the system. The term E  can be 

measured at the end o f each complete set o f SE AUC experiments by considerable 

‘overspeeding’ (see below) o f the cell, which effectively sediments the sample and 

allows measurement o f the concentration/ absorbance in the solute-depleted region 

of the gradient. This method to determine E  is known as the meniscus-depletion 

method (Voelker and McRorie, 1996).

STEP 4. Even if the data are found to fit well to a monomer-dimer 

equilibrium, an attempt is made to fit the data to a monomer-trimer model. If the 

true system is limited to a monomer-dimer self-associative behaviour then the 

residuals to the monomer-trimer fit will show a non-random distribution. In 

particular, if the order o f self-association is limited to dimérisation and does not result 

in the formation o f trimers then a plot o f ‘residual value vs. r’ will slope downwards 

with increasing values o f r.

FINAL EVALUATION. Ultimately, the analysis is evaluated in terms o f the 

goodness-of-fit o f  the final model applied. This includes a satisfactory assessment o f 

the randomness o f the residuals (as a function o f either concentration or radius), the 

magnitude o f the residuals (in terms o f standard deviations with respect to the 

average absorbance collected at each radial position), by the relative tightness o f the 

confidence limits, and finally by checking some o f the fit parameters for physical 

significance.

Sedimentation equiiibrium AUC: methods and materiais

The SE AUC experiments described in this thesis were designed in order to 

investigate the self-associative behaviour o f protein domains from the enzyme PI3- 

kinase, o f intact PI3-kinase, and o f the pleckstrin homology domain from dynamin.
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AUC experiments were performed using equipment at the University o f Oxford with 

the kind permission o f Professor I. Campbell and Dr, K, Drickamerih

SE AUC experiments were carried out using an An60-Ti rotor in a Beckman 

Optima XL-A Analytical Ultracentrifuge equipped with Xenon light-source 

absorbance optics. Protein samples (prepared as described in Chapter 3) were 

extensively buffer exchanged by dialysis overnight against AUC buffer: 50 mM Tris 

pH 7.4, 50 mM NaCl, 7 mM P-mercaptoethanol, 0.02% NaNj. For sedimentation 

equilibrium experiments, three samples o f HO pi were placed in the sample cells o f an 

Epon charcoal-filled six-channel centrepiece. The three corresponding reference cells 

were loaded with 1 2 0  pi aliquots o f the dialysate.

SE AUC experiments were performed at 5 °C at operating speeds ranging 

from 4000 r.p.m. to 28000 r.p.m. for larger and smaller proteins, respectively. As is 

conventional, the optimum operating speed for each protein was chosen such that at 

equilibrium the solute concentration at the bottom o f the experimental cell was at 

least four times the concentration at the meniscus. A preliminary selection o f the 

optimum speed was facilitated by a nomogram comprising a plot o f ‘solute molecular 

weight vs. optimum operating speed’ (Condino, 1992). In some subsequent runs this 

was adjusted in light o f empirical data collected. Experiments using the optimum 

speeds were supported by additional experiments using marginally (~ 25%) slower 

and faster speeds, thus facilitating analysis by increasing the total amount o f data 

collected per protein. In particular, by performing a number o f experiments at ‘slower 

than optimum’ operating speed, the detection o f protein samples undergoing self

association was enhanced. (Because self-associating proteins exhibit a larger MW^p 

than predicted for the monomeric sample they require slower operating speeds for 

optimal data collection).

An important practical consideration in the design o f SE AUC experiments 

is the calculation o f  the time required for the solute to reach the equilibrium 

concentration in the sample cell, termed the transient time. The duration o f the 

transient time is dependent on the mass o f the solute, rotor speed and temperature. 

In all cases, the calculated monomeric molecular weight for the sample protein was

Professor Iain D. Campbell and Dr. Kurt Drickamer, Department o f Biochemistry, University of 
Oxford, South Parks Road, Oxford, 0X 1 3QU, UK
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known and so the transient time, T, could be estimated according to the following 

equation (McRorie and Voelker, 1993):

T(s) = 0.7 (Solution column height) ̂ /D 'Equation A U C  A

- where, solution column height = 0.3 cm; and D = 3 x lO'̂ /M̂ ^̂  (cm^/s), M being 

the molecular weight o f the protein as calculated from its primary sequence. For 

example, the calculated value o f T for the —16 kDa dynamin PH domain protein = 

14.7 hours, whereas for the p 8 5 a /p ll0 a  PI3-kinase heterodimer o f —208 kDa the 

calculated T = 34.6 hours. The larger proteins require longer to reach equilibrium, due 

to their slower rates o f diffusion. In cases where the calculated T was greater than 24 

hours, e.g. for proteins > 70 kDa, the practical transient time used was reduced by a 

technique known as overspeeding. Rather lengthy formulae for the calculation o f  

overspeeding strategies have been devised previously (Hexner et al., 1961), the 

application o f which can be reasonably approximated by selecting a rotor speed 1.5 - 

2  times greater than the optimal operating speed to promote a rapid redistribution o f  

the solute. After a relatively short period o f overspeeding (—1/5 the calculated T) the 

rotor speed is reduced to the optimal operating speed and the solute allowed to reach 

its final equilibrium distribution. The overspeeding technique proved valuable insofar 

as it considerably reduced the total experiment time required.

SE AUC absorbance data were collected at 280 nm in step scan mode using 

a separation o f 0.001 cm. Five readings were averaged for each scan and a baseline 

scan was taken at 360 nm to allow correction for optical imperfections. Readings were 

taken at 8  hour intervals until no difference could be detected between consecutive 

scans, upon which the equilibrium position was considered to be reached. For most 

samples, the equilibrium distribution data for three different loading concentrations 

and up to three different rotor speeds were analysed following the stepwise approach 

described above.

Data analysis was performed using the PC-compatible data analysis package 

Microcal Origin (Version 3.78). Fitting o f the data was performed using the program 

NONLIN — a nonlinear least-squares curve fitting algorithm supplied with the 

analytical ultracentrifuge. NONLIN performs a simultaneous nonlinear least-squares 

fit to a specific association and/or nonideality scheme, allowing usage o f one or more 

channels o f ultracentrifuge data at different loading concentrations, radial positions

134



CHAPTER 2 T h  biophysical techniques

and possible rotor speeds (Johnson et al., 1981). NONLIN comprises a modification 

o f the basic Gauss-Newton least-squares procedure (Johnson and Frasier, 1985). The 

results obtained for several different protein constructs investigated by AUC are 

discussed in Chapter 5.
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Analytical size exclusion chromatography

An introduction to size-exciusion chromatography

The emergence o f size-exclusion chromatography (SEC) as an analytical tool 

in molecular biology is largely a result o f the original development o f the technique 

for the performance o f biomolecular separation. Many advances made in the field o f  

molecular biology have been dependent on the increasing ability to separate biological 

macromolecules for analysis. Although numerous strategies have been developed for 

the separation and purification o f biomolecules, such as electrophoresis, density- 

gradient centrifugation and fractional precipitation, the most powerful and practical 

approaches are afforded by techniques based on liquid chromatography, including 

SEC.

Reports by Tswett from as early as 1903 describe the development o f liquid 

chromatography as a technique for the separation o f chloroplast pigments from plant 

extracts using calcium carbonate columns. The term ‘liquid chromatography’ now 

encompasses a wide range o f techniques, including ion-exchange chromatography, 

hydrophobic interaction chromatography, affinity chromatography, metal chelate 

chromatography and SEC (also known as gel filtration). The fact that many such 

chromatographic techniques now occupy prominent positions in the field of  

biomolecular purification demonstrates the power and versatility o f liquid 

chromatography.

The technique o f SEC is perhaps the simplest and most widely used form of  

liquid chromatography and is notably different from other techniques. While many 

types o f liquid chromatography experiments are interactive (i.e. the analytes actually 

bind to the column matrix), the SEC column matrix is designed not to bind to the 

samples under analysis. Rather, the separation o f biomolecules afforded by an SEC 

column is based on their differential exclusion from the column according to their 

molecular volume (discussed below).

SEC became popular in the 1950s when Porath and Flodin introduced 

media suitable for the separation o f macromolecules. These media, known as
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xerogels, were made from polysaccharides such as dextran, agarose and cellulose. A 

xerogel is a matrix which can form a chromatographic support whose volume 

depends o f  the presence o f a solvent. Typically, xerogels are soft and swell 

considerably upon hydration. The introduction o f xerogels, and more recently o f 

resins made o f alternative compounds e.g. silica, had led to the gradual development 

of high-resolution methods capable o f considerable separation power.

In the context o f the work presented in this thesis, SEC has been used both 

as a preparative technique and as an analytical tool. In the latter role, SEC has served 

as a method for the rapid determination o f macromolecular weights o f proteins in 

solution under native conditions. In fact, although some aspects o f SEC have been 

surpassed (e.g. accurate determinations o f molecular weight are now rapidly available 

by mass spectrometry), and despite its age and relative simplicity, SEC has proved an 

extremely useful diagnostic and analytical tool.

Basic concepts in size-exciusion chromatography

The predominant practical use o f SEC is as a strategy to effect the 

separation o f proteins or other biomolecules from contaminants. In which context, a 

simple approach is sufficient to provide a basic understanding o f the technique. In 

short, a typical SEC column contains many small (~ 0.1 mm) porous beads, made of 

a cross-linked polymer (e.g. dextran, agarose, silica), which pack together to form an 

insoluble but highly hydrated resin. The pore size o f the beads is such that small 

molecules can enter the bead pores, whereas larger molecules are excluded. The result 

is that large molecules flow more rapidly than small molecules through the column 

and emerge first because a smaller solvent volume is accessible to them. In this way, a 

mixture o f biomolecules o f multiple sizes can be separated. The efficiency o f  the 

biomolecular separation achieved depends on a number o f different factors, including 

the difference in size o f the biomolecules, the pore size o f the beads and the solvent 

flow-rate {Figure 2-16). In this context, it is noteworthy that one o f the most 

important technological advances in SEC is the ability to manufacture beads with 

highly consistent pore sizes.

However, the description o f SEC given above is overly simplistic for an 

optimal application o f the technique in an analytical manner. It is therefore useful to
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Figure 2-16: The principles of sis^-excliision chromatography. The separation of molecides is
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consider in greater detail some aspects of the underlying principles o f SEC. In 

general, the processes which influence the separation o f biomolecules during liquid 

chromatography are complex and difficult to unite into a single comprehensive 

theoretical framework. As a result, it is not readily possible to make accurate 

predictions of the chromatographic behaviour of a mixture of solutes on a given 

chromatographic column. However, an understanding o f some basic theory facilitates 

the practical implementation and interpretation of SEC experiments.

As stated above, SEC is different from other techniques of liquid 

chromatography in which the physical separation of molecules is a result o f their 

different partitioning between the stationary and the mobile phases mediated by 

adsorptive processes. In adsorption chromatography a molecule that interacts
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strongly with the stationary phase (i.e. components of the column matrix) will be 

retarded in its progress through the chromatographic column to a greater extent than 

a molecule that interacts only weakly with the stationary phase. The latter molecule 

will therefore be eluted from the column first. A molecule which has no affinit)  ̂ for 

the stationar*)̂  phase will be carried through the column at the speed of the mobile 

phase (the liquid eluent) and will emerge at a point termed the ‘dead volume’. 

Although this can be a useful way of visualising the processes occurring in SEC, the 

comparison is not strictly correct since the selective entry of molecules into the bead 

pores is not a binding process.

Rather, the separation of molecules by SEC can be understood by a more 

physical consideration of the chromatographic system. In a column packed with non- 

porous beads, the dead volume is equal to the interstitial volume (Vq) — the volume 

between the solid-phase beads, plus the volume of the injection port, connecting 

tubes, UV-detector etc. However, in SEC the column is packed with porous beads, 

whose pores are large enough for penetration by the sample solute molecules. Thus, 

in this context, the accessible solvent volume includes Vo plus a further contribution 

from the ‘inner’ volume — the volume of mobile phase available inside the beads 
{Figure 2-17). The magnitude of this additional contribution to Vq varies depending on

Figure 2-17: Volume definitions in sis^e-exclusion chwmatographj.
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the ability o f solute molecules to penetrate the bead pores and thus provides the basis 

for their separation.

Any molecule that can significantly penetrate the bead pores will thus be 

eluted at a volume characteristic for that component (the elution volume, Vr) which 

is larger than Vq. In practice, since solvent flow rate through the column is usually 

constant, it is often more appropriate to make comparisons o f elution time instead o f  

elution volume. For any analyte molecule on a SEC column, its elution volume (or 

elution time) will be related to the extent to which it can penetrate the bead pores, a 

phenomenon which is dependent on both the molecular volume o f the analyte and 

the bead pore size. It is therefore essential when performing SEC to choose a resin 

with beads o f an appropriate pore size, i.e. a pore size which is accessible to at least 

some o f the molecules requiring separation.

The separation o f two molecules achieved by SEC is commonly defined as 

the separation between the maxima o f the two corresponding elution peaks. 

However, while this definition gives insight into the relative positions o f the two 

adjacent peaks, the elution peak width must also be considered in order to describe 

the degree o f separation o f the molecules. Clearly, the probability o f two adjacent 

peaks overlapping (thus reducing the efficacy o f separation) is greater if the peaks are 

broad than if they are narrow. The degree o f peak broadening experienced during 

separation is a key chromatographic concept and therefore must be considered when 

planning SEC experiments.

The degree o f separation between two adjacent peaks is called the 

‘resolution’ o f the components. The resolving power o f a column is expressed in 

terms o f n, ‘the number o f theoretical plates’. In practice, n can be calculated from the 

elution position (Vp) and width at half-height (w^/j o f any component peak, using the 

relationship:

n -  5.55(Vr/wi/2)^ Equation SEC-1

A  large value o f n indicates that narrow peaks can be obtained, i.e. that 

column performance is good. However, it should be noted that most equations
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describing SEC systems assume that elution is isocratic^  ̂and that peak profiles exhibit 

a normal distribution, i.e. a Gaussian lineshape. In reality, it is uncommon for both 

assumptions to be true since many systems are non-ideal, with the result that they are 

not readily amenable to a simple mathematical analysis.

Practical considerations in size-exciusion chromatography

Peak broadening is an essential factor to consider when designing or 

interpreting SEC experiments. It is therefore important to consider the experimental 

factors which contribute to the peak broadening effect. Theoretical analyses o f 

chromatographic systems are not straightforward. This is certainly true for an analysis 

of the multiple factors contributing to peak broadening as a solute passes through a 

column. However, in short, it can be shown that peak broadening is directly related to 

the velocity (//) o f the mobile phase (solvent) passing through the column. An 

empirical equation developed by van Deemter shows that u is related to the number 

o f theoretical plates o f the column; from this equation it can be seen that elution 

peaks get broader as n increases, due to increasing contributions from effects such as 

eddy diffusion and longitudinal diffusion in the column.

Eddy diffusion contributes to peak broadening through (1) the numerous 

different paths (of different lengths) that a molecule can take when passing through a 

packed column and (2) a small effect caused by the lateral diffusion within the mobile 

phase. The effects o f eddy diffusion on a system can be minimised by efficient 

packing o f the column, such that column resolution generally increases with 

decreasing bead size. However, in practice, bead sizes must be reasonably large (> 1 

pm) since very small beads could become so tightly packed that they would require 

unbearably high pressures to achieve a practical solvent flow rate. Longitudinal 

diffusion describes the diffusion o f the loaded solute molecules in the interstitial 

volume during solvent flow. This contribution to peak broadening is likely to be small 

for the solvent flow rates typically used (~ 1 ml/min).

In summary, it can be seen that effects o f solute diffusion limit the 

resolution attainable in SEC experiments. These diffusion effects increase with

Isocratic elution requires that during elution there is no change o f eluent composition from that 
used during sample loading.
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increasing solvent flow rate. Thus, the experiments performed during the work 

presented in this thesis were designed in order to achieve an optimal compromise o f a 

minimal solvent flow rate and a maximal column size (i.e. large ;?), but without 

requiring excessive experimental time.

Practical applications of size-exciusion chromatography

The fundamental ability o f SEC to perform biomolecular separation has 

made the technique extremely popular. Current technology allows the manufacturing 

of a range o f  bead sizes with pores suitable for the efficient separation across a large 

spectrum o f biomolecules with molecular weights in the range o f 500 - 10*̂  Da. In 

addition to the widespread use o f SEC as a purification tool, in recent years it has also 

been commonly applied as an analytical method, in particular for the determination o f  

biomolecular weight (Steinert et al., 1994) (Boyd et al., 1996). Although in this context 

SEC does not have the same rigorous basis as more powerful techniques such as 

analytical ultracentrifugation, it does carry the significant advantages o f being rapid, 

inexpensive, sparing on biological material and easy to use. For example, a typical 

SEC experiment takes only 1 - 2  hours, in comparison with the experiment time o f a 

few days required by analytical ultracentrifugation. In addition, SEC allows the 

separation and characterisation o f different sub-populations o f a molecular species, in 

contrast with techniques such as AUC which characterise analytes in terms o f a 

weighted average o f any molecular sub-population which may exist.

Moreover, since SEC operates in a liquid mobile phase, in contrast with the 

harsh ionising conditions o f mass spectrometry, it is suitable for the determination o f  

the oligomerisation state o f a biomolecule under approximately physiological solution 

conditions. The short duration o f a SEC experiment makes it possible to sample 

rapidly a variety o f conditions, searching for any changes in conformation or 

oligomerisation state that may be dependent on buffer composition or sample 

concentration. For example, this use o f SEC was employed by Drohat et al. to 

demonstrate that the non-covalently associated dimer o f the Ca^^-binding protein 

SIOOB observed at high concentrations by NMR spectroscopy (Drohat et al., 1996) 

also exists in the dimeric form at very low concentrations, implying a dimer 

dissociation constant in the picomolar range (Drohat et al., 1997).
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However, a limitation o f SEC for molecular weight determinations is that 

each set o f experimental conditions must be calibrated for a given chromatographic 

column. SEC column calibration is usually achieved with the universal calibration 

technique’, which assumes that the solute hydrodynamic volume is the sole 

determinant o f retention time on the column (Boyd et al., 1996). Unfortunately, when 

analyte molecules deviate considerably from an ideal spherical conformation they will 

take up a larger volume than predicted and thus will not be suitable for accurate sizing 

on a column calibrated by the universal technique. For example, Wallis and 

Drickamer have demonstrated by analytical ultracentrifugation that the MBP-C 

protein exists in solution as a trimer, showing no tendency for higher order 

association (Wallis and Drickamer, 1997). This result is in contrast with that obtained 

previously by SEC experiments which indicated that the protein exists as a hexamer 

(Mizuno et al., 1981). The observed discrepancy is probably due to the presence o f  

large regions o f a collagen helix in the protein which could cause it to adopt a highly 

extended non-spherical conformation and therefore exhibit a hydrodynamic 

behaviour distinct from the protein standards used for calibration of the SEC 

column. An additional error in SEC experiments occurs if the protein under study has 

a tendency to adsorb to, or interact with, the column matrix — in this case too, the 

use o f the universal calibration technique will result in inaccurate estimates of  

molecular weight.

The errors introduced by applying the universal calibration technique to 

estimate the size o f non-spherical proteins can be reduced by performing SEC under 

denaturing conditions, e.g. using a column solvent o f  6M guanidine hydrochloride or 

8M urea. When denatured, the protein analytes should behave more similarly, and 

therefore their elution times should reflect more closely to their molecular weights. 

However, under such conditions it is difficult to gain any idea o f the oligomeric state 

that a protein may adopt under physiological conditions. A second advantage o f 

performing denaturing SEC is that by performing a series o f experiments with 

increasing dénaturant concentration, it may be possible to detect the presence o f 

non-covalent, tertiary complexes. For example, it may be possible to detect two 

distinct changes in the elution times o f a protein with increasing dénaturant 

concentration — first, when a tertiary complexes dissociates to produce two smaller 

species, and second, when each o f the smaller species unfolds.
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The observation that SEC applied to the determination o f molecular weight 

can be prone to error has led to the development o f alternative, more reliable 

techniques based on the principle o f SEC. It is now becoming possible to separate 

biomolecules on a SEC column, simultaneously gaining a first estimate o f their 

molecular weights, and then to pass the sequentially eluted samples directly into a 

device performing multiple angle laser light scattering (MALLS). The combined 

application o f these two techniques does not rely on known molecular weight 

standards for column calibration but instead is capable o f yielding absolute molecular 

weight values directly from the angular dependence o f scattered light intensity as a 

function o f concentration (as formulated by light scattering theory) (Knobloch and 

Shaklee, 1997).

The use o f SEC coupled to techniques such as on-line multiple angle light 

scattering, UV absorbance, fluorimetry and refractive index indicators is still a 

relatively new application o f SEC as an analytical tool. However, some experiments 

have suggested that the new techniques may be useful in industry for the quality 

control and sizing o f some low molecular weight polymer products such as heparin 

(Knobloch and Shaklee, 1997). Moreover, preliminary results obtained using these 

combined approaches are very encouraging and have been useful for the 

characterisation o f the molecular weights o f simple proteins and even glycosylated 

proteins, and for the determination o f the stoichiometry o f protein complexes (Wen 

et al., 1996). It seems likely that these techniques will be developed further until they 

are routinely available for biomolecular characterisation investigations.

There are many other reports in the literature describing the use o f SEC in 

molecular biology. In the context o f this thesis, an interesting example is the 

determination o f binding affinities o f insulin-like growth factor 11 (lGF-11) to IGF- 

binding proteins by using high performance SEC to separate free and bound ^̂ 1̂- 

lGF-11 (Bach and Rechler, 1996). Another example demonstrating the diversity o f  

SEC is in the development o f an on-line column method to improve protein 

refolding yields (Batas and Chaudhuri, 1996). This method employs the matrix-like 

environment o f the SEC column to perform buffer exchange, aggregate removal and 

the refolding reaction in a single operation.
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Methods, materials and data analysis

For the work presented in this thesis, the SEC experiments were performed 

on an Integral Micro-Analytical Workstation (PerSeptive Biosystems) for liquid 

chromatography equipped with an automated sample loading system. Experiments 

were performed on two types o f SEC column: (1) a pre-packed silica (SiO )̂ column 

of length 300 mm x diameter 7.8 mm: the Bio-Sil SEC 125-5 column (Bio-Rad), and 

(2) an agarose column o f length 300 mm x diameter 10 mm packed with 5 fxm beads 

of a cross-linked agarose resin (Superose-12, Pharmacia). These columns were 

selected for their ability to perform the separation o f the macromolecules under 

analysis, i.e. with molecular weights in the range 5 - 1 0 0  kDa. The two columns could 

be used under very similar conditions. For each experiment, the column was 

equilibrated in cold running buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl) using a 

constant solvent flow-rate o f 0.5 ml/min for the Bio-Sil column, and 0.3 ml/min for 

the Superose-12 column. Samples were stored at 4 °C prior to loading onto the 

column. Each sample contained 10 - 50 pg o f protein in running buffer and was 

loaded onto the column as a 20 - 150 pi injection. The isocratic elution o f protein was 

monitored simultaneously by UV-absorbance at two wavelengths. A, = 220 nm and X 

= 280 nm. The peak elution position was monitored in terms o f elution volume (ml) 

and time (minutes).

The SEC column was calibrated by the universal technique (see above), 

using standard globular protein samples covering a wide range o f molecular weights. 

The calibration standards (from Bio-Rad) were loaded simultaneously, comprising a 

mixture which included some or all o f the following proteins, depending on the 

analytes to be measured: A: thyroglobulin, 670 kDa; B: immunoglobulin-G, 158 kDa; 

C: (bovine) serum albumin, 66 kDa; D: ovalbumin, 44 kDa; E: carbonic anhydrase, 29 

kDa; F: myoglobin, 17 kDa; G: cytochrome C, 12.5 kDa; H: vitamin B̂ ,̂ 1.25 kDa. 

The elution positions o f these standards were used to plot a graph o f ‘Log lo 

(Molecular Weight) vs. Elution time’. Since the elution time is an approximately linear 

function o f the logarithm o f the molecular weight, this curve was used for column 

calibration and the subsequent interpretation o f the SEC data, as described in many 

previous reports (Preneta, 1990). A line o f best fit was drawn through the points 

obtained and this was used to read o ff the ‘Apparent Molecular Weight’ o f the 

protein sample applied to the column according to its observed elution time {Figure 2- 

18). The precise measured elution time o f a sample was taken to be the elution time
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Figure 2-18: An oveniew of the method for the calibration of a siĉ -excliision chromatography 
column. The protein standards of knoivn molecular weight are used to pfoiide an estimation of the 
molecular weight of sanples with experimentally determined elution times.
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o f the elution peak maximum, determined with the data analysis software package 

provided with the Integral workstation. The results obtained for the different protein 

constructs tested are discussed in Chapter 5.
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An overview of protein sample production

Biophysical studies such as NMR and AUG require large amounts o f highly 

purified proteins (e.g. 10-30 mg for NMR and 5-10 mg for AUG). Such quantities o f  

mammalian proteins are extremely difficult to obtain from natural sources, therefore 

recombinant D N A  strategies were used for protein production. This chapter provides 

the details o f the protein sample production strategies. Although many different 

protein samples have been produced there are common features to the production 

strategies used, outlined below {Figure 3-1). A generic protein production strategy 

guided optimisation searches for the production each target protein. Ultimately, it was 

possible to reproduce reliably each procedure to obtain sufficient quantities o f a 

purified protein sample (> 95% homogeneous) from a maximum o f 3 litres o f  

bacterial culture. These optimised sample production strategies streamlined the 

biochemical procedures and provide established systems for a range o f future studies.

Figure 3-1: A.n overview of a protein purification procedure

Transform cells
Transform chosen bacterial cell type with 

PGR-cloned expression vector.

Clone DNA
PGR clone target DNA from genetic 
source into desired expression vector.

Further purification and storage
Further purification steps may be 

included; exchange purified protein into 
a suitable buffer.

Gene expression
Grow transformed cell cultures, induce 
gene expression for 3-4 hours, harvest 

target protein by centrifugation.

Protein purification
Lyse cells and remove debris by 

centrifugation. Separate target protein 
from contaminants, using 

chromatographic techniques.
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Preparing recombinant target gene constructs

The original recombinant target gene constructs used were obtained from 

collaborators as gifts of pGEX-2T expression vector (Pharmacia Biotech) containing 

the cloned target DNA sequences. The expression vectors were obtained from 

collaborators working at the LICK, unless otherwise stated (see Table 3-1). From these 

original supplies some different gene constructs were made by PCR cloning 

procedures (see below), enabling a choice of host expression vector for the target 

DNA and thus o f alternative protein purification strategies. The details and sources of 

all gene constructs obtained, and the details of those made during this work, are given 

below (Table 3-1). Before use for large scale protein production, all gene construct 

sequences were verified on an automated DNA sequencer as described below.

Table 3-1: The gene constructs used for 'P H  domain protein production (continued on next page).

Name o f target 
protein construct

Source Limits in wild 
type protein

Supplying
collaborator

PH domain constructs obtained in dGEX-2T expression vector
Dynamin-1 PH 
domain

Human T511-V630 K. Salim 
(LICR)

Dynamin-1 Pfl 
domain extended

Human T511-670 K. Salim

Bruton’s tyrosine 
kinase PH domain

Human M1-S174 K. Salim

Insulin Receptor 
Substrate-1 PH 
domain

Rat M1-G127 K. Salim

Phospholipase C delta- 
1 PH domain

Rat M12-Q175 M. Katan ̂

PH domain constructs cloned into ]ET-22b expression vector

Dynamin-1 PH 
domain

Human T511-V630 N /A

Phospholipase C delta- 
1 PH domain

Rat H22-K140 N /A

'Dr. Matilda Katan, CRC.
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Table 3-1 (continued): The gene constructs usedfor production of T13-kinase derived proteins

Name of target 
protein construct

Source Limits in wild 
type protein

Supplying
collaborator

Single/multi-domain p85a PI3-kinase constructs (pGEX-2T expression vector)

SH3 domain Bovine M1-P84 P. Das (LICR)

SH3 domain plus 
proline-rich region-1

Bovine M1-T104 P. Das

BCR domain Bovine E105-Q302 P. Das

SH3pl construct plus 
BCR domain and 
proline-rich region-2

Bovine M1-S339 P. Das

N-term. SfI2 domain Bovine P314-Y431 R. Stem (LICR)

Single domain p85a PI3-kinase constmcts (pET-23d expression vector)
C-term. SH2 domain Bovine E614-R724 G. Siegal (LICR)

PCR cloning

PCR cloning trom the supplied pGEX-2T expression vectors was used to 
synthesise target DNA sequences encoding the PH domains of human dynamin-1 
and rat PLC-6, for insertion into alternative pET expression vectors (Novagen). PCR 

mixtures of 50 |al were prepared in 10 mM Tris-HCl pH 9.0 (at 25 °C), 50 mM KCl, 
1.5 mM MgCh, 0.1% Triton X-100 buffer, containing 1.5-3.0 nM (0.25-0.5 

template DNA (pGEX-2T expression vector plus target DNA insert), 1.0 pM each 

sense (5’) and antisense (3’) PCR extension primer oligonucleotide (Genosys), 1 unit 
thermostable T/i DNA polymerase with integral 3’-5’ exonuclease proof-reading 

activity (I^romega), and 200 pM each dNTP (dATP, dCTP, dGTP and dlTP). A layer 

of 30 pi mineral oil was placed over the mixture to prevent evaporation or sample 

reiluxing during the 2-3 hour PCR experiment. PCR cycles were repeated 25 times 

and comprised (1) a DNA duplex dénaturation step of 30 seconds at 94 °C, (2) a 

primer annealing step of 90 seconds at 55-60 °C, and (3) an extension step of 60 

seconds at 74 °C. The optimal annealing temperature chosen for step 2 was 

equivalent to the lower of the melting temperatures (T^ °C) o f the two primers used; 

(see Table 3-2). The T^ values were calculated according to the base content of the 

complementary: parts of the primers (italic text in Table 3-2), using the equation: T^ 

(°C) = 4 (G + C) + 2 (A + T) - 1 (Sambrook et al., 1989). Before the first PCR cycle
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an initial step o f 5 minutes at 95 °C was performed to ensure complete template 

dénaturation. The final cycle contained an extended polymerisation step o f 5 minutes 

to complete extension o f all strands. Further PCR cycling was inhibited by cooling 

the mixtures to 4 °C. PCR experiments were performed in an OmniGene thermal 

cycler (HYBAID).

Table 3-2: Details of oligonucleotide primers used for PCR cloning reactions

Primer DNA 
target

Oligonucleotide
sequence

Number of 
nucleotides

Restriction sites and 
other features

Dynamin, 
sense strand

5’ GCGC GGATCC 
CATATG A C n C A G G  
GAACCAGGATG  3’

35 Bam HI (GGATCq, 
Nde I (CATATG)

57

Dynamin, anti
sense strand

5' GCGC GAATTC TCA 
CTCGAG AACACG  
GTCAGGGTACAC y

37 Eco RI (GAATTC), 
Stop codon (TCA), 
Xho I (CTCGAG)

55

PLC-ôi, sense 
strand

5' GCGC GGATCC 
CATATG CACGGC 
CTACAGGATGATG 3’

35 Bam HI, Nde I (as 
above)

59

PLC-Ô], anti
sense strand

5’ GCGC GAATTC TCA 
CTCGAG CTTCTG 
ACGCTGGTCCATG

38 Eco RI, Stop, Xho I 
(as above)

59

The PCR products (~ 400 base-pair D N A  fragments) were cleaned by 

precipitating the D N A  upon addition o f 2.5 volumes 95% ethanol and 0.1 volumes 3 

M sodium acetate pH 5.5 followed by incubation at -20 °C for 30 minutes. The 

precipitated PCR products were pelleted by centrifugation, washed in 70% ethanol, 

dried under vacuum and resuspended in water. The cleaned products were then 

separated according to their size by gel electrophoresis on a low melting-point 1.5% 

(w/v) agarose gel run in 40 mM Tris-acetate, 1 mM EDTA pH 8.0 buffer. D NA  

samples o f 10-20 pi were prepared in 0.04% bromophenol blue, 0.04 % xylene cyanol 

FF and 5% glycerol buffer and typically contained 10-100 ng DNA. Samples were 

resolved in the presence o f a 1 Kb ladder o f sized D N A  standards (GIBCO BRL), 

using a Horizon 11.14 horizontal gel electrophoresis apparatus (GIBCO BRL Life 

Technologies), running at 100 V (5 V/cm) for 45 minutes. The gel was stained in 

0.01% ethidium bromide solution, allowing the PCR products to be viewed through 

their fluorescence when exposed to long-wave UV-transillumination. Through 

comparison with the D N A  standards, the correctly sized target PCR products were
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identified, excised from the agarose gel and purified using a Geneclean III gel 

purification kit (BIO 101, Inc.) which exploits the affinity o f D NA  for glass beads.

The gel purified target PCR products were simultaneously digested with the 

D N A  restriction enzymes Nde I and Xho I (GIBCO BRL) which had specificity for 

the 5’ CATATG and 3’ CTCGAG restriction sites encoded by the primer sites 

flanking the gene in the PCR products. The recipient expression vector for the 

cloning, pET-22b(+), was also digested with the same restriction enzymes. DNA  

digestions were performed for 60 minutes at 37 °C in 40 |ll 50 mM Tris-HCl pH 8.0, 

10 mM MgClz, 50 mM NaCl buffer, using 1 unit each restriction enzyme per 1 pg 

DNA. The D N A  digestion products were cleaned via gel purification as described 

above. The double digestions created target D N A  insert and linearised expression 

vector in cohesive-end configuration allowing the insertion o f target D N A  insert into 

expression vector by a ligation reaction. Ligations were performed overnight at 16 °C 

in 20 pi 30 mM Tris-HCl pH 7.8, 10 mM MgClj, 10 mM DTT, 0.5 mM ATP buffer, 

using 1 nM (~ 50 n^ expression vector, 10 nM (~ 50 n^ target D N A  insert and 1 

unit bacteriophage T4 D N A  ligase (Promega). The D N A  ligation products were gel 

purified as described above and used to transform competent E. coU JM109 cells 

(Novagen) (procedure described below). Transformed cells were grown in 50 ml 

Luria broth (LB; 10 g Bacto tryptone (DIFCO Laboratories), 5 g yeast extract, 5 g 

NaCl per litre) under ampicillin selection (50 pg/ml) and harvested for preparation o f  

expression vector target D N A  stocks by a Recovery expression vector ‘midiprep’ kit 

(HYBAID) which employs alkaline lysis and a DNA-binding resin. The target DNA  

preparations were stored in water at -20 °C.

Sequencing of target gene constructs

Target gene constructs were sequenced on an automated ABI 373 sequencer 

(Perkin Elmer). This technique required 500 ng (~ 0.15 pmol) template D N A  to be 

highly purified by an alkaline lysis /  PEG precipitation procedure prior to the PCR 

sequencing procedure. PCR cycle sequencing was performed as described by the ABI 

Prism Dye Terminator Cycle Sequencing Ready Reaction Kit, using AmpliTaq DNA  

Polymerase, FS (Perkin Elmer). The PCR sequencing reactions using the ABI Prism 

kit allow fluorescent dye labels to be incorporated into D N A  PCR extension products 

using 3’-dye labelled dideoxynucleotide triphosphates (dye terminators). The ABI 373
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detects fluorescence from four different dyes which are used to identify the A, G, C 

and T extension reaction products. The target D NA  inserts in pGEX-2T expression 

vectors were sequenced using PCR primers complementary to pGEX-2T D NA  

flanking the insert (Table 3-3). The D N A  inserts in pET expression vectors were 

sequenced with the same PCR primers used for the initial PCR cloning from pGEX- 

2T (Table 3-2). Results were analysed through the Sequence Naiigator program 

(Sequence Navigator Version 1.01; Perkin Elmer).

Table 3-3: Details of primers used for PCR sequencing of pGEX-2T constructs

Primer DNA target Oligonucleotide
sequence

Number of 
nucleotides

pGEX-2T vector, 
sense strand

5’ GGGCTGGCAAG 
CCACGTTTGGTG 3’

23 73

pGEX-2T vector, 
anti-sense strand

5’ CCGGGAGCTGC 
ATGTGTCAGAGG 3'

23 77

Gene expression and protein purification

The majority o f proteins used were expressed and purified via the 

glutathione S-transferase (GST) gene fusion system (Pharmacia Biotech), a well 

established technique described previously (Smith and Johnson, 1988). The GST 

system uses pGEX-2T expression vectors to direct high-level intracellular production 

in E. coU o f recombinant proteins fused to Schistosoma japonicum GST (̂ Figure 3-2). 

Purified GST-fusion protein samples can then be obtained following a single-step 

affinity purification strategy based on the binding o f the GST module to immobilised 

glutathione. The GST moiety can be released from the target protein by site-directed 

thrombin cleavage.

In addition to the GST system, the pET expression vector system 

(Novagen) was used to produce three different proteins: PH domain constructs from 

the proteins dynamin and PLC-ôi, and the C-terminal SH2 (C-SH2) domain construct 

from p85a PI3-kinase. The pET system allows high-level intracellular expression o f  

recombinant proteins in E. coli, but differs from the GST system by using 

bacteriophage T7 RNA polymerase engineered into the E. coJi BL21-DE3 host 

chromosome to effect gene expression {Figure 3-3) (Studier et al., 1990). The pET-22b

161



CHAPTER 3 Molecular biologjj andprotein production

system chosen encodes a histidine tag o f six residues (a 6-His tag) at the C-terminus 

of the target protein, and thus allows protein purification by exploiting the affinity o f  

histidine tags for divalent metal cations. The pET-23d expression vector is very 

similar to the pET-22b expression vector, but does not encode an affinity tag for 

protein purification. The expression and purification methods used in the GST and 

pET systems are described in detail below.

Yigure 3-2: The pG EX-2T expression vector, used to produce target proteins fused to GST

Thrombin c leav ag e  siteEco Ri

Stop codons Bam HI

Target

/ac operator
SJ26 GSTAmp

to e  promoter

PGEX-2T

4900 bp

ORI lac I

Figure 3-3: The pET-22h(+) expression vector used to produce proteins with C-terminal 6-His tags

His tag
Nde I

lac operator

fl origin Target
T7 promoter

Amp

lac

ORI
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The GST gene fusion system: gene expression

The following protocol applies for all proteins purified by the GST gene 

fusion system. E. cod BL21 cells (Novagen) were made competent by three successive 

washes in 0.1 M calcium chloride, separated by incubations for 10 minutes on ice. 

Cells were transformed by incubation for 20 minutes on ice with the pGEX-2T 

expression vector containing D NA  encoding the target protein. Following heat-shock 

for 2 minutes at 42 °C, cells were rescued by the addition o f  LB and incubated 

without antibiotic selection for 45 minutes at 37 °C, with shaking at 200 r.p.m. 

(Gallenkamp orbital rotator). The pGEX-2T expression vector encodes resistance to 

ampicillin, such that to select for successfully transformed E. cod, cells were plated 

onto 1.5% (w/v) agarose/LB plates with antibiotic selection (50 pg/ml ampicillin) and 

incubated overnight at 37 °C. The transformed bacterial colonies grew in 12-18 hours 

and gave maximal protein expression when used less than 2 weeks after 

transformation. To preserve the pGEX-2T expression vectors in E. cod populations, 

all subsequent cell cultures were grown in LB under selection in LB (Amp), 

comprising LB plus 50 pg/ml ampicillin.

For large scale preparations a single bacterial colony was used to inoculate 5 

ml LB (Amp) which was incubated overnight at 37 °C, with shaking at 200 r.p.m.. The 

overnight culture was used to inoculate 250 ml LB (Amp) which was incubated at 37 

°C, with shaking at 250 r.p.m. Cell growth was monitored in terms o f optical density 

(O.D.) by UV/Visible-spectroscopy (wavelength \  — 600 nm). At O.D, = 0.5-0.8 the 

culture was used to inoculate the required total culture volume — typically 3000 ml 

comprising six 500 ml volumes LB (Amp) contained in 2000 ml baffled flasks. The 

cultures were incubated at 37 °C, with shaking at 250 r.p.m..

When O.D. = 0.6-0.8 target gene expression from pGEX-2T was induced 

by the addition o f IPTG to a final concentration o f 2 mM, which relieves repression 

of the GST-fusion gene transcription. The cultures were incubated for 3-5 hours at 37 

°C to allow protein production. The duration o f incubation before harvesting was 

optimised for each protein and, in general, was greater for the larger protein 

constructs, whose production could be further improved by incubating at 30 °C after 

induction (data not shown). Cells were harvested by centrifugation (Sorvall RC-5B 

centrifuge, GS3 SLA-3000 rotor, 6000 r.p.m. for 10 minutes at 4 °C) and the pellets
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resuspended in 5ml 30 ml 50mM Tris pH 7.5, SOmM NaCl, 5mM benzamidine 

(CyHgNz-HCl) buffer per 1 ml pellet, and stored at -70 °C.

The GST gene fusion system: protein purification

Cell resuspensions were thawed at 4 °C and pro tease inhibitors (5 mM 

benzamidine, 5 mM EDTA) were added to prevent degradation o f target proteins. 

Cells were lysed by two high pressure (1000 p.s.i.) passages through a cold (4-10 °C) 

French Pressure Cell Press (American Instrument Company) and by three 

consecutive cycles o f 30 seconds in a sonicator (MSE Soniprep 150, using a 150 mm 

probe, 8mM tip diameter, power rating 12-18 amplitude microns). Insoluble cell 

debris was removed from target protein by centrifugation (Sorvall RC-5B centrifuge, 

SS34 rotor, 15000 r.p.m. for 60 minutes at 4 °C). The GST-fusion protein was 

captured from the supernatant by incubation with glutathione-sepharose beads 

(Pharmacia) for 1 hour at 4 °C. The beads were washed extensively by three cycles o f  

centrifugation (Heraeus Labofuge 400R centrifuge, rotor type 8179, 1600 r.p.m. for 10 

minutes) followed by resuspension in 10 ml 50 mM Tris pH 7.5, 50 mM NaCl, 5 mM 

benzamidine, 0.02% NaN^, 2 mM DTT buffer, per 1 ml slurry o f  beads. The 

glutathione-sepharose beads plus GST-fusion protein were exchanged into 40 mM 

Tris pH 7.9, 10 mM NaCl, 10 mM CaClz, 6 mM MgCl  ̂ buffer for treatment with 

DNase I (Sigma) at 20 units per 1 mg GST-fusion protein by incubation for 60 

minutes at 25 °C. DNase I was removed by a further buffer exchange step. At this 

point there follow two alternative purification strategies depending the intended use 

of the protein.

For the purposes o f the biosensor experiments, the DNase I treated GST- 

fusion protein was eluted from the glutathione-sepharose beads by competition with 

5 ml 50 mM Tris pH 8.0, 150 mM NaCl, 10-20 mM glutathione buffer. The GST- 

fusion protein was further purified, separated from glutathione and exchanged into a 

suitable buffer (50 mM Tris pH 7.5, 50 mM NaCl, 0.02% NaN^, 2 mM DTT) by 

preparative-scale gel filtration (Pharmacia XK-16 column. Superose-12 resin). The gel 

filtration elution fractions containing target protein were pooled and concentrated 

using centriprep and centricon (Amicon) concentrators with appropriate (3 kDa or 10 

kDa) molecular weight cut-off membranes. The purified GST-fusion proteins were 

stable when stored for several weeks at 4 °C.
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For the NMR, AUG and SEC experiments it was necessary to produce 

isolated target protein by thrombin digestion o f the linker peptide connecting the 

GST moiety and the target protein. For thrombin digestion, the beads with captured 

GST-fusion protein were exchanged into 50 mM Tris pH 8.0, 150 mM NaCl, 2.5 mM 

CaCl2 buffer, 5 ml per 1 ml slurry, and 1 unit thrombin (Calbiochem) per 1 mg fusion 

protein was added with incubation at 25 °C for 2-4 hours. Cleavage was terminated 

by addition o f 5 mM benzamidine and the beads (plus bound GST) were separated 

from the released target protein by centrifugation (Heraeus centrifuge, 2500 r.p.m. for 

10 minutes at 4 °C). The target protein was further purified and buffer exchanged by 

gel filtration (as above) into 50 mM Tris pH 7.5, 50 mM NaCl, 0.02% NaN^, 2 mM 

DTT buffer. Finally, the protein sample was exchanged into a buffer suitable for 

NMR (50 mM deuterated Tris (^H^-Tris from Cambridge Isotope Laboratories, Inc.) 

pH 7.5, 50 mM NaCl, 0.02% NaN^, 2 mM DTT, 10% (v/v) D 2O) or for AUC and 

SEC (50 mM Tris pH 7.5, 50mM NaCl, 0.02% NaNj, 5mM (3-mercaptoethanol). To 

avoid centrifugation for long periods, which can result in sample loss, these final 

buffer exchanges were performed on a 5 ml NAP-5 column (Pharmacia) containing 

Sephadex G-25 resin.

Throughout the purification procedure sample purity was monitored by 

polyacrylamide gel electrophoresis (PAGE) performed under denaturing conditions. 

The proteins are incubated at 95 °C with SDS which binds covalently along the 

length o f the denatured polypeptide chains, independent o f the amino acid sequence, 

in a ratio proportional to the molecular weight o f the protein (at saturation, 1.4 g SDS 

binds 1 g protein). The negatively charged SDS thus allows electrophoretic separation 

o f the proteins primarily according to their molecular weights. SDS-PAGE was 

performed in two consecutive polyacrylamide gels: an upper stacking gel and a lower 

resolving gel. Further details o f the SDS-PAGE procedure are given below.

Proteins ran through the stacking gel (5 % polyacrylamide, 130 mM Tris-HCl 

pH 6.8, 0.1% SDS, 0.1% ammonium persulphate (APS), 0.1% N ,N ,N ’,N ’- 

tetramethylethylenediamine (TEMED) as a tight band, achieving a sharp focusing o f  

the sample before reaching the resolving gel. The sample proteins became separated 

as they migrated through the resolving gel (8-18% polyacrylamide, 40 mM Tris-HCl 

pH 8.8, 0.1% SDS). A stock o f polyacrylamide containing 29.2% (w/v) acrylamide 

and 0.8% (w/v) N ,N ’-methylenebisacrylamide was used to prepare resolving gels o f  

14-18% polyacrylamide for resolving proteins in the range 8-60 kDa, or 8-14%
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polyacrylamide for resolving larger proteins o f 20-150 kDa. The gels (dimensions 80 

mm X 70 mm and 0.75 mm thickness) were poured immediately after enabling 

polymerisation by introducing the APS and TEMED. The wells for loading protein 

samples onto the gels were made by inserting a 1 0  or 15-tooth comb into the stacking 

gel prior to complete polymerisation. Protein samples containing 1-10 pg protein 

were prepared for SDS-PAGE by incubation in 15 pi 50 mM Tris-HCl pH 6 .8 , 2% 

SDS, 2% glycerol, 1% (3-mercaptoethanol, 0.1 % bromophenol blue buffer for 5 

minutes at 95 °C. The samples were loaded under Tris-glycine electrophoresis buffer 

(25 mM Tris-HCl pH 8.3, 250 mM glycine, 0.1 % SDS) and run on a Mini-protean II 

kit (BIORAD) at 180 V (constant voltage) for 50-60 minutes.

Following SDS-PAGE, proteins were viewed by specific staining o f protein 

by incubating the gel in 50ml 45% methanol, 10% acetic acid, 0.25% Coomassie 

Brilliant Blue R-250, 45% H 2O for 30 minutes. Staining o f non-protein components 

was removed by incubating the gel in 50 ml 20% methanol, 7% acetic acid, 73% HjO. 

An estimation o f the sample protein sizes was made by comparison with protein 

standards (R & D Systems Europe) run as markers on each gel.

The concentration o f essentially homogeneous protein was determined by 

UV-spectroscopy (p — 280 nm) and applying the Beer-Lambert Law (Campbell and 

Dwek, 1984) using a value for the molar extinction coefficient determined empirically 

by a established method (Gill and Von Hippel, 1989). The GST gene-hision system 

allowed variable yields for the different proteins, ranging from 2 - 2 0  mg purified target 

protein per litre o f culture medium grown. A typical set o f

biosensor assays required only 1-2 mg purified protein, whereas NMR samples 

required 5-20 mg purified protein in 600 pi (approximately equivalent to a 

concentration o f 0.5-2.0 mM for a 15 kDa protein).

For heteronuclear NMR studies it was necessary to produce ^^N-labelled 

target protein. Expression and purification o f uniformly ^^N-labelled protein was 

achieved as for the unlabelled protein produced, described above, except that 

following the initial overnight growth o f a single colony in 5 ml LB (Amp), bacterial 

cultures were grown in a vitamin-supplemented minimal M9 medium with 

(^^NH4)2S0 4  as the sole nitrogen source, as described previously (Clore et al., 1991) 

(Ikura et al., 1991). Established M9 media (Sambrook et al., 1989) were used as a basis 

from which a new M9 medium was developed. The improved M9 medium contains a
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dissolved commercially available vitamin tablet (Centrum, Whitehall) which was found 

to improve bacterial growth rates.

The methods described above were applicable to all the GST-fusion proteins 

used during these studies. One notable modification was that the SH3-BCR protein 

required an additional step o f purification after thrombin cleavage and elution from 

the glutathione-sepharose beads. In this case, the SH3-BCR protein was purified by 

ion-exchange chromatography using a cation exchange column (Perseptive 

Biosystems, POROS 20HS) equilibrated in 50 mM Tris pH 7.5, 50 mM NaCl, 0.02% 

NaNj, 2 mM DTT buffer. Bound SH3-BCR protein was eluted with a 50-500 mM 

NaCl gradient. Fractions containing SH3-BCR were pooled and the purification 

continued with gel filtration, as described above.

The pET~22b system: gene expression

Competent E. coli BL21-DE3 cells were prepared and transformed with 

pET-22b(+) expression vector containing target D N A  insert, as described above for 

the pGEX-2T transformations. Bacterial growths were performed as described above.

Gene expression was induced by addition o f 2mM IPTG when the cell culture O.D.

= 0.6-0.8. The mechanism o f gene expression induction in pET systems is slightly 

different from the GST system. In the pET system, IPTG relieves repression o f gene 

expression o f the bacteriophage T7 RNA polymerase encoded by the engineered E. 

coli BL21-DE3 chromosome. This T7 RNA polymerase produced is highly selective 

and active such that most cellular resources are then employed to produce the target 

protein which is under the control o f the T7 RNA polymerase promoter (see Figure 3-3).

Following induction, cells were incubated at 37 °C for 3 hours and harvested as 

described above. Cell pellets were resuspended in 20 mM Tris pH 8.0, 100 mM NaCl,

5 mM benzamidine buffer and stored at -70 °C.

The pET~22b system: protein purification

Cells were lysed and centrifuged to remove cell debris as above. The C- 

terminal 6 -His tag allowed rapid purification o f the target protein using a metal 

affinity column (TALON column, Clontech Laboratories Inc.). The TALON column
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has an immobilised tetradentate chelator which firmly fixes cobalt cations (Cô "̂ ) to 

the chromatographic sepharose resin. The centrifuged cell lysate was passed over the 

TALON column under gravity flow, allowing target protein capture by the 6 -His tag 

binding to the Cô  ̂ co-ordination sites on the TALON resin. The majority o f  

contaminating bacterial proteins passed directly through the column, others bound 

weakly to the column and were removed by washing with 20 mM Tris pH 8.0, 100 

mM NaCl, 5 mM benzamidine, 10-15 mM imidazole buffer. Bound target protein was 

eluted 20 mM Tris pH 8.0, 100 mM NaCl, 5 mM benzamidine, 50 mM imidazole 

buffer. The eluted target protein was gel filtered as above to exchange an appropriate 

buffer.

The purification procedure o f pET target proteins described was the same 

for samples used for biosensor assays, NMR or AUC. Purified protein yields were 

very good for the dynamin PH domain (40-50 mg per litre o f bacterial culture) but 

ten times lower for the PLC5 PH domain. This pET system was also used for the 

production o f ^^N-labelled protein using the M9 medium described above. The 

Dynamin 6 -His protein was stable for months at 4 °C, whereas the PLC-Si 6 -His 

protein was stable only for 1 - 2  weeks.

The pET-23d system: gene expression

For the production o f C-SH2 protein for NMR and biosensor assays the 

pET-23d expression vector was used. Gene expression from pET-23d was essentially 

as described for the pET-22b system above, the only notable differences being (a) 

that the host cells used were E. coli BL21-DE3 pLysS cells (Novagen), grown in LB 

under both ampicillin (50 pg/ml) and chloramphenicol (64 pg/ml) antibiotic 

selection; (b) that the pET-23d expression vector produces a native protein without 

any affinity tags, in contrast to the 6 -His-tagged proteins produced from pET-22b 

expression vectors; and (c) that after harvesting by centrifugation the cell pellet was 

resuspended in 25 mM Tris-HCl pH 7.5, 150 mM NaCl, 3 mM KCl, 5 mM DTT,

0.5% Triton X-100, before storage at -70 °C.
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The pET-23d system: protein purification

In the absence o f an engineered affinity tag, the target C-SH2 protein was 

purified by exploiting its affinity for the consensus SH2 domain ligand: a 

phosphotyrosine group. Thus, following cell lysis and centrifugation to remove cell 

debris (described above), the C-SH2-rich supernatant was passed directly onto a 

phosphotyrosine-coupled Actigel ALD Superflow (Sterogene) purification column 

equilibrated in 25 mM Tris-HCl pH 7.5, 150 mM NaCl, 3 mM KCl, 5 mM DTT, 0.5% 

Triton X-100. Phosphotyrosine-binding proteins (> 90% C-SH2) were eluted from 

the column in three steps o f 500 mM, 1 M and 2 M NaCl in 25 mM Tris-HCl pH 7.5, 

3 mM KCl, 5 mM DTT. The target C-SH2 protein was found primarily in the 500 

mM - 1 M elution fractions which were concentrated for further purification and 

buffer exchange by gel filtration, as described above. (As for the NMR samples 

described above, the C-SH2 protein for NMR was ultimately exchanged into a 

deuterated Tris buffer). This procedure allowed the production o f approximately 15 

mg o f purified C-SH2 per litre o f bacterial culture grown. When kept in the 

temperature range 4-15 °C the protein was stable for 4-6 weeks.

Other proteins used

The production strategies for additional proteins provided by collaborators 

for use in the projects described in this thesis are briefly described below.

Full-length rat dynamin protein for GTPase assays was provided by K. Salim 

(LICR). Dynamin was purified to homogeneity from rat brain by passages over a 

diethylaminoethyl (DE-52) cellulose column, a cation exchange column and an ATP- 

coupled agarose column, as described previously (Gout et al., 1993). The dynamin 

GTPase assays also required the use o f the GRB-2 protein as a characterised control 

capable o f  stimulating the dynamin GTPase (Gout et al., 1993). A sample o f GRB-2 

protein was provided by Dr. I. Gout (LICR). The GRB-2 protein was produced from 

a pGEX-2T expression vector and purified as a GST-fusion protein encompassing 

amino acids 1-217 o f GRB-2 using a purification strategy as described above.

The p85a and pllOcx sub-unit proteins from PI3-kinase were provided by 

Dr. M. Layton (LICR). The proteins were produced in S. frugiperda (SF-9) insect cells
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using the baculovirus expression system according to published methods (Bimbaum 

et al., 1991). Viruses encoding each protein were plaque purified and checked for 

purity by PGR-based assay. The viral titre in SF-9 cells and incubation time before 

harvesting (2-3 days) were then determined in order to maximise protein production 

levels. Viral infection o f 500 ml suspension cultures o f exponentially growing SF-9 

cells enabled the production o f 1-2 mg/1 o f p i 10a protein and 10-20 mg/1 o f p85a. 

The pi 10a protein was purified via a C-terminal tag containing the amino acid 

sequence Glu-Phe-Met-Pro-Met-Glu, known as the Glu tag. An anti-Glu-tag antibody 

cross-linked to Protein G Sepharose 4 Fast Flow column (Pharmacia) allowed 

immunoaffinity purification o f the p i 10a protein. When p85a and p i 10a were co

expressed in SF-9 cells, the p85a protein (lacking a Glu-ta^ could be co-purified with 

pi 10a via the Glu-tag system, due to the constitutive association o f this high-affinity 

heterodimer. Purification o f p85a protein expressed alone in SF-9 cells was achieved 

by passage over a phosphotyrosine-coupled Actigel column as described above for 

purification o f the C-SH2 domain. These PI3-kinase sub-unit proteins were 

subsequently purified to homogeneity by a second purification step of anion exchange 

chromatography using a POROS 20 HQ column (Perseptive Biosystems), as 

described above for purification o f the SH3-BCR protein.

The NiC protein from the p85a sub-unit o f PI3-kinase was provided by Dr. 

M. Pfuhl (UCL). The p49 gene construct was cloned into a pET-23d expression 

vector using PCR primers which encode 7-His tag separated from the C-terminus o f  

the protein by three glycine residues. The protein was produced in E. coli BL21-DE3 

cells and purified as for the proteins with 6 -His tags described above.

The GTPase enzyme assay for dynamin

The dynamin GTPase activity was investigated using an assay described

previously (Gout et al., 1993). The dynamin GTPase assays were performed using 0.5

jig o f  dynamin in 50 mM Tris-HCl pH 8.0, 5 mM MgClg, 0.1 mM DTT, 130 |llM

GTP, 13 nM [a-^^P]-GTP (1 jiCi, 3000 C i/mmol; obtained from Amersham Corp.) in

a 25 jil reaction volume. Upon addition o f the GTPase the reactions were allowed to

proceed at 37 °C for 1 hour, before termination by rapid heating to 65 °C for 10

minutes in order to denature the enzyme. The reactions products were displayed by

thin layer chromatography on polyethyleneimine-cellulose^(Merck) in 1.6 M LiCl. | The

TLC plates were run at room temperature for 2-3 hours in solvent comprising a 4cm deep reservoir of 
300 ml. Samples o f  2-5 jll were loaded from the reaction mixture o f 25-50 jll.
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The TLC chromatographic system allows the separation o f the substrate GTP from the 

product GDP. The extent o f GDP hydrolysis was assessed by displaying GDP 

formation with a Phosphorlmager (Molecular Dynamics) which detects the ^̂ P- 

labelled guanine nucleotides, thus allowing assessment o f the amount o f  ^^P-GDP 

formed in comparison to the original amount o f ^^P-GTP with which the system was 

loaded.

In order to investigate the ability o f other biomolecules to stimulate the 

activity o f the dynamin GTPase the assay described above could be modified to 

include a ‘test stimulant’. The test stimulants used included the GRB-2 protein (2 jig 

for assay) and a variety o f phospholipids presented in vesicles (5 |i^ . The vesicles 

were prepared by mixing 90% (w/w) PC with 10% (w/w) o f the test phospholipid.

The mixture was incubated on ice and dried under a nitrogen stream. Prior to their 

use in the assays, the vesicles were resuspended in 50 mM Tris-HCl pH 8.0, 5 mM 

MgClz, 0.1 mM DTT and were sonicated using three cycles o f 45 seconds at medium 

power on an MSE Soniprep 150 sonicator. Different assays were performed in which 

the 10% test phospholipid was one o f the following: PE, PS, CH, PC, 

phosphatidylglycerol (PG), Ptdlns, PtdIns(4)P, PtdIns(4 ,5 )P2 or PtdIns(3,4,5)Pa.

PE: phosphatidylethanolamine; PS: phosphatidylserine; CH: cholesterol; PC: phosphatidylcholine.

A summary of all protein constructs used

This chapter has outlined the techniques o f molecular biology used for the 

preparation o f D N A  expression vectors. Further the two main strategies used for 

protein purification were described. The following tables summarise the main features 

(source, position in intact protein and molecular weight) o f the different proteins 

used during the studies presented in this thesis {Table 3A and 3-5). The full amino acid 

sequences o f the corresponding intact proteins are provided in the Appendix.

Note: Chemical supplies

! Concerning the experimental details listed in this chapter, it should be noted that all 
chemicals and reagents were obtained from SIGMA chemicals Ltd, unless stated otherwise.

i  ’^N-labelled (’^NH4 )2S0 4  was obtained from CK Gas Products Ltd., Berks., UK (suppliers 
for Isotec Inc., USA).
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Table 3-4: A  summary of the PH domain protein constmcts used

Name of target protein 
construct

Source Limits o f construct 
in wild type protein

Calculated Molec
ular weight (4- tags)

Dynamin-1 PH domain Human T511-V630 14297

Dynamin-1 PH domain Human T511-M670 18884

Bruton’s t)Tosine kinase 
PH domain

Human M1-S174 20642

Insulin Receptor 
Substrate-1 PH domain

Rat M1-G128 14638

Phospholipase C delta-1 
PH domain

Rat M1-Q175 20877

Dynamin-1 PH domain 
(6 -His)

Human T511-K633 15650

Phospholipase C delta-1 
PH domain (6 -His)

Rat H11-K140 16482

Table 3-5: A  snmmary of alt the PI3-kinase protein constmcts used (all botdne)

Name of target protein construct Limits in wild type 
protein

Calculated Molec
ular weight (+ tags)

SH3 domain M1-P84 9639
SH3 domain plus Pro-rich region-1 
(SH3-P1)

M1-T104 11711

BCR domain from p85(3 sub-unit 
(BCRP)

E105-Q302 20476

BCR domain from p85a sub-unit 
(BCRa)

E105-Q302 23966

SH3-P1 construct plus BCRa and Pro
rich region- 2  (SH3-BCR)

M1-S339 38516

N-SH2 and C-SH2 domains plus inter 
SH2 domain region (NiC)

T315-R724 49532

N-terminal SH2 domain (N-SH2) P314-Y431 13720

C-terminal SH2 domain (C-SH2) E614-R724 12596

p85a sub-unit M1-R724 83497

pi 1 0 a  sub-unit M1-G1071 125304
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Introduction: The biology of the proteins studied

The dynamin GTPase

Dynamin, a 100 kDa protein was first identified in a search for micro tubule- 

binding proteins in bovine brain tissue (Obar et al., 1990; Shpetner and Vallee, 1989). 

Dynamin has an intrinsic GTPase activity which can be highly stimulated by 

microtubules and results in the ordered bundling o f these microtubules (Shpetner and 

Vallee, 1992). The cloning and sequencing o f a number o f dynamin isoforms has 

yielded insight into its physiological function, through the identification o f  regions o f 

sequence homology with previously characterised proteins. The D. melanogaster shibire 

gene shares 81% similarity with bovine brain dynamin cDNA (Chen et al., 1991). The 

shibire locus is a well characterised gene which encodes multiple, tissue-specific and 

developmentally-regulated forms o f  dynamin. Products o f the shibire locus are 

implicated in the budding o f endocytic vesicles from the plasma membrane and 

particularly in synaptic vesicle recycling (Kosaka and Ikeda, 1983). Indeed, 

temperature-sensitive shibire mutant flies are first identified in 1973, in which the 

temperature-sensitive paralysis was ultimately found to result from a depletion o f 

neurotransmitter-containing vesicles at nerve terminals (Poodry, 1990). Electron 

microscopy studies have revealed that the shortage o f synaptic vesicles is caused by a 

reduction in vesicle membrane recycling following endocytosis, resulting in an 

accumulation o f ‘collared pits’ at the presynaptic plasma membrane (Koenig and 

Ikeda, 1989). The shibire mutations responsible for the paralysis observed in flies were 

localised to the region containing the dynamin GTPase domain, suggesting that 

dynamin requires its GTPase activity to perform its role in endocytosis (Van der Bliek 

and Meyerowitz, 1991). Collectively, these studies represented significant steps 

towards the understanding o f dynamin function.

In addition, the dynamins contain extensive regions o f  homology with a 

larger family o f GTPase proteins commonly implicated in vesicle trafficking, 

including: the vertebrate Mx proteins (Staeheli et al., 1986), which are involved in 

interferon-induced viral resistance; the S. ceremsiae VPS-1 locus (Rothman et al., 1990), 

implicated in sorting o f membrane proteins; and the S. ceretisiae MGMl gene product 

which is implicated in meiotic pole spindle separation (Jones and Fangman, 1992).
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The process o f endocytosis is critical for the transport o f proteins, 

hormones and nutrients between different intracellular compartments and is 

therefore essential for many eukaryotic cell functions, often involving cellular 

communication (Liu and Robinson, 1995). Investigations o f  dynamin function are 

slowly enhancing the understanding o f the molecular mechanisms o f intracellular 

membrane trafficking. A model describing the molecular function o f  dynamin in this 

mechanism has been proposed (Wamock and Schmid, 1996). In this model, dynamin 

is targeted to invaginated, clathrin-coated pits in its unoccupied or GDP-bound form. 

Then, the exchange o f  GDP for GTP triggers the assembly o f dynamin into short 

helices that encircle the necks o f the coated pits, in a collar formation. GTP 

hydrolysis may then induce a concerted conformational change, tightening the collar 

at the vesicle neck, and thereby effecting a Vesicle strangulation event’. Dynamin has 

a relatively high intrinsic rate o f GTP hydrolysis (Maeda et al., 1992; Shpetner and 

Vallee, 1992) and functions as a homo-oligomer (Hinshaw and Schmid, 1995; Tuma 

and Collins, 1995). Thus, a rapid, regulated and concerted conformational change 

might be sufficient to effect the strangulation. The GDP-bound dynamin could then 

disassemble and be recycled. This model is consistent with the evidence currently 

available, including a demonstration o f the co-localisation o f dynamin and clathrin in 

cell extracts (Scaife and Margolis, 1990) and the formation o f stacked rings o f  

dynamin which cannot constrict in the presence o f  GTP-yS (a non-hydrolysable GTP 

analogue) (Takei et al., 1995). Intriguingly, this model raises the possibility that 

dynamin is a unique, force-generating G-protein (Wamock and Schmid, 1996).

The mechanism o f function o f dynamin has been clarified to some extent by 

investigations o f its domain structure and function. There appear to be at least three 

different isoforms o f mammalian dynamin (Liu and Robinson, 1995), each o f which 

contains a conserved number o f recognised protein domains. The N-terminus o f  

dynamin contains the GTPase domain (~ 300 amino acids), followed by a stretch o f  

~ 200 amino acids lacking significant homology with any known protein. Residues 

T511 - V630 contain a PH domain, which is followed by a putative coiled-coil region, 

a putative GTPase effector domain (GED) which interacts with the dynamin GTPase 

domain (Muhlberg et al., 1997), and a C-terminus containing a proline-rich and highly 

basic sequence (Vallee and Okamoto, 1995) (Figure 4-1). Since PH domains are 

generally noted for their lack o f sequence conservation (commonly < 2 0 %), it is 

remarkable that across the three mammalian isoforms o f dynamin there is a total o f  

only 19 amino acid substitutions in the dynamin PH domain (Liu and Robinson,
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Figure 4-1: The domain structures of the PH domain-containing proteins stuàed. K y  to domains- 
PH: p  leekstrin homology, GED: GTPase effector domain, PRO: Pro line-rich domain, TH: Tec 
homology, SH: Src homology, PTB: phosphotyrosine binding.

Dynamin
GTPase PH GED PRO

300 520 030 750 864

Btk
PH TH SH3 SH2 Kinase

1 120 200 280 

P L C - ô t

400 659

PH 4 X EF Hand Phospholipase C2

1 130

!RS-1

300 600 756

PH PTB
1 120 160 270 1235

1995). A number of different binding partners have been identified for some of the 
domains in dynamin, and a few are implicated in GTPase activation. For example, in 

human fibroblasts, the C-terminal proline-rich sequence of dynamin binds specifically 

with the SH3 domain-containing proteins GRB-2 and PLCy (Seedorf et al., 1994). 

The interaction of dynamin with PLCy is increased upon cell stimulation by PDGF, 

suggesting a potential pathway for receptor-activated endocytosis. In addition, the 

binding of various SH3 domain-containing proteins to dynamin has been reported to 

stimulate the dynamin GTPase in vitro (Gout et al., 1993). Similarly, micro tubules have 

been shown to interact in ritro with the C-terminus of dynamin and thus effect 

GTPase stimulation (Herskovits et al., 1993). It is apparent that micro tubules and 

GRB-2 (which contains two SH3 domains) are mulhvalent binding partners of 

dynamin, suggesting that the formation o f oligomeric complexes of dynamin may be 

important for GTPase activity. This suggestion is supported by the observation that 

the binding of divalent antibodies to the dynamin proline-rich region can also 

produce GTPase activation (Wamock et al., 1995).

An additional binding partner o f dynamin is PKC, which can phosphorylate 

the C-terminal tail region of dynamin and thereby stimulate the dynamin GTPase

177



CHAPTER 4 A  study of pkckstrin homology domains

activity (Robinson et al., 1993). In contrast, calcineurin can dephosphorylate dynamin 

and thus reduce the dynamin GTPase activity (Liu et al., 1994). Since dynamin is 

phosphorylated in resting nerve terminals and dephosphorylated in stimulated nerve 

terminals, a regulatory phosphorylation-dependent switch mechanism is implicated 

(Robinson et al., 1993). Preliminary evidence for the molecular nature o f  this switch 

has been reported. In short, it appears that purified dynamin is able to self-associate 

into higher order structures (Maeda et al., 1992), with cross-linking studies showing 

that the tetrameric form predominates (Hinshaw and Schmid, 1995). Interestingly, 

phosphorylation o f dynamin by PKC promotes the formation o f tetramers (Liu and 

Robinson, 1995). That dynamin is phosphorylated in resting nerve terminals suggests 

that tetrameric dynamin may represent the form o f  higher GTPase activity. The 

involvement o f PKC and the existence o f  different states o f dynamin suggests a 

potential mechanism for the regulation o f  dynamin in signal transduction pathways.

In the context o f this study o f dynamin, however, arguably the most 

important report is the demonstration that the dynamin GTPase can be activated by 

acidic phospholipids presented in sonicated vesicles (Tuma et al., 1993). Although not 

demonstrated by Tuma et al, it seemed possible that is the PH domain o f dynamin 

which mediates the GTPase stimulation by acidic phospholipids, since interactions 

between phosphoinositides and PH domains have been reported (Harlan et al., 1994). 

A role for acidic phospholipids in the model o f dynamin regulation discussed above 

was introduced upon the demonstration o f positive cooperativity between dynamin 

molecules during stimulation o f the GTPase activity by acidic phospholipids (Tuma 

and Collins, 1994). Thus, it is plausible that, in addition to regulation by 

phosphorylation, acidic phospholipids might activate the dynamin GTPase by 

increasing the population o f tetrameric, activated dynamin. In a recent investigation 

o f regulatory interactions o f  dynamin, it was demonstrated that the PH domain and 

the proline-rich region o f dynamin act as negative and positive regulators o f  the 

dynamin GTPase, respectively (Muhlberg et al., 1997). However, although 

intramolecular interactions seem to be critical for dynamin regulation, the 

mechanisms by which this occurs have not been established. The various regulatory 

mechanisms are likely to act in concert with other ligands o f dynamin (e.g. 

micro tubules and proteins containing SH3 domains), to co-ordinate its regulated 

function in livo. The aim o f the studies presented below was to investigate further the 

potential for regulatory interactions between dynamin and phospholipids. These 

studies became directed towards the dynamin PH domain and, in parallel, PH
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domains from a variety o f other proteins were also investigated. The primary features 

of interest concerning these other PH domain-containing proteins are introduced 

below.

Bruton's tyrosine kinase

The protein named Bruton’s tyrosine kinase (Btk) is a member o f the 

Btk/Tec family o f non-receptor tyrosine kinases (NRTKs). Upon cell stimulation, the 

recruitment o f NRTKs to the plasma membrane and activated signalling complexes 

occurs without direct interactions with cell surface receptors. The Btk/Tec family 

proteins consist o f  five distinct structural domains (Tsukada et al., 1993). Like the Src 

family NRTKs, the Btk/Tec proteins contain a catalytic SHI kinase domain, and also 

the non-catalytic SH2 and SH3 domains. However, in addition the Btk/Tec protein 

exhibits a number o f  distinct structural features which distinguish these two families 

o f NRTKs and suggest ways in which the mechanisms o f  regulation o f the two 

families may differ. As an exemplar o f  the Btk/Tec family, Btk lacks the N-terminal 

myristoylation signal which targets Src to the plasma membrane. Btk also lacks the C- 

terminal tyrosine residue (Y527) which is crucial for Src regulation. In contrast, the 

N-terminal region o f  Btk/Tec family kinases contains a PH domain and a Tec 

homology (TH) domain (Vetrie et al., 1993), (Rawlings et al., 1993) {Figure 4-1). It is 

interesting to speculate that, since PH domains are considered to act as general 

membrane localisation devices (Hemmings, 1997), there may exist an evolutionary 

relationship between the Src and Btk/Tec family NRTKs in which the N-terminal Src 

myristoylation signal was functionally replaced by the Btk PH domain, or vice-versa.

Although the functions o f Btk are not clearly determined, its physiological 

importance has been known for some time. The loss o f  Btk activity results in the 

human immunodeficiency called X-linked agammaglobulinaemia (XLA), which is 

estimated to affect 1 in 150 000 males (Mattsson et al., 1996), and also in murine X- 

linked immunodeficiency (Xid) (Thomas et al., 1993). Btk is crucial for B-cell 

development and proliferation at the transition between the pre-B-cell stage and later 

B-cell stages. Mutations in Btk can therefore result in a decreased number o f mature 

B-cells, resulting in the increased susceptibility to bacterial infections which 

characterises XLA and Xid. Different mutations detected in the Btk genes o f XLA 

patients have been found to occur in positions relating to each o f the identified
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Correction describing additionalfunctions of Bruton^s tyrosine kinase (Btk)

The following supplements the description of the functions Btk given opposite. Upon 
activation, the B-ceU receptor (BCR) stimulates the Src-related tyrosine kinases Lyn, Fyn and BIk, 
which is rapidly followed by the activation o f Btk and the Syk tyrosine kinasek It is has been shown^ 
that the Src-related kinases phosphorylate Btk on residue Y 551, possibly allowing a conformational 
exchange which enhances autophosphorylation on Btk-Ygz .̂

The consequences of Btk activation have not been weU defined, although some insight has 
recently been gained concerning the downstream targets o f Btk. For example, the BAP-135 protein 
was shown to be associated with Btk in vivo. Moreover, BAP-135 is a substrate for Btk-mediated 
tyrosine phosphorylation in vitrd'. Indeed, BAP-135 was shown to be transiendy phosphorylated on 
tyrosine in response to BCR cross-hnking, suggesting that BAP-135 lies downstream o f Btk in a 
signalling pathway originating with the BCR. Flowever, the function o f BAP-135 is currendy unclear.

Further insight into the role of Btk has come from evidence obtained from the analysis of 
BCR signalling in the chicken (lymphoma) B cell Hne DT40, suggesting the involvement o f Btk in 
phosphoHpase-dependent signalling .̂ In DT40 cells, disruption o f the Btk gene locus led to reduced 
presence o f phospholipase C (PLC)-y2  products, i.e. there was reduced D-myo-inositol-1,4,5- 
trisphosphate ( I P 3 )  generation and Câ  ̂mobilisation in response to BCR cross-hnking. There was also 
a reduction in the level of BCR-induced tyrosine phosphorylation of PLC-7 2 . In contrast, BCR- 
induced activation o f Ras/Raf kinase cascade was unperturbed in Btk-deficient cells, suggesting that 
the differences observed occur through a specific Btk-dependent pathway, rather than via a general 
disruption o f cell signalling.

Btk is also thought to have a role in supporting radiation-induced apoptosis. While this 
process is known to require intact PH, SH2 and kinase domains o f Btk, the precise function o f Btk in 
this context is unknown^.

1. Saouaf, S.J., Mahajan, S., Rowley, R.B., et al. (1994). Temporal differences in the activation of 3 classes of 
non-transmembrane protein-tyrosine kinases following B-cell antigen receptor surface engagement. Broceedings of 
the 'National A.cademy of Sciences (USA.), 91, 9524-9528.
2. Rawlings, D.J., Scharenberg, A.M., Park, H., et al. (1996). Activation of Btk by a phosphorylation mechanism 
initiated by Src family kinases. Science, 271, 822-825.
3. Yang, W.Y., & Desiderio, S., (1997). BAP-135, a target for Btk in response to B-cell receptor engagement. 
Proceedings of the National Academy of Sciences (USA), 94, 604-609.
4. Takata, M., & Kurosaki, T., (1996). A role for Btk in B-ceU antigen receptor-mediated activation of 
phosphohpase Q-fl. Journal of Experimental Medicine, 184, 31-40.
5. Uckun, F.M., Waddick, K.G., Mahajan, S., (1996). Btk as a mediator of radiation-induced apoptosis in DT40 
lymphoma B cells. Science, 273,1096-1100.
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structural domains o f the Btk protein (Vihinen et al., 1996). Interest in XLA and Btk 

has prompted the compilation o f an extensive database, called BTKBase, in which all 

the known Btk mutations have been recorded (Vihinen et al., 1996). It is o f  particular 

interest that a number o f XLA-causing mutations fall within the Btk PH domain. To 

date, Btk is the only known protein in which PH domain mutations are known to 

cause disease. This observation has importance not only in the context o f  XLA, but 

also in relation to understanding the physiological role o f the PH domain in general.

The function o f Btk has been studied from both genetic and biochemical 

perspectives. Btk has been implicated as a component o f several intracellular signal 

transduction pathways, including those utilised by the B-cell antigen receptor (De 

Weers et al., 1994) and the interleukin 5-receptor (Sato et al., 1994). A number o f  

downstream effectors required for Btk-mediated signalling have been identified. For 

example, the activity o f a gain-of-fiinction Btk mutant (called Btk*) requires the Src- 

family kinases such as Lyn, Fyn and Hck, which bind through their SH3 domains to 

the Btk proline-rich region (Afar et al., 1996). The gain-of-fiinction o f  Btk* is 

correlated with increased translocation o f  Btk to the plasma membrane and increased 

tyrosine phosphorylation on Btk residue Y551 (Rawlings et al., 1996). The isolated, 

wild-type Btk PH domain binds to D - I P ^ ,  and also to D - I P 4  with a Kg=40 nM. 

However, for the Btk* PH domain, which contains the mutation E41 to K41, 

interactions with inositol polyphosphates were demonstrated to be twice as strong as 

for the wild-type PH domain (Fukuda et al., 1996). These observations suggest that 

the Btk PH domain may be required for recruitment to the plasma membrane via 

binding to phosphoinositides (with head groups similar to inositol polyphosphates) 

such as Ptdlns (3,4,5)P 3 . Upon phosphoinositide binding, downstream signalling 

events could be organised through interactions with Src-family kinases. However, a 

direct interaction with Ptdlns (3,4,5)P3 has not been reported and questions still 

remain concerning the function and regulation o f Btk.

Correction’, additional information on Btk function is provided on the opposite page.

Phospholipase C enzymes

The phosphoinositide-specific phospholipase C (PI-PLC) enzymes form a 

well-characterised family. The PI-PLC enzymes catalyse the hydrolysis o f  

Ptdlns(4,5)P2 in the plasma membrane into its hydrophobic and hydrophilic 

components 1,2-diacylglycerol (DAG) and D-myo-inositol-1,4,5-trisphosphate (D-
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IP3), respectively. These second messenger products appear in response to cell 

stimulation and result in the D-IPj-mediated mobilisation o f Câ  ̂ ions from 

intracellular stores (Berridge, 1993) and the activation o f PKC isozymes by 

membrane-bound DAG (Dekker et al., 1995). This dual signalling system exercises 

control over numerous cellular activities, including growth, proliferation, contraction, 

excitation and secretion (Lee and Rhee, 1995).

The family o f  PI-PLC enzymes includes sub-families called PLC-P, PLC-y 

and PLC-Ô, where each sub-family contains a number o f isoforms. All PI-PLCs 

contain a catalytic phospholipase domain. In addition, they all share a PH domain 

near their N-terminus and a C2 domain at their C-terminus. Differences between the 

enzyme sub-families account for their different modes o f  regulation. The 85 kDa 

PLC-Ô enzymes appear to have the simplest architecture o f the PI-PLC family, i.e. 

they contain only primary sequences common to all the sub-families (Figure 4-1).

Unlike the isoforms o f PLC-P or PLC-y, PLC-Ô does not seem to be 

regulated by binding to either heterotrimeric G-proteins or membrane-associated 

receptor tyrosine kinases, respectively. However, it is possible that the PLC-Ô 

subfamily is regulated by Câ  ̂ ions via its EF hand motifs. Insight into the regulation 

o f PLC-Ô1 has come from the 3-D structure determination o f a large fragment o f the 

enzyme (Essen et al., 1996), and from the structure o f the isolated PLC-Ô1 PH 

domain in a complex with D-IP3 (Ferguson et al., 1995). The PLC-Ô1 PH domain 

binds to D-IP3 with high affinity and specificity (Lemmon et al., 1995) and this 

interaction has been proposed to have a regulatory role. Following these studies, it 

was proposed that PLC-Ô1 can be recruited to the plasma membrane through the 

interaction o f its PH domain and a membrane component postulated to be 

Ptdlns(4,5)Pg. The deletion o f the PLC-Ô1 PH domain reduces the level o f  PLC-Ô1 

activity and the extent o f  membrane localisation o f the enzyme (Cifuentes et al.,

1993). Since PLC-Ô1 enzymes produce D-IP3, which causes the release o f Câ  ̂ ions 

and may in turn stimulate PLC-Ô1 activity, it is possible that the release o f  PLC-ôi 

from the membrane by D-IP3 represents a regulatory feedback mechanism to prevent 

excessive PLC-Ô1 activation. The tethering o f PLC-Ô1 to the plasma membrane by its 

PH domain could allow a high rate o f processive catalysis in the restricted plane o f  

the membrane (Kanematsu et al., 1992; Rebecchi et al., 1992). The proposed 

involvement o f inositol polyphosphates in this regulation mechanism suggests an 

interesting physiological role for the PH domains o f PI-PLC enzymes. Clearly,
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however, confirmation o f this model requires the direct demonstration that 

membrane components are ligands for PLC-ôi.

Insulin receptor substrate A

The insulin receptor substrate-1 (IRS-1) is a principle substrate o f the 

receptor tyrosine kinase for insulin and the insulin-like growth factor (Wang et al.,

1993). IRS-1 is also a substrate for a tyrosine kinase activated by IL-4 (Keegan et al.,

1994). Following receptor activation, IRS-1 is recruited and undergoes tyrosine 

phosphorylation at multiple sites, thus enabling the docking o f  SH2 domain- 

containing proteins such as p 8 5 a /p ll0 a  PI3-kinase and GRB-2. In this way, cell 

stimulation is proposed to induce the 1RS-1-mediated formation o f  activated signal 

transduction complexes. Although the functions o f  IRS-1 have not been clearly 

defined, the fact that it can be phosphorylated in response to multiple extracellular 

stimuli has led to the proposal that it is required for numerous mitogenic responses 

(Myers et al., 1994). For example, one signalling event for which IRS-1 is known to be 

required is the insulin-mediated stimulation o f PI3-kinase. Insulin stimulates the 

p 8 5 a /p ll0 a  PI 3-kinase activity through association o f the p85a SH2 domains with 

tyrosine-phosphorylated IRS-1, rather than by the direct interaction o f  p85a with 

receptor tyrosine kinase (Backer et al., 1992).

IRS-1 was initially detected as a 185 kDa protein in insulin-stimulated cells 

(White et al., 1985). The amino acid sequence o f IRS-1 contains a PH domain at its 

N-terminus (residues 1 - 110), followed by a PTB domain (residues 157 - 267). The 

remaining C-terminal regions o f this 134 kDa protein contain no amino acid 

sequences o f recognised homology (Figure 4-1). The PTB domain binds with high- 

affinity to a phosphotyrosine peptide ligand derived from the IL-4 receptor (Kg= 6  

|iM)(Zhou et al., 1995). This binding explains the apparent requirement for the PTB 

domain in the receptor-mediated recruitment o f  IRS-1 by phosphotyrosine target 

sequences. In addition, the IRS-1 PH domain is also implicated in the IRS-1 response 

pathway because its deletion results in a loss o f sensitivity in insulin signalling (Myers 

et al., 1995). However, the role o f the IRS-1 PH domain has not been clearly defined, 

although it seems likely that it plays a role in the membrane-localisation o f this 

adapter protein following cell stimulation.
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Results (1): Activation of the dynamin GTPase by 
phosphoinositides

The reports summarised above prompted an investigation of whether the 

activation of the dynamin GTPase by acidic phospholipids might occur through its 

PH domain. First, it was necessary to establish that the activation of the dynamin 

GTPase by acidic phospholipids could be reproduced. Thus, an assay was performed 

in which a variety o f phospholipids presented in vesicles were tested for their ability 

to activate the dynamin GTPase (as described in Chapter 3). In summary, the 

activation of the dynamin GTPase was effected by PtdIns(4 ,5 )P2 (Figure 4-2, lane 11) 

and, to a lesser extent, by Ptdlns(4)P (Figure 4-2, lane 10). The other phospholipids 

tested were not found to activate the dynamin GTPase activity beyond its background 

level, as judged from the experimental sample which contained only dynamin and 

buffer, i.e. no test stimulant (Figure 4-2). As a control, the SH3 domain-containing 

GRB-2 was included in the assay and, as reported previously (Gout et al., 1993), was 

able to activate the dynamin GTPase (Figure 4-2, lane 3).

Figure 4-2: Dynamin GTPase actmty was measured in the presence of putative stimulants. The 
substrate and product can be separated by thin-lcyer chromatography and detected due to the use of 
radio-labelled fPJ-G TP as substrate.
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Correction: Synergy between GRB-2 and Ptdlns(4,5)P2 in the stimulation of the dynamin GTPase
It was also observed that maximal activation o f  the dynamin GTPase was achieved in the presence o f both 

GRB-2 and Ptdlns(4,5)P2 (data not shown). This observation is in concord with a recent publication describing the 
synergistic activation o f the dynamin GTPase by these ligands (Barylko, B. et al. (1998). journal ojBiological Chemistry, 
273, 3791-3797). Barylko et al. have proposed that SH3 domain-containing proteins, e.g. GRB-2, may bind dynamin 
and target it to budding vesicles, priming it for superactivation by phosphoinositides. This model is unproven, but it 
seems likely that organised interactions within the multi-domain dynamin protein will have a functional role.
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Results (2): Direct Interactions between PH domains 
and phosphoinositides

Since it was considered possible that the PH domain might mediate the 

interactions between the phosphoinositides and dynamin, an attempt to demonstrate 

a direct interaction between these putative binding partners was instigated. A surface 

plasmon resonance (SPR) biosensor assay was designed in which interactions between 

the dynamin PH domain and test phosphoinositides (and other phospholipids) 

presented in large unilamellar liposomes could be directly measured (see Chapter 2). 

In addition, since the assay designed employed a versatile strategy for the 

immobilisation o f the PH domain via a GST-fusion protein (GST-PH), it was 

possible to extend the study o f the dynamin PH domain to a number o f alternative 

PH domains also expressed as GST-PH domains fusion constructs.

Under the conditions used for the SPR biosensor assay, the non-specific 

binding o f molecules to GST-PH domains was eliminated. Control experiments were 

performed using GST alone as the immobilised test molecule and in this way it was 

established that the GST moiety did not interact significantly with the various 

liposomes used as candidate ligands (data not shown).

In parallel, further investigations into the activation o f the dynamin GTPase 

were performed by K. Salim. It was shown that while the GTPase activity o f  a mutant 

dynamin lacking the PH domain (dynamin A541-618) could be stimulated by GRB-2, 

it could not be stimulated by phosphoinositides (K. Salim, personal communication). 

That is, the dynamin PH domain is required for GTPase activation by 

phosphoinositides.

The dynamin PH domain binds to Ptdins(4,5)P2 and 
Ptdins(4)P

It was possible to demonstrate that the dynamin PH domain binds 

specifically to liposomes containing Ptdlns(4,5)Pg and, to a lesser extent, to liposomes 

containing Ptdlns (4)P {Figure 4-3). The dynamin PH domain did not, however, show 

an interaction with liposomes containing Ptdlns (3,4,5)P3, Ptdlns or PC {Figure 4-3).
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Figure 4-3: Results of the SPR biosensor asscys. The dynamin PH  domain shorn spedficity for 
binding to liposomes containing PtdIns(4,5)P2 and Ptdlns(4)P. In contrast, the Btk PH domain 
binds only to liposomes containing PtdIns(3,4,3)Pj.
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These results prompted the application o f the same assay to investigate whether the 

PH domains from other proteins showed a similar binding specificity.

The Btk PH domain binds to Ptdins(3,4,5)P3

The Btk PH domain was probed for interactions with phospholipids using 

the SPR biosensor assay. Interestingly, it was possible to demonstrate that the Btk PH 

domain binds specifically only to liposomes containing Ptdlns(3,4,5)P3 {Figure 4-3).
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Results (2): Direct Interactions between PH domains 
and phosphoinositides

Since it was considered possible that the PH domain might mediate the 

interactions between the phosphoinositides and dynamin, an attempt to demonstrate 

a direct interaction between these putative binding partners was instigated. A surface 

plasmon resonance (SPR) biosensor assay was designed in which interactions between 

the dynamin PH domain and test phosphoinositides (and other phospholipids) 

presented in large unilamellar liposomes could be directly measured (see Chapter 2). 

In addition, since the assay designed employed a versatile strategy for the 

immobilisation o f the PH domain via a GST-fusion protein (GST-PH), it was 

possible to extend the study o f  the dynamin PH domain to a number o f alternative 

PH domains also expressed as GST-PH domains fusion constructs.

Under the conditions used for the SPR biosensor assay, the non-specific 

binding o f molecules to GST-PH domains was eliminated. Control experiments were 

performed using GST alone as the immobilised test molecule and in this way it was 

established that the GST moiety did not interact significantly with the various 

liposomes used as candidate ligands (data not shown).

In parallel, further investigations into the activation o f  the dynamin GTPase 

were performed by K. Salim. It was shown that while the GTPase activity o f a mutant 

dynamin lacking the PH domain (dynamin A541-618) could be stimulated by GRB-2, 

it could not be stimulated by phosphoinositides (K. Salim, personal communication). 

That is, the dynamin PH domain is required for GTPase activation by 

phosphoinositides.

The dynamin PH domain binds to Ptdins(4,5)P2 and 
Ptdins(4)P

It was possible to demonstrate that the dynamin PH domain binds 

specifically to liposomes containing PtdIns(4 ,5 )P2 and, to a lesser extent, to liposomes 

containing Ptdlns(4)P {Figure 4-3). The dynamin PH domain did not, however, show 

an interaction with liposomes containing Ptdlns (3,4,5)P3, Ptdlns or PC {Figure 4-3).
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Figure 4-3: Results of the SPR biosensor assays. The (fnamin PH  domain shorn specificity for  
binding to liposomes containing PtdIns(4,5)P2 and PtdIns(4)P. In contrast, the Btk PH  domain 
binds only to liposomes containing PtdIns(3,4,5)P^.
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These results prompted the application o f the same assay to investigate whether the 

PH domains from other proteins showed a similar binding specificity.

The Btk PH domain binds to Ptdlns(3,4,5)P3

The Btk PH domain was probed for interactions with phospholipids using 

the SPR biosensor assay. Interestingly, it was possible to demonstrate that the Btk PH 

domain binds specifically only to liposomes containing Ptdlns(3,4,5)P3 (Figure 4-3).
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The Btk PH domain did not show significant interactions with liposomes containing 

PtdIns(4)P or PtdIns(4 ,5 )P2 (Figure 4-3). The results for the Btk PH domain are 

therefore in contrast with the results obtained for the dynamin PH domain and thus 

define distinct specificity of phosphoinositide binding by different PH domains.

The IRS-1 and PLC-St PH domains also bind to 
phosphoinositides

In addition to the dynamin and Btk PH domains, the PH domains from the 

proteins PLC-ôi and IRS-1 were examined for possible interactions with 

phospholipids. The results obtained for these proteins are similar to those o f the 

dynamin PH domain. That is, the PH domains of both PLC-ôi and IRS-1 bound 

specifically to liposomes containing Ptdlns(4,5)P̂ , (Figures 4-4 and 4-3) and that of 

PLC-ôi was also shown to interact with liposomes containing PtdIns(4)P (Figure 4A).

Figure 4-4: Results of the SPR biosensor asscy for interactions between PH domains and liposomes 
containing Ptdlns(4,3)P2. Like the dynamin PH domain, the IRS-1 PH domain binds to 
Ptdlns(4,3)P2- The Btk PH domain showed no significant interaction with PtdIns(4,3)P2.
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Figure 4-5: The binding of the PLC-Si P H  domain to liposomes containing different 
phosphoinositides was examined using an SPR biosensor asscy modified to allow protein 
immobilisation ly  a metal chelation strategy. The PLC-ôi PH  domain binds specifically to 
PtdIns(4,5)P2 and, to a ksser extent, to PtdIns(4)P.
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The results for the IRS-1 PH domain were obtained using the SPR biosensor assay as 

described above and were comparable with those obtained for dynamin. However, 
the GST-PH fusion protein containing the PLC-ôi PH domain was found to be 

highly unstable in a range of buffers and exhibited an unpredictable binding pattern 

when applied to the biosensor surface. Therefore, to investigate the phospholipid 

binding capacity o f the PLC-ôi PH domain an alternative biosensor assay to that 

originally designed for the dynamin PH domain was developed. In the alternative 

assay system, an oligohistidine-tagged PLC-ôi PH domain was immobilised on the 

SPR biosensor using a Ni^^-loaded metal chelation surface (see Chapter 2).

The SPR biosensor results shown in Figure 4-5  (the down-sloping PLC-ôi 

result) display a low signal-noise ratio which was not atypical o f the second, metal 

chelation-based SPR assay. While the results were reproducible, in that the same 

binding specificity was always observed, the low signal-noise ratio obtained was not 

ideal. The systematic decrease in the baseline signal observed during the experiment 

suggests that the PH domain proteins were not securely attached to the biosensor
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surface. In agreement with this observation are the comments published recently 

following an extensive study o f biosensor assays using metal chelation surfaces for 

protein immobilisation (Nieba et al., 1997). It has been found that the use o f a single 

six-residue oligohistidine-tag for protein immobilisation is usually insufficient for 

secure attachment o f the protein to the biosensor, and instead the use o f a protein 

containing two oligohistidine-tags is considered preferable.

Results (3): The Identification of the binding site on 
the dynamin PH domain

The SPR biosensor experiments allowed the demonstration that specific PH 

domains can bind to distinct phosphoinositides presented in liposome membranes. In 

order to obtain detailed structural information about phosphoinositide-PH domain 

interactions, the interaction between the dynamin PH domain and a water-soluble 

analogue o f Ptdlns(4,5)Pj was investigated by NMR. It is well established that 

localised chemical shift perturbations observed upon titration o f a protein NMR 

sample with a ligand can be a sensitive probe o f the ligand binding site o f a protein 

(Otting, 1993) (Van Nuland et al., 1993) (see Chapter 2). A prerequisite for such an 

NMR titration is that the protein, ligand and protein-ligand complex are soluble in the 

aqueous NMR buffer. Thus, in the NMR titrations D-IP3 was used to mimic the 

water-soluble head group o f the relatively insoluble Ptdlns (4 ,5 )P2. Like Ptdlns(4,5)P2, 

D-IP3 contains the six-carbon inositol ring characteristic o f phosphoinositides and has 

phosphate groups attached at the D-1, 4 and 5-OH positions o f the inositol ring 

(Figure 4-6). The use o f the D-IP3 analogue was considered valid since, in a repeat o f  

work originally performed by K. Salim (LICR), D-IP3 was found to activate the 

dynamin GTPase in the same manner as that shown by Ptdlns(4,5)Pg (Figure 4-7, lanes 

2 and 3). In addition, the stereoselectivity o f this activation was demonstrated by the 

reduced ability o f L-IP3 to activate the dynamin GTPase (Figure 4-7, lanes 3 and 4), 

suggesting physiological relevance for interactions with the naturally occurring D- 

enantiomers. These observations are in line with the structural similarity o f the two 

compounds which, moreover, was functionally reflected by the ability o f D-IP3 to 

significantly inhibit the interaction o f the dynamin PH domain with liposomes 

containing Ptdlns(4,5)P2, as judged by the SPR biosensor assay (Figure 4-8).
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Figure 4-6: In the SPR biosensor assays, Ptdlns(4,5)P2 in liposomes was shown to bind specifically 
to distinct PH domains. For the NMR studies, D-FPj, a water-soluble mimic of Ptdlns(4,3)P2, 
was used to investigate further these interactions. The D-enantiomer of IPj occurs naturally.
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Figure 4-7: The use of D-IPj as a water-soluble mimic of Ptdlns(4,5)P2 was considered valid, since 
they both effect the stimulation of dynamin in the GTPase assay. Moreover, the activation of dynamin 
actmty is stereoselective for the naturally occurring D-enantiomer of IPj.
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Investigations of the dynamin PH domain by NMR

The introduction to NMR given earlier (see Chapter 2) highlighted the fact 

that smaller proteins generally yield higher quality NMR spectra than larger proteins. 

Thus, different sizes o f protein construct of the dynamin PH domain were 

investigated in order to estimate the optimal size o f the protein required for NMR
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Figure 4-8: In the SPR biosensor assay, the binàng of the dynamin PH domain to liposomes 
containing Ptdlns (4,5)P2 was inhibited by co-injection or pre-incubation with 100 jiiAl D-IPj.
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studies. Ideally, this would comprise the entire PH domain without significant 
amounts of additional unstructured polypeptide chain at either terminus. The 
assessment was made by performing 2-D HSQC NMR experiments on

dynamin PH domains o f 120, 123 and 160 amino acids (excluding tags), all o f which 

demonstrate a similar degree o f binding to liposomes containing Ptdlns(4,5)Pj in the 

SPR biosensor assay described. The HSQC spectra given by the 160 residue domain 

contained numerous, overlapped cross-peak signals in the ^H chemical shift range 8 .0 - 
8.4 p.p.m. (Figure 4-9 and 4-10). Signals found in this region are characteristic o f signals 

from amino acids occupying random coil positions in a protein (Wiithrich, 1986). In 

contrast, the equivalent HSQC spectra from the PH domains of 120 residues (Figure 

4-9 and 4-10) and 123 residues (not shown) display fewer signals in the region 8.0-8.4 

p.p.m. and, instead, exhibit well-dispersed distributions of cross-peaks. These features 

suggest that the smaller sizes of PH domain construct were comprised predominantly 

of ordered polypeptide (i.e. non-random coil), whereas the ~40 additional residues at 

the C-terminus o f the 160 residue PH domain are unlikely to be ordered and 

therefore probably do not play a role in the function of the PH domain.

These observations suggest that the entire ordered dynamin PH domain is of 

approximately 120 amino acids or less. This result is in agreement with (1 ) the 

previously published solution structure of a 1 2 0  residue fragment o f dynamin which
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contains all the secondary structure elements common to PH domains (Downing et 

al., 1994) and (2) a number of other published 3-D structures in which the PH 

domains are defined as being of 100 - 120 residues (Ferguson et al., 1994) (Hyvonen 

et al., 1995). It was considered important to establish this result since it has been 

reported that the functions o f certain PH domains (e.g. from P-ARK) require regions 

immediately C-terminal to the domain (Mahadevan et al., 1995). Therefore, the 

subsequent NMR titrations were performed on dynamin PH domains o f either 120 or 

123 amino acids. These two constructs exhibited very similar ligand-binding 

characteristics but the 123 residue PH domain, produced as an oligohistidine-ta^ed 

protein, was preferred for its greater stability in solution.

Figure 4-9: HSQC spectra of the 120 residue (short) and 160 residue (long) PH domains.
The long PH domain has more overlapped signals than the short PH domain (see figure 4-10).
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Figure 4-10: A  of the HSQC spectra shown in Figure 4-9. In the region shown here,
the long PH domain has many signals overlapped, characteristic of unstructured regions of polypeptide. 
These spectra suggest that the structured PH domain exists entirely within the 120 residue protein.
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The specific binding of o-iP3 to the dynamin PH domain

The titration of D - I P 3  in increments o f ~ 40 .̂M into a solution o f the 

dynamin PH domain was performed and monitored by 2-D NMR (as described in 

Chapter 2). Upon addition of D - I P 3  to the ^^N-labelled dynamin PH domain a subset 

of cross-peaks showed substantial changes in their and H chemical shift 

positions in the HSQC spectra {Figure 4-11). The extent to which each HSQC cross

peak changed its chemical shift value with increasing D - I P 3  concentration was 

measured using a program for the analysis o f NMR spectra: XEASY (Bartels et al.,

1995). For some residues, a cross-peak in the 2-D HSQC spectrum could not be 

detected. The absence o f a peak can be caused either by cross-saturation of the amide 

group proton with magnetically-saturated solvent water protons, or by chemical 

exchange of the proton likely to occur to a significant extent in this relatively high pH 

range used (pH 7.0 - 7.5) (Homans, 1989). Such effects are not uncommon for
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exposed protons, which typically occur in the loops of proteins. A summary of the 

measurements showing the chemical shift values during the NMR titration for each 

cross-peak observed was compiled {Figure 4-12). The alignment of the modular 

‘ITotal shift vector]^ of the measured chemical shift changes with the secondary 

structure elements of the dynamin PH domain demonstrates that the largest chemical 

shift changes are limited to specific regions o f the structure, consistent with a 

localised binding site for D-IP3 on the dynamin PH domain. The discrete localisation 

of amino acids showing large chemical shift changes also suggests that the domain 

does not undergo a gross conformational change upon ligand binding. This is 

indicative o f a binding event which does not have an allosteric effect on the overall 
PH domain structure.

Figure 4-11: A n overlay of nine ’̂ N-’H  H SQC spectra recorded during the titration of dynamin 
PH domain with D-lPj. The inset shows some of the cross-peaks from assigned residues which were 
perturbed by the introduction of D-IPj and thus show chemical shift changes during the titration.
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* The measured value given as the ‘ | Total shift vector | ’ o f a signal upon the addition o f  putative ligand to 
the protein sample is given by the square root o f the sum o f the squares o f the changes in and ^H 
resonance frequencies. Thus, the modular | Total shift vector | was measured in Hertz. This term would 
increase with increasing ‘movement’ o f a signal during the NMR titration. Using the modular value, all 
values are positive and thus independent o f the direction in which the signal ‘m oves’ during the titration.
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In addition to the information obtained from the HSQC spectra of the '^N- 

labelled protein, a parallel NMR titration was performed on an unlabelled form o f the 

dynamin PH domain, which was monitored by ^H-^H TOCSY and NOESY NMR 

experiments. The interpretation of these homonuclear experiments was somewhat 

limited by the overlapped nature of the spectra obtained (data not shown). However, 

the resolved cross-peaks found in the amide-proton region which showed substantial 

chemical shift changes during the titration were also mapped against the secondary 

structure elements of the dynamin PH domain {Figure 4-12).

Figure 4-12: A  compilation of the results obtainedfrom the N M R  studies of the dynamin
PH  domain -  D-IPj interaction. A l l  plots are scaled nnth the residue numbers in D, where the 
numbering starts with residue 3 corresponding to T511 of intact c^namin-1. A :  the secondary 
structure elements of the dynamin PH  domain ((5: fi-sheet); B: the vector sum of the and ^H 
chemical shift changes; C  and D: ' H  and chemical shift changes, respectively. The asterisks 
identify residues exhibiting chemical shift changes in H -  ' H  N M R  titration experiments.
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A series o f HSQC experiments were also performed to monitor the

interaction between the dynamin PH domain and D-IP3  under the same buffer 

conditions used for the SPR biosensor assays — notably, in the presence o f divalent 

cations. However, since a titration o f ions into the sample did not affect the 

chemical shifts in a residue-specific manner, metal ions were excluded from 

subsequent NMR experiments.

Characterisation of the o-iPs binding site on the dynamin PH 
domain

The D-IP 3  binding site on the dynamin PH domain can be identified by a 

synthesis o f the data determined from the NMR titration {Figure 4-12) and the 

previously published 3-D structure o f the domain (shown in Chapter 1, Figure 1-7). 

The D-IP 3  binding site is identified by highlighting on the 3-D structure the backbone 

amide nitrogen atoms which correspond to the perturbed resonances in the ^^N-^H 

HSQC spectra, i.e. those for which large frequency changes (> 40 Hz) occurred 

during the NMR titration. The perturbed resonances correspond to the residues 122, 

N23, W34, W44, D47, D48, E49, E50, K51, E52, K53, K54 and S58. It can be clearly 

seen that these residues map to a distinct region on the dynamin PH domain {Figure 4- 

13). Many o f  the perturbed resonances come from residues found in loop-3, the loop 

connecting the ^-strands 3 and 4 (defined in Figure 1-7). Many o f  the signals from the 

neighbouring loop - 1  (connecting ^-strands 1 and 2 ) were not visible in the ^^N-̂ H 

HSQC spectra, however two residues at the beginning o f loop-1 are perturbed and 

are spatially close to the perturbed residues in loop-3. In addition, resonances from 

W34 and S58 are perturbed, which are also seen to border the region between loop-1 

and loop-3. Therefore, the binding site for D-IP 3 , and by extension for 

phosphoinositides, on the dynamin PH domain is comprised largely by residues in 

loop-1 and loop-3 o f the PH domain.

It is notable that the binding site defined here bears a few differences from 

that reported previously in the literature, in which a hydrophobic patch on the PH 

domain surface was implicated in ligand binding (Zheng et al., 1996). In agreement 

with the result presented above, Zheng et al. report that many o f the same dynamin 

PH domain residues in loop-1 and loop-3 are perturbed upon D-IP 3  binding. 

However, they also comment that a hydrophobic patch abutting loop-3 may
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contribute to ligand binding through contacts with the acyl chains o f an inferred, 

membrane-bound phosphoinositide ligand. This interpretation seems unlikely since 

the acyl chains o f a phosphoinositide are likely to be buried in the hydrophobic 

interior o f the membrane and thus would probably be inaccessible. Further support 

for the binding site defined in this thesis and the integral involvement of residues with 

charged side-chains is presented below.

Figure 4-13: A  and B are orthogonal viem of the D-IPj binàng site mapped onto the 3-D structure 
of the dynamin PH domain (âagram made with MOLSCRIPT (Krauiis, 1991) and RASTER-J-D 
(Bacon, 1988)). The white balls represent the backbone nitrogen atoms from residues which showed 
significant chemical shift changes (vector sum > 35 H:^ in the NMR titration experiments.
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It is apparent that many o f the residues comprising the binding site for D- 

IP3 have charged side-chain groups. In particular, there are a number o f lysine 

residues in close proximity to the binding site (residues K46, K51, K53 and K54) 

whose positively charged side-chains may be involved in binding to the negatively 

charged phosphate groups o f the phosphoinositide ligands. It appears to be a widely 

conserved feature that PH domains exhibit an electrostatic polarisation, with the 

proposed phosphoinositide binding sites being located on the positively charged face 

o f the domain. Indeed, the dynamin PH domain displays a binding site containing 

positively charged residues, some o f which may contact the ligand directly, others may 

promote a less specific association with negatively charged membrane surface 

components.

Probing the phosphomosltlde-binding site of the dynamin PH 
domain

Although many o f the perturbed residues identified in the dynamin PH 

domain are positively charged, a detailed structural examination o f the binding site 

suggested that it is unlikely that they are all directly involved in binding to D - I P 3 . That 

is, while the side-chains o f residues K27, K31, K46, K54, and K90 all seem to be 

directed towards the identified binding site, the side-chain o f residue K53 is directed 

away from the binding site (Figure 4-14). If the binding site was correctly identified by 

the NMR studies presented, it would seem that residue K53 is less likely to be 

required for phosphoinositide binding than the five alternative lysine residues listed 

above. Consequently, a series o f single-residue lysine-to-methionine (K##M ) site- 

directed mutations o f  the dynamin PH domain were proposed, with a view to testing 

the potential modification o f the phosphoinositide binding capacity using the SPR 

biosensor assay described earlier. The subsequent site-directed mutagenesis, D NA  

cloning work and SPR biosensor assays were performed by E. Querfurth\

As predicted, the mutations BC27M, K31M, K46M and K90M dramatically 

reduced the binding o f the dynamin PH domain to liposomes containing 

PtdIns(4 ,5 )P2, relative to the binding exhibited by the wild-type PH domain (Figure 4- 

15, data from E. Querfurth). The K54M mutation also abolished binding o f  the PH

1 Erich Querfurth, Honorary visiting student at the LICR
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Figure 4-14: Two views of the dynamin PH domain with side-chains shown for the lysine residues 
implicated in binding to D-IP^. The side-chain of K53 (blue) points awcy from the binding site defined 
by the other lysine residues (white), most of which are found in loops 1 and 3 o f the PH domain.

I

domain to PtdIns(4 ,5 )P2 (data not shown). In contrast with these results, but in line 

with the predictions above, the mutation K53M only very slightly reduced the 

interaction with phosphoinositides (data not shown). These results implicate the 

residues K27, K31, K46, K54, and K90 in the direct binding o f phosphoinositides 

and, in contrast, suggest that residue K53 performs an indirect role.

In conjunction with the results o f the GTPase assays, the clear definition of  

a distinct binding site for phosphoinositides on the dynamin PH domain suggests that
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Figure 4-15: In the SPR biosensor as scry for binding to liposomes containing PtdIns(4 ,5 )P2, the 
dynamin PH domains with mutations to methionine at ¥27, ¥31, ¥46 and ¥90 showed 
dramatically reduced binding ability in comparison to the wild-type dynamin PH domain.
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(1) in vitro, the PH domain mediates the observed activation of the dynamin GTPase 

by distinct phosphoinositides, and (2) in vivo, the PH domain may mediate the 

GTPase activation of dynamin through a regulated interaction with distinct 

phosphoinositides in the plasma membrane.

It is interesting to note that in the crystal structure o f the dynamin PH 

domain, two PH domains are symmetrically organised to form a dimer (Ferguson et 

al., 1994). The surface area of the buried interface in the dimer has been calculated to 

be 723 Â , (Dr. S. Jones (UGL), using a program written for the analysis o f protein 

dimer interfaces, based on previous publications (Jones and Thornton, 1995)). This 

size of the interface seems relatively small in comparison with those o f physiologically 

functional dimers (Jones and Thornton, 1996). It is remarkable though, that in the 

dimeric form of the PH domain, the phosphoinositide binding sites identified above 

are located on one face of the dimer (Figure 4-16 and 4-17). Therefore, it appears that
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it would be possible for both PH domains on the dimer surface to bind 

simultaneously to phosphoinositide components in a planar membrane. This 

observation is of particular interest since it has been observed that intermolecular 

interactions are known to be important for the regulation of the dynamin GTPase 

activity and that dynamin binds to membranes in self-associated forms (discussed 

earlier). An investigation of the possibility that phosphoinositides may regulate 

intermolecular interactions of the dynamin PH domain is presented below (see Results

Figure 4-16: The 3-D structure of the dynamin PH domain in the dimericform determined ly X- 
rcy crystallography (Ferguson, 1994). The white balls represent the nitrogen atoms of the residues 
perturbed by binding of D-IPj, they are localised on one face of the dimer (see Figure 4-17).

K
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Figure 4-17: A  representation of the su face of the dynamin PH domain dimer (made with the 
program GRASP (ISlicholls, 1993)). The yellow j  red numbering identifies lysine residues of Afferent 
domains, requiredfor binàng to PtdIns(4 ,5 )P2. The two binding sites clearly map to one face of the 
àmer, suggesting that the dimer mcy have an in vivo role as a àvalent PtdIns(4 ,5 )P2 binding device.

The dissociation constant for the dynamin PH domain — o-lPs 
interaction

An analysis of the cross-peak movements during the NMR titration with 

increasing D-IP3 concentration allows an estimation of the dissociation constant (K )̂ 

for the interaction with the dynamin PH domain. The calculation was performed by 

plotting a graph of ‘ | Total shift vector | (Hz) vs. Total concentration o f D - I P 3  (mM)’ 

and applying a linear regression curve-fitting analysis {Figure 4-18). The equation used 

for the best-fit analysis is a quadratic derivative o f the Michaelis-Menten equation and 

describes the case o f a reversible interaction (A + B •<->■ AB), as follows:

y  — [c 3- Mo 3- Kd - { ( r  T  Mo  +  Kd)^ -  {4 x c x Md) }  x M 2 ] / { 2  x c)

- where j/ is | Total shift vector | (Hz) determined from the NMR titration; c is the 

concentration of the dynamin PH domain (0.37-0.32 mM); Mo  is the D-IP3
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concentration (mJVI) incremented through the titration; K d  is the dissociation 

constant (in mlVI); and M 2 is the maximum value o f | Total shift vector | (Hz). The 

curve-fitting procedure was performed using the software package Kaleidagraph for 

Windows (Version 3.07). The data obtained fitted the equation well, enabling 

determinations o f values for a number of the perturbed dynamin PH domain 

residues involved in the interaction with D - I P 3  The following residue-specific 

values are given in mM units: N22=1.07, 123=1.43, W34=0.98, W44=0.87, 047=0.98, 

048=1.45, E49=1.83, K51 = 1.09, E52=0.49, K53=1.86, K54=1.87, 558=0.98. Since 

the standard deviations for these values are in the range 0.1-0.5, it is unclear whether 

the differences observed reflect real variations in local binding events, or whether 

these results represent a single distinct event within experimental error. In summary, 

the total residue-specific values yield a mean value o f Kp=1.23 ± 0.44 mM for the 

interaction of the dynamin PH domain with D - I P 3 .

Figure 4-18: Plots showing the change in chemical shifts corresponding to four residues located in the 
D-IPj binding site of the dynamin PH domain. Curve fitting allowed the determination of Kĵ  values.
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The Kg values obtained suggest a rather weak interaction. However, the 

mean Kg value obtained is slightly smaller than that reported previously (4.3 mM), 

determined by fluorescence studies (Zheng et al., 1996). Application o f the alternative 

technique o f isothermal titration calorimetry was attempted for the determination o f  

Kg. However, a few attempts to study the interaction using synthetic, water-soluble, 

short acyl chain phosphoinositides were unsuccessful since the generation o f a 

sufficient response in the microcalorimeter required excessive quantities o f  substrate. 

At a qualitative level, this observation confirms that the interaction is rather weak.

It is possible that the relatively weak binding o f D-IP3 observed in vitro is 

compensated by the multivalent nature o f  the phosphoinositide-rich plasma 

membrane in vivo which, through binding to oligomeric dynamin may increase the 

avidity o f the overall interaction. It is also possible that the relatively large Kg values 

determined here may be a reflection that D-IP 3  cannot make all the interactions with 

the PH domain that occur in vivo with membrane-bound phosphoinositides. It is 

therefore considered likely that the interaction o f the dynamin PH domain with 

PtdIns(4 ,5 )P2 is o f physiological relevance.

In support o f the interpretation above, it has been shown recently that the 

plasma membrane can sequester phosphoinositides, and thereby phosphoinositide- 

binding proteins, into localised lipid micro-domains containing high concentrations o f  

PtdIns(4)P and PtdIns(4,5)Pz (Hope and Pike, 1996; Liu et al., 1997; Pike and Casey,

1996). The provision o f high, local concentrations o f PtdIns(4 ,5 )P2, which may be 

dynamically regulated, may be sufficient to recruit PH domain-containing proteins 

demonstrated to have a relatively low affinity for phosphoinositides. Indeed, evidence 

has accumulated which supports a physiological role for functional rafts o f  distinct 

phospholipids and membrane components in the organisation o f protein-ligand 

interactions at cell surfaces (Simons and Ikonen, 1997).
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Results (4): Investigating the effects 
phosphoinositides binding to dynamin by NMR

PFG-NMR diffusion experiments

In its crystallised form, the dynamin PH domain forms a dimer which may 

be of functional importance. Therefore, a series o f PFG-NMR experiments were 

performed to assess the oligomeric state o f the dynamin PH domain in solution. The 

PFG-NMR experiments (see Chapter Two) were used to determine the rate of 

diffusion of the dynamin PH domain at three different protein concentrations: 0.5,

0.33 and 0.17 mM. In addition, the effect o f D - I P 3  on the diffusion rate was 

investigated. The rate o f decay of the sum of the integrated NMR signal intensities 

with respect to the strength of the PFG was determined by curve-fitting analysis. 

Subsequently, this decay rate was converted to a value describing the rate of diffusion 

of the protein.

Fignre 4-19: Plots to show the exponential decay in signal intensity with increasing gradient strength 
in PFG-NMR experiments performed on the cfnamin PH domain. A s sample concentration 
decreases, the rate of signal deccy with gradient strength increases. Further, this rate is increased ly 
the addition of excess D-IPj. (The 0.5mM and 0.17 mM + 0.3 mM D-IPj curves are top and 
bottom, respectively).
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The results from the PFG-NMR experiments show that as the dynamin PH 

domain sample is successively diluted, its rate o f diffusion increases. This result 

su^ests that the PH domain undergoes a reversible, concentration-dependent self

association in solution, since the average size o f the sample decreases, and thus 

diffuses more quickly, with decreasing concentration. Moreover, it appears that the 

addition o f 0.3 mM D-IP3 to the 0.17 mM PH domain sample further increases the 

protein diffusion rate, suggesting that D-IP3 may down regulate the self-association o f  

the dynamin PH domain {Figure 4-19).

Molecular dynamics of the dynamin PH domain by NMR

A second method for estimating the oligomeric state o f a protein in solution 

is by monitoring its dynamic behaviour in solution. Here, NMR was used to 

determine the transverse relaxation rate parameter, R2 (see Chapter 2), in order to 

monitor the PH domain motion.

An R2 value was determined for each cross-peak observed (~115 total) in 

the 2-D HSQC spectrum of the dynamin PH domain (at 32 °C, 600 MHz) {Figure 4- 

20). The binding site on the dynamin PH domain was then saturated with D-IP 3  

(confirmed by ^^N-^H HSQC NMR titration) and the R2 value for each cross-peak 

was re-calculated {Figure 4-20). From the two sets o f  R2 data, the following 80% 

trimmed mean values o f R2 (R2j êan) were determined: Dynamin PH domain alone, 

R2wani-H.4 ± 0.5 s'̂ ; Dynamin PH domain + D-IP 3 , R2mean~10-7 -  0.4 s'\ It is 

arguable that these values for R2 are slightly greater than the expected value o f R2 for 

a monomeric protein o f  15 kDa (see Chapter 2), suggesting that the protein may 

undergo a degree o f self-association. Alternatively, the R2 values may be larger than 

expected as a result o f the dynamin PH domain deviating from the predicted, 

isotropic behaviour o f a globular, approximately spherical macromolecule. It is 

difficult to ascertain which o f these models is correct (or if they both are) from the 

data obtained. However, most PH domain structures appear to be globular molecules 

which would be expected to undergo approximately isotropic behaviour in solution. 

Further support is given to the model o f self-association in light o f  the PFG-NMR 

results presented above. Moreover, a previous study o f the dynamin PH domain 

performed only in the absence o f  D-IP3  by NMR, light scattering and AUC
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Figure 4-20: A  collection of the unassigned R2 values determined icy NMR relaxation experiments 
for the dynamin PH domain (performed at 32 on a 600 spectrometer). These values were 
used to determine a mean R2 value, which decreased upon the addition of D-IP̂ .
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experiments also suggested that the dynamin PH domain exhibits a monomer-dimer 

equilibrium in solution (Fushman et al., 1997).

In particular, it is interesting that there is a slight decrease in the R2mean 

value upon the addition of D - I P 3  -  consistent with a decrease in the radius o f gyration 

of the protein upon ligand binding. Such an effect may be because the binding of D- 

IP3 inhibits the self-association of the dynamin PH domain. Alternatively, the PH
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domain may become more compact upon ligand binding; for example, the binding of 

D -IP 3  may cause loop-1 and loop-3 to fold down onto the domain core more tightly 

than in the absence of ligand, as appears to be the case for the binding o f D -IP 3  to 

the PLC-5i PH domain (Ferguson et al., 1995). However, upon examination of the 

(-85%) assigned R2 data, it appears that the addition of D-IP 3  does not have an effect 

which is localised to specific areas o f the PH domain, but rather results in a decrease 

of the R2  values determined for most residues {Figure 4-21). This observation 

supports the interpretation of the R2 data by the model describing the equilibrium 

self-association of the PH domain and argues against D-IP 3  causing a decrease in R2 

through a localised effect on the PH domain which significantly restricts the mobility 

of only a subset o f residues.

Figure 4-21: Assigned R2 values for the dynamin PH domain (at 32 °C, 600 Mhŝ d- addition of 
D-IPj does not appear to have a highly localised affect on the PH domain.
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R esu lts  (5): Multiple fu n ct ion s  for the  PH domain foid

Structural variations In the PH domains from different 
proteins

The 3-D structures of the PH domains from a number of proteins have now 

been determined, including those from dynamin, Btk, PLC-Ôi, p-spectnn, pleckstrin, 

SOSl and P-ARK. Upon a comparison o f their structures, it appears that these PH 

domains share the same overall fold (Figure 4-22). However, the phosphoinositide

Figure 4-22: Aligned backbone traces of the PH domain structures from dynamin, Btk, pleckstrin, 
-̂spectrin and PLC-ôi.fmade with Insightll- Biosjm). A ll domains show the same overall topology: 

two p-sheets and a C-terminal a-heUx. The loop regions exhibit a few minor structural variations.

^ 4is

I
%
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binding sites determined for a number o f these proteins are remarkable insofar as 
they fall into two distinct classes. The binding site for the dynamin PH domain, 

identified here by NMR, is located between loop-1 and loop-3. An analogous binding 

site for D - I P 3  has been identified by X-ray crystallography studies of the P L C - Ô 1  PH 

domain complexed with D - I P 3  (Ferguson et al., \99S){Figure 4-23), and by NMR 

studies in which D - I P 3  was observed to bind specifically to the SOSl PH domain 

(Zheng et al., 1997). Although structural studies of the Btk PH domain in the 

presence o f phosphoinositide ligands have not been reported, mutational analyses and 

homology modelling suggest that its phosphoinositide binding site also lies between 

loop-1 and loop-3 (Hyvonen and Saraste, 1997; Salim et al., 1996; Vihinen et al., 

1995).

Figure 4-23: Diagrams of the PLC- 8 1  und -̂spectrin PH domains complexed with D-IPj, (shown 
in balL-and-stick styk -  all atoms red). The domain loops forming the binding sites are in yellow. 
Whik the overall topologies are the same, the binding sites are different.

i
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In contrast with the PH domains listed above, the crystal structure o f  the (3- 

spectrin PH domain in complex with D-IP3 defines an alternative binding site, 

comprised o f loop-1 and loop-5 (Hyvonen et al., \99S){Figure 4-23). This alternative 

location for the phosphoinositide binding site also appears to exist in the solution 

structure o f the N-terminal pleckstrin PH domain (Yoon et al., 1994) and the 

mutation o f any o f three lysine residues within this site reduces the PtdIns(4 ,5 )P2 

binding ability o f  the pleckstrin PH domain (Harlan et al., 1995). It is interesting that 

where the PLC- 8 1  PH domain binds to D-IP3, the ^-spectrin PH domain has a 

short a-helix, and vice-vena {Figure 4-23). The different positioning o f  this a-helix may 

be a contributing factor that determines which type o f binding pocket a PH domain 

can provide for potential ligands.

Interestingly, another subtle variation o f the PH domain has been revealed 

recently by NMR studies o f a C-terminally extended PH domain from P-ARK 

(Fushman et al., 1998). This 3-D structure reveals a PH domain with the same overall 

topology seen in other PH domain structures. However, it has an additional C- 

terminally extended a-helix which is thought to bind to the Py sub-units o f  G- 

proteins. Despite this difference from other PH domains, the extended P-ARK PH 

domain was also shown to bind specifically to D-IP3, but Fushman et al. do not state 

whether this interaction closely resembles either the dynamin-type or the P-spectrin- 

type o f D-IP3 binding site defined above.

Structural similarities between PH domains and PTB 
domains

The versatility o f the PH domain fold is suggested by its similarity to the 3-D 

structure determined for the IRS-1 PTB domain {Figure 4-24). The latter structure was 

determined in a complex with a pY-containing peptide derived from the IL-4 

receptor (Eck et al., 1996; Zhou et al., 1996). The 3-D structure o f the She PTB 

domain is very similar to the IRS-1 PTB domain and thus also to many PH domains 

(Zhou et al., 1995). In addition to phosphopeptide binding, these two PTB domains 

seem to have a second potential ligand-binding pocket, which could bind to 

phosphoinositides in a position comparable to loop-1 and loop-3 type o f  binding site 

seen in the dynamin and PLC- 8 1  PH domains. However, only the She PTB domain, 

and not the IRS-1 PTB domain, has been shown to bind to phosphoinositides.
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Figure 4-24: Despite an apparent lack of sequence homology, the dynamin PH domain and the 
FRS-1 PTB domain have remarkably similar topologies.

Dynamin PH RS-1 PTB

Interestingly, the She PTB domain appears to display preference for 

phosphoinositides which is the reverse of that exhibited by most PH domains, i.e. for 

interactions o f She PTB domain with PtdIns(4)P the Kg=52 pM, whereas with 

PtdIns(4 ,5 )P2 the Kg=I40 pM (Zhou et al., 1995). While the IRS-1 PTB domain does 
not appear to bind to phosphoinositides, it is positioned adjacent to a PH domain, 

such that IRS-1 may nevertheless bind to phosphoinositides and undergo membrane 

recruitment. In this way, both the She and IRS-1 adapter proteins may have evolved 

with slightly different mechanisms to allow their membrane recruitment by 

phosphoinositides, but in each case a PH domain fold is involved.

In addition, it has recently been shown by X-ray crystallography studies that 

the PTB domain of the X I1 protein is capable of binding to unphosphorylated 

tyrosine-containing peptides with high affinity (KQ=0.32pM) (Zhang et al., 1997). The 

target ligands of X I1 are derived from the internalisation motif o f the Alzheimer’s 

amyloid precursor protein and, although unphosphorylated, they interact with the 

PTB domain in approximately the same way that pY-containing peptides bind to the 

IRS-1 and She PTB domains. Although the biological relevance of this interaction is 

currently unclear, the ability o f other PTB domains to bind unphosphorylated 

peptides has also been reported (Charest et al., 1996). It has emerged then, that in 

contrast with SH2 domains, PTB domains are primarily peptide-binding domains 

which have, in some cases, developed binding specificity for pY-containing peptides 

and possibly also phosphoinositides.
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Summary of results

The results presented in this chapter have established a role for PH domains 

in binding to phosphoinositides. It has been demonstrated that the PH domains from 

different proteins display binding specificities for distinct phosphoinositides. The PH 

domains o f dynamin, PLC-ôi and IRS-1 bound specifically to liposomes containing 

PtdIns(4 ,5 )P2 and also bound, to a lesser extent, liposomes containing PtdIns(4)P. In 

contrast, the PH domain o f Btk bound specifically to liposomes containing 

PtdIns(3,4,5)P), but not to liposomes containing PtdIns(4)P or PtdIns(4 ,5 )P2. The 

detection o f  specific interactions with phosphoinositides in liposomes suggests that 

the intact proteins containing these PH domains may be targeted to the plasma 

membrane in vivo. Further, the observed differences in phosphoinositide binding 

specificity suggests that PH domain-mediated membrane recruitment may occur 

through binding to different membrane components. Since PtdIns(3 ,4 ,5 )P3 is a 

product o f  PI3-kinase activity, it is possible that Btk is connected to signal 

transduction pathways involving the PI3-kinase family o f enzymes.

NMR studies have been used to define the binding site for D-IP3 on the 

dynamin PH domain. A variety o f biochemical experiments were also performed 

which demonstrate that this binding is likely to occur by the same mechanism that 

mediates the binding o f the dynamin PH domain to PtdIns(4 ,5 )P2 and PtdIns(4)P in 

liposomes. Further NMR studies probed the molecular dynamics o f the dynamin PH 

domain in the presence and absence o f D-IP3. It was observed that the dynamin PH 

domain may undergo a monomer-dimer equilibrium in solution and that dimérisation 

may be inhibited the binding o f D-IP3 .
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Correction to include results published at the time ofprinting thesis: D ow nstream  o f  P I3-kinase

The following summarises results published recently concerning targets of the 3- 
phosphorylated products o f activated PI3-kinase. In addition to Akt and PDK-1 (see Introduction), 
the guanine nucleotide exchange factor (GEF) Vav has been shown to interact with the substrates and 
products o f PI3-kinase\ That is, the PI3-kinase substrate PtdIns(4 ,5 )P2 was shown to inhibit the Rac- 
directed GEF activity o f Vav. In contrast, both the PI3-kinase products PtdIns(3 ,4 )P2 and 
PtdIns(3 ,4 ,5 )P3 were shown to be capable o f stimulating the GEF activity o f Vav. Han et al. also 
present evidence that these PI3-kinase products are likely to mediate their effects through direct 
binding to the PH domain o f Vav. In addition, the binding o f 3-phosphorylated phosphoinositides 
was shown to stimulate Vav by enhancing the phosphorylation o f Vav by the Lck tyrosine kinase. 
Lck-mediated phosphorylation of Vav on residue Y174 was previously demonstrated to stimulate the 
GEF activity o f Vav .̂ Thus, the PI3-kinase products are able to stimulate Vav, leading to the 
exchange o f GDP for GTP on Rac. Activated (GTP-bound) Rac causes changes in the actin 
cytoskeleton and the regulation o f gene expression observed in response to mitogens.

Another recent report has also identified downstream targets of PI3-kinase activation. The 
Son o f Sevenless (Sos) proteins, which control receptor-mediated activation o f Ras, contain a PH 
domain which binds to the PtdIns(3,4,5)Pg produced in response to cell PI3-kinase activation. 
Consequendy, Nimnual et al. have presented evidence that the receptor-mediated activation of Ras 
leads to PI3-kinase stimulation, PtdIns(3 ,4 ,5 )P3 production and thus to stimulation o f the Rac- 
directed GEF activity of Sos .̂ Interestingly, this model provides a mechanism for the coupling o f Ras 
and Rac signalling pathways. In support o f this model is the observation that Ras-induced actin 
rearrangement, which is mediated by Rac, requires the function o f PI3-kinase acting upstream of Rac"̂ .

These two new pathways involving Vav and Sos downstream of PI3-kinase share similarities 
with Akt and PDK-1, in that both proteins contain a PH domain. It seems likely that other proteins 
may share this mechanism for responsding to PI3-kinase activation.

1. Han, J., Luby-Phelps, K., Das, B., et al. (1998). Role of substrates and products of PI3-kinase in regulating 
activation of Rac-related guanosine triphosphatases by Vav. Science, 279, 558-560.
2. Han, J.W., Das, B., Wei, W. et al. (1997). Lck regulates Vav activation of members of the Rho family of 
GVP̂ Lses. Molecular and Cellular Biologj/, 17, 1346-1353.
3. Nimnual, A.S., Yatsula, A.B. & Bar-Sagi, D., (1998). Coupling of Ras and Rac guanosine triphosphatases 
through the Ras exchanger Sos. Science, 279, 560-563.
4. Rodriguez-Viciana, P., Warne, P H., Khwaja, A., (1997). Role of phosphoinositide 3-OH kinase in cell 
transformation and control of the actin cytoskeleton by Ras. Cell, 89, 457-467.
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Introduction: an overview  of p h osp h oin ositid e 3 -k in ases

The discovery of phosphoinositide 3~kinase activity

It is now approximately 10 years since reports were first made describing a 

novel enzyme called phosphoinositide 3-kinase (PI3-kinase). A PI3-kinase is defined 

by its ability to phosphorylate the D3-OH position on the inositol ring o f a 

phosphoinositide (Ptdlns). Studies o f  transformed cells led to the discovery o f the 

first PI3-kinase activity in a complex with the viral Src protein and the middle-T 

antigen o f the polyoma virus (Whitman et al., 1988). An activity was identified in this 

complex which could produce phosphatidylinositol-3-phosphate (Ptdlns(3)P) from 

phosphatidylinositol (Ptdlns). A second important discovery was that the previously 

undetected lipid, phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3 ,4 ,5 )P3) could be 

found in activated neutrophils (Traynor-Kaplan et al., 1988). This work led to the 

purification o f an enzyme capable o f  phosphorylating a variety o f phosphoinositides 

in addition to Ptdlns, resulting in the production o f Ptdlns(3)P, phosphatidylinositol- 

3,4-bisphosphate (Ptdlns(3,4)P̂ ) and Ptdlns(3,4,5)Pa. Although considerable effort 

has been invested in this field o f research, only recently have downstream signalling 

effectors o f PI3-kinases been unambiguously characterised (Alessi et al., 1997; Franke 

et al., 1997; Freeh et al., 1997; Klippel et al., 1997) and there still remain many 

questions concerning the physiological roles o f PI3-kinases.
Correction’, recently, new targets o f PI3-kinase products were identified - see opposite.

Despite the difficulties experienced in attempting to characterise PI3-kinase 

effectors, there are several lines o f evidence which suggest that the lipid products o f  

PI3-kinases may act as second messengers in intracellular signalling systems. This 

evidence includes the observation that the lipids Ptdlns(3,4)Pg and Ptdlns(3,4,5)P3 are 

not present in significant amounts in unstimulated cells but are seen to accumulate 

rapidly upon cell stimulation (Auger et al., 1989). Moreover, PI3-kinase activity can be 

specifically inhibited by the addition o f  nanomolar concentrations o f a fungal 

metabolite called wortmannin, which results in the inability o f cells to respond 

normally to a range o f extracellular stimuli (Arcaro and Wymann, 1993; Yano et al.,

1993). Furthermore, the 3-phosphoinositide products o f PI3-kinase are implicated as 

second messengers since they are not known to be substrates o f any phospholipase 

enzyme (Serunian et al., 1989). This is in direct contrast with phosphoinositide
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Ptdlns(4,5)? 2, which are hydrolysed by phospholipase C (PEG) enzymes to produce 

the second messengers D-IP3 and diacylglycerol, which effect the mobilisation o f Câ  ̂

and activation o f PKC (Berridge and Irvine, 1989).

PI3-kinase enzymes have been found in most types o f  cell studied and have 

implicated in a variety o f  important cellular processes, suggesting that they constitute 

a crucial and probably ubiquitous signalling system (Kapeller and Cantley, 1994). In 

particular, recent discoveries have shown that PI3-kinase activity is required for the 

prevention o f apoptosis in a number o f different cell types (Franke et al., 1997), that 

the retroviral oncogene p3k is homologous to the gene encoding for the catalytic sub

unit o f PI3-kinase (Chang et al., 1997) and that the longevity o f C. elegans can be 

increased by mutations in its PI3-kinase gene (Morris et al., 1996). It emerges from 

the examples given above that research into PI3-kinase encompasses many areas o f  

biology, which cannot all be described in this thesis. However, the following sections 

include a summary o f what is currently known about the family o f PI3-kinases. In 

particular, attention is focused on the archetypal class 1̂  PI3-kinase called 

pSSa/pllO a PI3-kinase — the subject o f the biophysical studies reported in this 

chapter.

The family of PI3~kinases

The PI3-kinases form a family o f enzymes, members o f  which have been 

identified in a wide range o f  eukaryotic organisms ranging from yeasts to mammals. 

In short, three classes o f  mammalian PI3-kinase have been defined and these can be 

described in terms o f their preferred substrate specificities as follows. The Class I 

PI3-kinases include the p i 1 0 a  and pllOP isoforms which are regulated by p85 sub

units (which mediate the response to receptor tyrosine kinase activation) (Escobedo 

et al., 1991; Hiles et al., 1992; Hu and Schlessinger, 1994; Skolnik et al., 1991), and the 

pllOy PI3-kinase whose activation by heterotrimeric G-proteins is proposed to be 

regulated by a p i01 adapter protein (Stoyanov et al., 1995). The Class I enzymes 

exhibit a broad substrate specificity in litro which includes Ptdlns, Ptdlns(4)P, and 

PtdIns(4,5)Pz, and can thus produce Ptdlns(3)P, Ptdlns(3,4)Pg and Ptdlns(3,4,5)P 3 ,  

respectively. The Class II enzymes include the PI3-kinases which contain a C2 

domain (Molz et al., 1996; Virbasius et al., 1996). They can use only Ptdlns and 

Ptdlns(4)P as their in vitro substrates. The Class III enzymes are restricted to the use
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Figure 5-1: The in vitro phosphoinositide substrate specificities of the family of PI3-kinase enzymes 
allom the enzymes to be defined as three distinct classes.

P t d l n s ( 3 ) P ^  P t d ! n s ( 3 , 4 ) P 2  ^  ^  P t d l n s ( 3 , 4 ^ ) P 3

Class I ff Class I ff Class i f f
Class 11 ff Class I I f f f f

Class 111 f f / i

P t d l n s  ^ ------------------ ------ P t d l n s ( 4 ) P — ^  P t d l n X W z

o f Ptdlns as an in vitro substrate and therefore they are known as Ptdlns 3-kinases. 

The Class III enzymes are homologues o f the yeast Vps34p gene product (required 

for sorting o f proteins into the yeast vacuole) and include human Ptdlns 3-kinase 

(Volinia et al., 1995) (Figure 5-1).

The family o f PI3-kinase enzymes provides a number o f alternative pathways 

for the production o f 3-phosphoinositides (Figure 5-1). Moreover, a number o f  

phosphatases have been described which are capable o f specifically 

dephosphorylating the lipid products o f PI3-kinases. These phosphatases provide 

additional pathways for the production o f phosphoinositides such as Ptdlns (3,4)Pg, 

which may therefore be produced either directly by the action o f  Class I or Class II 

PI3-kinases or indirectly by a 5-phosphatase activity on Ptdlns(3,4,5)P3 initially 

produced by a Class I enzyme. It has been reported that in most cells studied the 

increase in Ptdlns (3,4)Pg levels following cell stimulation seems to lag slightly behind 

the production o f  Ptdlns(3,4,5)P 3 ,  suggesting that the latter mechanism involving the 

5-phosphatase may predominate in vivo (Franke et al., 1997). In contrast, the 

intracellular levels o f PtdIns(3)P appear to remain constant before and after cell 

stimulation (Auger et al., 1989). The apparent regulated interplay o f  these kinase and 

phosphatase enzymes in agonist-stimulated cells is another indication that the control 

o f 3-phosphoinositide production is important for the cell. Moreover, the presence 

o f these networks suggests that there are effectors within the cell which can 

specifically respond to different levels o f distinct 3-phophoinositides. Although 

relatively few such effectors have been identified to date, a number o f recent reports
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have described interactions o f Ptdlns(3,4)Pg and PtdIns(3 ,4 ,5 )P3 with potentially 

significant binding partners, these reports are discussed further below.

In addition to the involvement o f PI3-kinase in apoptosis mentioned above, 

the Class I PI3-kinases and their 3-phosphoinositide products have been implicated in 

a diversity o f  cellular responses, including membrane ruffling (Parker, 1995), 

chemotaxis (Kundra et al., 1994), secretory responses (Yano et al., 1993), the insulin- 

mediated membrane translocation o f  glucose transporters (Okada et al., 1994) and 

regulated cell adhesion events (Zell et al., 1996). The apparent involvement o f PI3- 

kinase in so many processes has made the investigation o f  3-phosphoinositide 

production and metabolism, and the identification o f 3-phosphoinositide downstream 

effectors, an important goal o f research into intracellular signalling systems.

The Class I PI3~kinases

The Class I PI3-kinase enzymes can be distinguished from each other 

according to their mechanism o f activation. The Class Ig PI3-kinase is defined by its 

ability to be activated via the G a and OPy sub-units o f heterotrimeric G-proteins. 

The Class Ig PI3-kinase termed pllOy has been found to exist in a complex with a 

100 kDa protein (plOl) (Stephens et al., 1997) and together they may link signalling 

through G-protein-coupled receptors to the generation o f 3-phosphoinositide second 

messengers (Stoyanov et al., 1995). In contrast, the Class I^ PI3-kinases are activated 

by membrane-bound receptors with intrinsic or associated tyrosine kinase activity. It 

is with the archetypal Class I^ PI3-kinase termed p 8 5 a /p ll0 a  PI3-kinase that this 

thesis is principally concerned.

Since it was one o f the first PI3-kinases to be characterised and cloned 

(Hiles et al., 1992; Morgan et al., 1990; Otsu et ai., 1991) it is not surprising that 

p 8 5 /p ll0  PI3-kinase has been more extensively studied than most other PI3-kinase 

enzymes. As suggested by its name, this enzyme is composed o f two sub-units, an 85 

kDa regulatory sub-unit called p85 and a 110 kDa sub-unit called p i 10. A number 

isoforms o f both types o f sub-unit have been identified, they are known as p85cx, 

p85p and p85y, and pllOct and pllOp, respectively (Vanhaesebroeck et al., 1996). The 

sequence identity between the different sub-unit isoforms is generally quite high; for 

example, the bovine p85a and p85P sub-units share 50 - 85% sequence identity in
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most regions (Kapeller and Cantley, 1994). In addition there exist shortened forms o f  

these 85 kDa proteins in which the N-terminal region containing the SH3 domain 

and BCR domain has apparently been replaced by a unique N-terminal sequence 

followed by a conserved proline-rich region. These proteins have been called p55™  ̂

(Pons et al., 1995) and p85y (M.D. Waterfield, LICR, unpublished). The tissue 

distribution and sub-unit pairings o f the different p85 and p i 10 sub-unit isoforms has 

not been fully established, but there is preliminary evidence to suggest that a range o f  

possible pairings o f the different p85 and p i 10 sub-units may exist in vivo 

(Vanhaesebroeck et al., 1996). The possibility for different pairings to exist suggests a 

mechanism for the different modes o f regular PI3-kinase which may be required in 

different tissue types.

The protein kinase activity of PI3-klnases

In addition to its well-characterised lipid kinase activity, p 8 5 a /p ll0 a  PI3- 

kinase has also been found to have a Mn^^-dependent protein kinase activity. The 

protein kinase activity is intrinsic to the p i 1 0 a  sub-unit which specifically 

phosphorylates residue S608 in the p85a sub-unit\ resulting in inhibition o f the lipid- 

directed PI3-kinase activity (Carpenter et al., 1993; Dhand et al., 1994). The serine 

phosphorylation usually occurs within the p 8 5 a /p ll0 a  heterodimer, but 

phosphorylation o f exogenous p85a has also been observed. Although neither the 

lipid- nor peptide-binding sites are well characterised, the catalytic site o f the protein 

kinase is thought to overlap that o f the lipid kinase, since a mutation o f residue R916 

in the p i 10a sub-unit simultaneously eliminates both activities (Dhand et al., 1994).

The physiological role o f p 8 5 a /p ll0 a  phosphorylation is not yet clear. It 

may represent an autoregulatory function rather than a widespread protein kinase 

function akin to that shown by protein kinases such as PKC. However, it has also 

been reported that p 8 5 a /p ll0 a  can phosphorylate IRS-1 (Lam et al., 1994), 

suggesting an involvement o f the PI3-kinase protein kinase activity in insulin 

signalling. In addition, the yeast Ptdlns 3-kinase Vps34p has been shown to exhibit a

 ̂ While the amino acid sequences of the human and bovine fbons of the PI3-kinase sub-units p85a 
(and otsu m, cell 65, pp91,1991) and pi 10a ( and Hiles ID, cell 70, pp419,1992) are largely identical, 
it should be noted that the residue numbering schemes used here refer to the bovine forms, i.e. the 
same forms from which the proteins studied in this thesis originate.
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Mn^^-dependent protein kinase activity in vitro. However, Vps34p 

autophosphorylation does not seem to mediate autoregulation, nor have other targets 

o f the Vps34p protein kinase been identified. Thus, despite the observed association 

o f protein kinase activity with more than one PI3-kinase, the physiological role o f this 

activity remains largely unclear. However, on a related note, it is interesting that the 

C-terminal region o f the p i 1 0 a  sub-unit appears to be distantly related to the catalytic 

domain o f  the protein kinase superfamily, containing conserved motifs I and II o f the 

prototypic protein kinase catalytic domain. It has therefore been suggested that the 

lipid and protein kinase activities may be evolutionarily related (Hunter, 1995). Indeed, 

this is supported by the recent findings that a few proteins apparently lacking lipid 

kinase ability, including the DNA-dependent protein kinase (Hartley et al., 1995) and 

the Ataxia telangiectasia (ATM) gene product (Savitsky et al., 1995), contain regions 

of sequence similarity to the kinase domain o f pi 10a PI3-kinase.

The current understanding of p85a/p110a PI3-klnase 
structure and function

The following section summarises what is currently known about the 

p 8 5 a /p ll0 a  PI3-kinase in terms o f which regions o f the enzyme are responsible for 

mediating its observed functions and responses to activation. The p85a and p i 1 0 a  

PI3-kinase sub-units contain a number o f recognised protein domains (Kapeller and 

Cantley, 1994; Skolnik et al., 1991) (Zvelebil et al., 1996). The p i 1 0 a  sub-unit contains 

an N-terminal p85a-binding domain, a Ras-binding domain, a phosphoinositide 

kinase (PIK) homology domain and the catalytic lipid (and protein) kinase domain at 

the C-terminus {Figure 5-2) (Zvelebil et al., 1996). There is currently very little 

structural information concerning these domains o f p i 10a. However, some 

investigations o f  the constituent domains have allowed the mapping o f  functional 

characteristics o f the enzyme. For example, the catalytic activity o f  p i 10a is 

stimulated by its direct interaction with the small GTPase Ras (Rodriguez-Viciana et 

al., 1994; Rodriguez-Viciana et al., 1996). The interaction involves residues 190 - 288 

o f pllOa, as determined by deletion studies (M.D. Waterfield & J. Downward, 

unpublished). Similarly, the p85a-binding region which mediates the constitutive 

p 8 5 a /p ll0 a  heterodimer formation has been localised to a region including residues 

20 - 108 o f p i 10a (Dhand et al., 1994).
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Figure 5-2: The domain structure of the p85a!p110a PI3-kinase subunits.
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Perhaps the most studied structural feature of the pi 10a sub-unit is its 
interaction with the regulatory p85a PI3-kinase sub-unit. It has been reported that 

the interactive regions o f the p85a and pi 10a sub-units are provided by segments of 

less than 103 and 124 amino acids, respectively (Klippel et al., 1994). The association 

of sub-units mediated by these regions appears to be critical for p85a/pl 10a PI3- 
kinase activity. Indeed, in vitro., a complex between a 102 amino acid segment of p85a 

and the full-length pi 10a sub-unit is catalytically active, whereas pi 10a alone has very 

little activity (Klippel et al., 1994). This suggests that p85a is not merely an adapter for 

pi 10a, but is also an important component of the catalytic PI3-kinase complex.

The p85a PI 3-kinase sub-unit contains an N-terminal SH3 domain in the 

region Ml - K80. The SH3 domain is followed by two proline-rich regions (P84 - 

PI01 and P303 - P314) which are separated by a BCR homology domain (or BCR 

domain) contained within the region E l05 - W298. The BCR domain is followed by 

two SH2 domains, each of about 110 amino acids. The N-terminal SH2 (N-SH2) 

domain is contained within residues P314 - Y431, whereas the C-terminal SH2 (C- 

SH2) domain spans residues E614 - R724. The SH2 domains flank a region of about 

200 amino acids with no apparent sequence homology to other proteins, but which 

contains a putative coiled-coil. This region has been termed the inter-SH2 domain 

and encompasses the section of p85a which binds tightly to the pi 10a sub-unit 

(Figure 5-2).
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In contrast with the p i 1 0 a  sub-unit, the constituent domains o f  p 8 5 a  (with 

the exception o f the inter-SH2 domain) have been extensively studied in isolation and 

are now well-characterised in terms o f  their 3-D structures. In addition, a number o f  

binding partners o f the p 8 5 a  domains have been identified, thus providing insight 

into the regulation o f p 8 5 a  and PI3-kinase. However, despite a wealth o f  knowledge 

concerning the isolated domains, a complete picture o f  the inter-domain organisation 

within the p 8 5 a  sub-unit and the ability o f p 8 5 a  to undergo intermolecular 

interactions with p i 1 0 a  and other binding partners remains to be determined. The 

results presented in this chapter describe a number o f biophysical investigations o f  

the structural organisation o f the domains in p 8 5 a , performed with a view to 

obtaining insight into the regulation o f  intact p 8 5 a / p l l 0 a  PI3-kinase.

The SH3 domain of p85a

The isolated SH3 domain o f p85a has been shown to bind with relatively 

high affinity to a variety o f proline-rich peptide ligands in vitro (K^ — 1 0 - 5 0  

|lM) (Booker et al., 1993; Gout et al., 1993). While not all o f these interactions are 

necessarily o f physiological relevance, it seems likely that the role o f the p85a SH3 

domain is to bind proline-rich sequences in target proteins.

A study o f the p85a binding specificity using a biased combinatorial peptide 

library was used to define a Class I consensus SH3 domain-binding sequence 

containing the residues RXLPPRPXX (where X represents any amino acid other than 

cysteine) (Yu et al., 1994). Interestingly, it has been noted that an approximation o f  

this consensus proline-rich sequence exists between residues P91 - PlOl in p85a 

(Kapeller et al., 1994; Yu et al., 1994). Moreover, it has been shown by fluorescence 

spectroscopy and size-exclusion chromatography that a recombinant protein 

containing both the SH3 domain and region P91 - PlOl o f  p85a undergoes 

dimérisation in solution, with a Kg=0.9 ± 0.3 |iM (Chen and Schreiber, 1994). 

However, while a proline-rich mediated dimérisation was implicated, these studies did 

not reveal further details about the intermolecular interaction. The potential for intra- 

or intermolecular interactions o f p85a with its endogenous proline-rich regions 

suggests a possible regulatory mechanism for p 8 5 a /p ll0 a  PI3-kinase. Such 

interactions within PI3-kinase may in turn be regulated by SH3 domains o f  the Src- 

family kinases, which have been shown to be capable o f activating PI3-kinase in
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permeabilsed cells, through binding to proline-rich regions in p85a (Pleiman et al., 

1994). The biophysical studies presented below are directed towards developing an 

understanding of potential regulatory interactions o f the p85a SH3 domain which 

may occur with its endogenous proline-rich sequence in an intra- or intermolecular 

fashion.

The 3-D structure of the SH3 domain of p85a has been determined by both 

NMR spectroscopy, in the absence (Booker et al., 1993) and presence of a proline- 

nch ligand (Yu et al., 1994), and X-ray crystallography (Liang et al., 1996). The NMR 

and crystallographic structures are highly similar and, consistent with the structures 

determined for other SH3 domains, define the p85a SH3 domain as being composed 

of five (3-strands organised into two roughly orthogonal ^-sheets. One P-sheet is 

formed by P-strands 1, 2 and 5, while P-strands 3 and 4 form the second P-sheet. The 

overall structure comprises a compact anti-parallel P-barrel {Figure 5-3). The P-strands

Figure 5-3: The 3-D structure of the p85a SH3 domain (Liang 1996). The residues involved in 
binding to proline-rich sequences are shown in hall-and-stick representation.
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1 and 2 are joined by a long hairpin loop which flips to a position on top of, and 

orthogonal to, the P-barrel. The loop connecting P-strands 2 and 3 (loop P2-3) is the 

longest known among characterised SH3 domains. In p85o^ this loop contains a 15 

amino acid insertion which contains a regular a-helix o f 7 amino acids followed by 

two 3io helices each o f 4 amino acids. This large loop provides two additional adjacent 

pockets on the SH3 domain which are connected by a groove to a region o f the 

peptide binding site (Liang et al., 1996). The loop p2-3 seems to make relatively few 

contacts with the rest o f the SH3 domain. The equivalent loop in the Src SH3 

domain is considerably shorter but is nevertheless vital for mediating interactions 

between the SH3 domain and its binding partners. The unique nature o f the loop P2- 

3 in the p85a SH3 domains suggests that it may be adapted to perform a specialised 

role which, by analogy with Src, could include interactions with other proteins.

NMR studies employing chemical shift perturbation analyses allowed the 

identification o f the binding site for a proline-rich ligand derived from the C-terminus 

of the dynamin GTPase on the p85a SH3 domain (Booker et al., 1993). Further 

studies have since described the 3-D structure o f a complex formed between the 

p85a SH3 domain and a synthetic proline-rich peptide ligand, named RLPl. The 

RLPl peptide contains residues RiKLPPRPSK^ and therefore conforms to the 

defined consensus binding sequence. The peptide binding site o f the p85a SH3 

domain is formed by a hydrophobic surface patch surrounded by several charged 

residues. The amino acids forming the primary proline-binding site include Y14, W55, 

P70 and Y73 (Figure 5-3), all o f which are found to be conserved in many SH3 

domains (Liang et al., 1996). A second proline binding site is formed in part by Y12, 

the first residue in a characteristic ALYDY motif common to numerous SH3 

domains (Yu et al., 1994). In the complex formed by RLPl and the p85a SH3 

domain, the proline-rich ligand adopts an extended conformation with all peptide 

bonds in a /r<2»j‘-configuration and the central part o f the ligand forms a left-handed 

type-II proline-rich helix. It seems likely that the physiological proline-rich ligands o f  

the p85a SH3 domain bind in a similar manner.

In the p85a SH3 domain, the conserved peptide-binding residues form three 

well-defined clefts, termed SI, 82 and S3, which accommodate the proline and 

arginine residues commonly found in ligands o f  the SH3 domain. In addition, it is 

noteworthy that in the crystal structure the p85a SH3 domain makes contacts with 

five symmetry related SH3 domains. Despite the absence o f added peptide ligand, this
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packing arrangement results in the occupation o f the SH3 peptide-binding site, where 

the clefts SI and 82 are filled by the C-terminal residues IggSPPgg o f a neighbouring 

SH3 domain and cleft S3 by residue R18 o f yet another SH3 domain. These non

contiguous interactions are fundamentally similar to those observed in the NMR 

structure o f the p85a SH3 domain complexed with the contiguous epitopes o f the 

RLPl peptide and thus may represent a model for an intramolecular interaction o f  

p85a in vivo. As a result o f these ligand-binding studies, it has been proposed that 

alternative interactions o f  the SH3 domain with intra- or inter molecular proline-rich 

epitopes may be used to provide a conformational switch mechanism. Moreover, as 

seen in the p85a SH3 domain crystal structure, studies o f an SH2-SH3 domain 

protein derived from the Lck Src-family kinase have also suggested that SH3 domains 

may bind to non-contiguous epitopes similar to those localised in a linear proline-rich 

peptide (Eck et al., 1994). It will be interesting to see whether this emerges as a 

common binding mechanism in addition to the well-characterised interactions with 

extended proline-rich helices, and whether such a mechanism may play a role in 

regulating the domain organisation o f p85a and, thereby, PI3-kinase activity.

The BCR domain of p85a

The p85a BCR domain shares sequence homology with a number o f 

proteins which also contain BCR domains and which are known to bind to and 

stimulate Rho-family G-proteins (Lancaster et al., 1994; Ridley et al., 1993). However, 

evidence suggesting that the p85a BCR domain plays a similar role in regulating Rho- 

family G-proteins is currently limited. For example, it has been shown that the p85a 

BCR domain interacts with Cdc42Hs and Rac, but not with RhoA (Tolias et al., 1995; 

Zheng et al., 1994). However, while Zheng et al. report that the binding o f Cdc42Hs 

leads to a weak activation o f  the p 8 5 a /p ll0 a  PI3-kinase in vtirô  Tolias et al. did not 

find any stimulatory effect o f Rho-family G-proteins on the activity o f purified 

p 8 5 a /p ll0 a  PI3-kinase. Despite the demonstration o f interactions with Rho-family 

G-proteins, the p85a BCR domain does not seem to have intrinsic GAP activity. 

Nevertheless, it has been suggested that the phosphoinositide products o f  

p 8 5 a /p ll0 a  PI3-kinase may act in a signal-dependent pathway which results in the 

reorganisation o f the cytoskeleton by Rho-family G-proteins (Tolias et al., 1995).
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In contrast with the reports described above, a direct interaction o f the p85a 

BCR domain with either Rac, Cdc42Hs or RhoA has not been reproducible by co

workers at the LICR (P. Das, LICR, personal communication), raising questions 

about the physiological relevance o f the previous studies. Indeed, a recent report 

describing the 3-D structure o f the BCR domain o f RhoGAP in complex with the 

RhoA GTPase has provided some clues into the observed differences between the 

BCR domain binding specificities (Rittinger et al., 1997). From the RhoGAP-RhoA 

structure, and other structures o f GAP protein-GTPase protein complexes, it can be 

seen that an asparagine residue (N194) in RhoGAP a-helix F, interacts with, a 

presumably stabilises, a tyrosine residue (Y34) in the effector region o f RhoA which 

contains GAP activity (Rittinger et al., 1997). The residue N194 is the only polar 

residue conserved among all BCR domains which exhibit GAP activity (Barrett et al., 

1997); mutation o f RhoGAP N194 to valine results in a 50-fold reduction o f  

RhoGAP activity (Rittinger et al., 1997). The RhoGAP residue N194 is absent in the 

p85a BCR domain, where a valine residue (V263) is present. This difference between 

p85a BCR and other BCR domains with demonstrated GAP activity may account for 

the lack o f observed GAP activity in p85a. Interestingly, the p8SP BCR domain also 

lacks an equivalent o f the RhoGAP residue N194 residue, suggesting that the BCR 

domains o f  the p85 sub-units may both have functions other than GAP activity. 

However, since some clues relating to the function o f the p85a BCR domain have 

been presented in the literature, it may prove informative to study the domain 

further.

An additional factor contributing to interest in the p85 BCR domains is that 

the sequence identity between the p85a and p8SP sub-units o f PI3-kinase is at its 

lowest (42%) in their BCR domains. This clustering o f sequence variations in the p85 

alleles may represent sites through which alternative regulation mechanisms for the 

different p85 isoforms might act.

The 3-D structure o f the human p85a BCR domain has been determined at 

high-resolution by X-ray crystallography (Musacchio et al., 1996). The p85a BCR 

domain is composed o f 7 a-helices which are organised into a unique fold. A core o f  

four a-helices seems to contain most o f the residues conserved throughout the BCR 

domain family, suggesting that this unit may contain the putative G-protein binding 

site. The structure has been described as a four-helix bundle, with an extra projection 

composed o f  three a-helices (Musacchio et al., 1996). This structure is essentially the
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same as that of the BCR domain from (p50)-RhoGAP determined by X-ray 

crystallography (Barrett et al., 1997). The RhoGAP BCR domain contains nine a- 

helices including a core of a four-helix bundle, the three a-helix projection and two a- 

helices as a C-terminal extension relative to the p85a BCR domain.

The human p85a BCR domain is seen to form a dimeric structure under the 

conditions of crystal packing. The BCR dimer interface is formed by the residue 

M176 of one BCR domain being accommodated in a small, exposed pocket formed 

by the hydrophobic residues L161,1177 and V181, all o f which residues are located in 

a large loop between a-helices A and B (Musacchio et al., 1996) {figure 5-4). These 

hydrophobic residues are well-conserved in the bovine p85a BCR domain (excepting 

the substitution 1177 F177), but are less conserved in the p85p BCR domain which

does, however, show a preponderance of hydrophobic residues in this region. 

Although the relevance of dimers formed under the constraints of crystal packing 

may in many cases be artefactual (Janin, 1997), it is interesting that a different crystal 
form of the p85a BCR domain has also been reported to show the same dimenc 

interaction (Musacchio et al., 1996). The determination of the p85a BCR structure 

prompted Musacchio et al. to propose that an exposed patch containing conserved 

BCR domain residues forms a potential G-protein binding site, but this has not yet 
been established. In short, despite the determination of its 3-D structure, the function 

of the p85a BCR domain remains elusive — as does the function of the p8SP BCR

Figure 5-4: The dimeric 3-D structure of the p85a BCR domain (Musacchio, 1996). The 
methionine residues which form the dimer interface are shown in hall-and-stick style.
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domain.

The SH2 domains of p85a

The p85a SH2 domains, like all characterised SH2 domains, bind to short 

amino acids sequences containing phosphorylated tyrosine (pY) residues, exhibiting 

high affinity interactions for which the dissociation constants. Kg, are typically in the 

range 10 - 1000 nM (Nolte et al., 1996; Panayotou et al., 1993). The p85a N - and C- 

SH2 domains have been shown to interact specifically with ligands contained in many 

tyrosine kinase-linked receptors, including the PDGF (Panayotou et al., 1993), erbB3 

(Soltoff et al., 1994) and CSF-1 receptors (Reedijk et al., 1992), IRS-1 (Sun et al., 

1991), and the polyoma virus middle-T antigen (Auger et al., 1992). The preferred 

target ligand in these binding partners appears to be defined by a consensus sequence 

motif o f pYi(M/V)XMj+3, where X can be any amino acid. This preferred motif is 

unique for the SH2 domains o f  p85ot, although many SH2 domains appear to require 

a conserved hydrophobic residue at the i+3 position. The specificity o f  binding 

between the SH2 domains and their targets is largely determined by the nature o f  

these short pY-containing sequences, which thus confer the specificity o f PI3-kinase 

recruitment in the cell, with implications for the regulation o f downstream signalling 

events.

The 3-D structures o f the N-SH2 and C-SH2 domains have been 

determined by NMR spectroscopy (Booker et al., 1992; Breeze et al., 1996) and X-ray 

crystallography (Nolte et al., 1996) and are found to be in good agreement, 

particularly for the core regions o f the domain. Since identified SH2 domains 

generally exhibit a high level o f amino acid sequence homology (Russell et al., 1992), it 

is not surprising that their 3-D structures are also similar. The p85a SH2 domains 

both exhibit the typical SH2 domain protein fold, i.e. a central P-sheet o f three anti

parallel p-strands flanked on both sides by a-helices o f  10 - 12 amino acids. The N- 

SH2 domain also contains a short N-terminal a-helix which has not been found in 

other SH2 domains. A number o f 3-D structures have been solved for complexes o f  

pY-containing peptide ligands with the p85a SH2 domains (Breeze et al., 1996; Nolte 

et al., 1996) and for other SH2 domains, including those from PLC-y (Pascal et al.,

1994), Src (Waksman et al., 1992) and Lck (Eck et al., 1993). In most SH2 domain 

structures complexed with pY-containing peptide, the ligand appears to bind in a so- 

called ‘prong and socket’ model (Eck et al., 1993), and this conserved manner o f
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ligand binding is also exhibited by the p85a SH2 domains (Figure 5-S). In short, for 

both the N-SH2 and C-SH2 domains, the target pY side chain group enters, and 

forms multiple hydrogen bonds with, a conserved positively-charged pocket on one 

side of the P-sheet which contains a number o f arginine side chains. The pY+1 

hydrophobic residue binds in a shallow hydrophobic groove present on the SH2 

domain surface. The peptide ligand runs across the domain to the opposite face of 

the P-sheet, where the critical pY+3 methionine residue is accommodated in a 

hydrophobic cavity in which it forms multiple contacts with hydrophobic amino 

acids. Additional details o f the interactions between the p85a SH2 domains and pY- 

containing peptide ligands can be found in the reports cited above.

Figure 5-5: 3-D structures of the p85a N-SH2 domain (Nolte et al, 1996). A: The N-SH2 
domain alone. B: The N-SH2 domain bound to apYVPM-containing ligandfrom the PDGF-R 
(shown as baLl-and-stick). The p Y  (i) and M (i+3) residues of the ligand are criticalfor binàng to 
the SH2 domain in the prong-and-socket model characteristic of dgand-SH2 domain interactions.
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Since there are no significant intra-SH2 domain conformational changes 

which occur upon ligand binding (Breeze et al., 1996; Nolte et al., \99G){Figure 5-S), it 

seems likely these SH2 domains act largely as localisation devices, allowing the signal- 

dependent recruitment o f their host proteins. However, since p85a contains two SH2 

domains (as do other proteins, e.g. PLC-y and ZAP-70), the relative orientation o f  the 

SH2 domains may change upon a double ligand-binding event, thus mediating a gross, 

allosteric conformational change upon intervening protein regions. In the case o f  

p 8 5 a /p ll0 a  PI3-kinase, the enzyme is recruited from the cytoplasm into activated 

signalling complexes organised on the autophosphorylated tyrosine sites o f  

transmembrane receptors (Kazlauskas and Cooper, 1990). This recruitment brings the 

PI3-kinase into close proximity with its phosphoinositide substrates and is thereby 

proposed to increase catalytic activity (at least partly) through a mechanism o f  

translocation (Panayotou and Waterfield, 1993). The presence o f multiple potential 

regulatory domains in the p85a sub-unit indicates that interactions with other 

membrane components or membrane-located proteins are likely, which may also 

apply for the pi 10a catalytic sub-unit. Such interactions may act as regulators o f  PI3- 

kinase activity.

An additional role for the p85a SH2 domains in the regulation o f PI3-kinase 

activity has recently been proposed (Rameh et al., 1995). This proposal is discussed 

and assessed through various experiments reported in Chapter 6.

Results (1): Biophysical studies of the PI3-kinase 
BCR domain

Preliminary NMR studies of the Pi3-kinase p85 BCR domains

The BCR domain o f p 8 5 /p ll0  PI3-kinase is the only recognised domain in 

the p85a regulatory sub-unit for which a specific function has not been established. 

In the context o f understanding the regulation o f p 8 5 /p ll0  PI3-kinase, the BCR 

domain was therefore considered an interesting target for both structural and 

functional studies. At the time o f starting the studies described below, the structural 

details o f any o f the known BCR (or RhoGAP) domains had not been reported. 

However, as described above, the 3-D structure o f the p85a BCR domain has now
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been determined by X-ray crystallography (Musacchio et al., 1996) and yet, the report 

has not provided conclusive information concerning the function of the domain.

Here, preliminary structural investigations of the p85a and p85(3 BCR 

domains proceeded by the collection of a 1-D NMR spectrum for each protein. The

Figure 5-6: Analysis of the p85 BCR domains ly N M K The 1 -D NMR spectra of the p85a 
(A) and p85^ (B) BCR dommns are vey crowded. The 2-D FISQC pectrum of the
p85a BCR domain (C) is also very overlapped (particularly in the range 8.0-8.4 p.p.m.). The 
appearances of all these NMR pectra are characteristic of large proteins.
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1-D spectra o f both BCR domains were found to display features characteristic o f  

large proteins (>20 kDa). In the 1-D NMR spectra, the proton signals in the methyl 

regions ( 0 - 2  p.p.m.) and the amide regions are relatively poorly dispersed, and 

exhibit low signal-noise ratios (Figure 5-S). Similarly, the 2-D HSQC spectra o f

the p85a BCR domain (Figure 5-6) and the p85(3 BCR domain (data not shown) reveal 

rather crowded patterns o f overlapping cross-peaks. The poor spectral qualities o f  

both BCR domains (compared with the well dispersed signals observed in the NMR 

spectra o f the p 8 5 a /p ll0 a  PI3-kinase SH3 domain (see below) and the dynamin PH 

domain (see Chapter 4)) were consistent with the relatively large size o f these 

domains (> 20 kDa) and, moreover, suggested that the BCR domains might undergo 

self-association in solution. However, these NMR analyses alone do not constitute a 

study o f the potential self-association o f the p85a BCR domains, for which 

alternative techniques were employed.

In addition, it is noteworthy that the amide-proton region in both BCR 

domain spectra show a preponderance o f signals at about 7 p.p.m., a region in which 

signals derived from amino acids in a-helical protein structures are commonly located 

(Wüthrich, 1986). This observation is consistent with the published structure, which 

shows that the p85a BCR domain contains seven a-helices and very little P-sheet 

(Musacchio et al., 1996)(Figure 5-4); i.e. the predominance o f a-helix in the structure 

may result in the observed chemical shift clustering. In addition to the amino acid 

sequence similarities o f the p85a and p8SP BCR domains, the similarities o f the NMR 

spectra suggest that the structure o f the p8SP BCR domain is likely to be homologous 

to the a-helical structure determined for the p85a BCR domain.

PFG-NMR diffusion studies of Pi3~kinase p 8 5 a  BCR domain

PFG-NMR studies allow measurements o f the diffusion rate o f a protein in 

solution. Here, PFG-NMR studies were used to investigate further the observations 

from the preliminary NMR studies o f the p85 BCR domains which suggested that the 

BCR domain might undergo self-association. Assuming that any self-association 

occurring is a reversible equilibrium process, PFG-NMR studies were performed on 

the p85a BCR domain in order to determine whether the measured diffusion rate 

exhibited a dependence on sample concentration.
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As described in Chapter 2, successive PFG-NMR experiments performed 

with incremented PFG strength allow a plot o f ‘Normalised signal intensity vs. PFG^’ 

to be made for a specific protein sample o f known concentration. This plot can be 

used to calculate a signal intensity decay rate which is proportional to the rate of 

protein diffusion. The plots shown display the results of the PFG-NMR diffosion 

measurement experiments performed on a sample o f the p85a BCR domain at three 

different concentrations {Figure 5-7). There is a noticeable increase in the rate of signal 

intensity decay as the sample concentration is reduced. The corresponding calculated 

values o f diffosion rate for the p85a BCR domain are as follows: 0.6 mM sample: 0.68 

X 10 °̂ m ŝ ;̂ 0.3 mM sample: 0.71 X 10 °̂ m ŝ ;̂ and 0.15 mM sample: 0.8 X 10 °̂ m ŝ \  

The observation that the sample diffosion rate increases with decreasing sample 

concentration is indicative of a sample o f which the average size decreases with 

decreasing concentration. This results suggests that within the range of 0.15 - 0.6 mM,

Figure 5-7: Plots of decaying signal intensity with increasing gradient strength obtained from PFG- 
NMR studies of the BCR domain at three different concentrations. The rates of deccrg were 
determined Ity fitting a model of exponential deccty to the experimental data obtained

c 0.2

0

0.6 mM p85a BCR 
0.3 mM p85a BCR 
0.15 mM p85a BCR

Z 0.8

S  0.6

200 400 600 800 1000
PFG^/(G/cm)^

237



CHAPTER 5 Investigations of the p S 5 a !p 1 1 0 a  PI3-kinase

the p85a BCR domain undergoes a reversible self-association. A series o f control 

experiment for these experiments have been performed by Dr. B. Davis^, revealing 

that the diffusion rates o f  monomeric test proteins, including lysozyme and an SH2 

domain, are essentially invariant upon sample dilution (data not shown). These 

controls suggest that the effects o f changes in viscosity o f the sample solution due to 

a reduction in protein concentration alone are not sufficiently large to cause changes 

in the measured rates o f self-diffusion.

Analytical SEC of BCR domains

To further investigate the molecular size or oligomeric state o f  p85 BCR 

domains in solution, analytical size exclusion chromatography (SEC) experiments 

were performed. Purified samples o f the p85a and p8SP BCR domains were 

subjected to analytical SEC, performed as described in Chapter 2. The elution times 

for the two samples were measured from the experimental SEC elution profiles 

recorded {Figure 3-8). By calibration o f the SEC column with protein standards o f  

known molecular weights, it was possible to determine the following values o f  

apparent molecular weight (MŴ p̂̂ ) for the BCR domains: p85a MW(app)=34000, 

p8SP MW(app)~36000. Since the predicted molecular weights o f these proteins 

calculated from their amino acid sequences are p85a MW(calq—23966 and p8SP 

MW(calq-20476, the SEC results suggest that these BCR domains may self-associate 

in the concentration range used for SEC (10-100 |lM). The extent by which these 

results for the MŴ p̂p) o f the BCR domains deviate from their predicted values was 

considered sufficiently large to suggest that there are factors in addition to molecular 

shape which may be contributing to their unexpected behaviour.

2 Dr. Ben J. Davis, UCL and LICR.
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Figure 5-8: Elution profiles from si: -̂exclusion chromatography (SEC) experiments of the p85 
BCR domains. By comparison with SEC standards, the apparent molecular weights of the BCR 
domains in solution can be estimated.
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Characterisation of the seif-association of BCR domains by 
AUC

The application of analytical ultracentrifugation (AUC) is widely considered 

to be one of the most powerful methods for the characterisation of molecular self

association. Thus, in order to substantiate the results obtained from SEC and NMR 

experiments, a series o f AUC experiments were performed (as described in Chapter 

2) on the BCR domains from p85a and p85(3. The AUC experiments showed that 

both p85 BCR domains exhibit behaviour typical o f a self-associating species. The 

data were found to fit poorly to calculated line of best fit describing the equilibrium
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concentration distribution o f an ideal non-associating protein, as judged by the non- 

random distribution o f the residuals from this calculated line (Figure 5-9). In addition, 

conversion o f the data into a plot o f vs. Absorbance’ yielded a gradient

describing increasing MW(app) with respect to protein . concentration (since 

‘Absorbance’ corresponds to protein concentration) 5-9). However, the data

fitted well to a model describing the equilibrium concentration distribution o f a 

protein species undergoing dimeric self-association. In this case, the residuals to a line 

o f best fit were randomly distributed. Using the latter, dimeric model, it was possible 

to determine the following equilibrium dissociation constants describing the protein 

dimérisation; p85a BCR: Kq = 1.2 ± 0.2 mM; p85p BCR: IQ, = 1.3 ± 0.2 mM. These 

results were obtained by the global fitting o f  data from multiple experiments 

performed with three different loading concentrations in the range 5 - 3 0  pM. The 

results are in agreement both with the preliminary observations obtained by NMR 

and the analytical SEC results given above. The observation that the graph o f  

‘M W ( a p p ) v s . Absorbance’ increases consistently but not to values considerably greater 

than those expected for the monomeric proteins may reflect the fact that the range o f  

protein concentrations used in the AUC experiments was considerably lower than the 

calculated value o f IQ for the dimeric association. (The loading protein 

concentrations used in the SEC experiments were approximately twice those used in 

AUC, which may account for the apparently more dimer-like behaviour o f the 

proteins under the conditions o f  SEC).

In addition to the results given above describing the dimérisation o f BCR 

domains in solution, the published 3-D structure o f the p85a BCR domain defines 

the protein as a dimer in its crystallised form. The dimer interface can be seen to be 

rather small (Figure 5-4) and was calculated to be only 516 (Dr. S. Jones, UCL, 

personal communication — performed using a program written for the analysis o f  

protein dimer interfaces, based on previous reports: (Jones and Thornton, 1995)). 

However, it is conceivable that the hydrophobic contacts exhibited in the crystal 

dimer are sufficient to confer the dimérisation observed here in solution. Since the 

p85a and p85p sequences are not very similar, it is not clear whether a similar 

mechanism may exist to promote dimérisation o f the p85P BCR domain. However, 

the similarity o f the two IQ values determined for the p85 BCR domain self

associations prompts the speculative comment that the p85p BCR domain may 

dimerise through a similar mechanism mediated by a region o f hydrophobic residues 

which corresponds to the region forming the p85a dimer interface.
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Figure 5-9: Analytical ultracentrifugation (AUC) results for the p85 BCR domains. The primary 
data (absorbance at 280 nm vs. radius) fitted to a model describing an ideal non-associating solute 
are shown in the middle plots. The upper plots show the residuals for the curve fitting analysis -  
their non-random pattern implies the model chosen for analysis is inappropriate. The lower plots 
show an increase of apparent molecular weight (MlT(^p) with absorbance (proportional to 
concentration), typical of a self-associating solute.
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The existence o f a small dimer interface in solution is also indicated by an 

analysis o f the NMR spectra given by the p85a BCR domain. That is, since there 

should exist a dynamic equilibrium between the monomeric and dimeric states o f the 

protein, dilution of the sample can be expected to result in the existence of a greater 

proportion of the protein in a monomeric state. Since the residues which make 

contact in the BCR domain dimer interface would be expected to exhibit a different 

set of cross-peaks in the monomeric and dimeric states, the observation that only a
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few cross-peaks signals change position upon dilution o f the sample is consistent with 

the dimeric interface o f the protein being restricted to a relatively small number o f  

residues (data not shown). This observation is consistent with the rather large Kg 

values obtained for the dimérisation o f  the BCR domains, which are in agreement 

with the interaction between the domains being quite weak. It is therefore considered 

possible that the dimeric interface described in the crystal structure may also occur in 

solution.

Results (2): AUC studies of p85a/p110a PI3-klnase

Intact p85a/p110a PI3-klnase self-associates In solution

The results presented above show that the BCR domains o f p 8 5 a /p ll0 a  

PI3-kinase can dimerise in solution. Therefore, further experiments were performed 

by AUC to determine whether the role o f the BCR domain might be to mediate the 

dimérisation o f full-length p85a and thereby p 8 5 a /p ll0 a  PI3-kinase. A series o f  

AUC experiments were performed on a number o f different protein constructs 

derived from p 8 5 a /p ll0 a  PI3-kinase, including the full-length p85a sub-unit and the 

intact p 8 5 a /p ll0 a  heterodimer.

The AUC results describing the equilibrium concentration distributions o f  

the full-length p85a sub-unit and the intact p 8 5 a /p ll0 a  heterodimer are not 

consistent with descriptions o f proteins which do not undergo self-association. That 

is, in both cases the results fit poorly to calculated lines o f best fit describing non

self-associating proteins. This poor fitting is clearly exhibited by the non-random 

distribution o f the residuals from the calculated fits (Figure 5-10). Moreover, as shown 

above for the BCR domains studied, conversion o f the data into a plot o f ‘MŴ p̂p) vs. 

Absorbance’, yielded a gradient describing values o f MW(app) which increase 

dramatically with protein concentration (Figure 5-10). The gradients increase from 

values o f MŴ p̂p) which correspond to the non- self-associated species at low protein 

concentrations, towards the MŴ p̂p) expected for the next order o f  molecular 

association (a dimer) at higher protein concentrations.
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Figure 5-10: A U C  results for the intact p85a and pSSajp110a proteins, primary data 
(Absorbance at 280 nm vs. radius) in middle. For both proteins, the upper plots show that the 
residuals to the fitted curve are non-random. In addition, the values of MW^p increase with 
absorbance, suggesting that the proteins undergo se f-association.
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The results described above suggest that both full-length p85a and intact 

p 8 5a /p ll0a  may undergo self-association. Indeed, if a model describing dimeric self

association is fitted to the AUC data obtained for the full-length p85a sub-unit and 

intact p 85 a /p ll0 a  heterodimer, the goodness-of-fit markedly improves in 

comparison to the fits given by models describing ideal non- self-associating proteins 

(Figure 5-11). A direct comparison of the residuals for the two types o f models tested 

clearly shows that the model for self-association describes the experimental data more 

precisely. However, the use of models describing the self-association of proteins into 

still higher oligomeric states (i.e. trimers or tetramers) does not result in an increased
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goodness-of-fit for the experimental data. These results, consistent with a dimeric 

self-association, were reproducible in multiple experiments and for the different 

loading protein concentrations used, ranging from 1.3 - 5.5 pM. The calculated values 

of Kg obtained by the global fitting of these data are as follows: p85a Kg=4.35 ± 0.4 

|iM; p 8 5a /p ll0a  Kg=3.0 ± 0.8 |iM.

Fignre 5-11: \Fhen the primary A U C  data for the p85a and pSSajpi 10a proteins (bottom) are 
fitted to a model describing solute self-association (rather than a model of ideal, non-associating 
behaviour) the goodness-of-fit improves -  hence the more random residuals (middle) compared with the 
non-random residuals given ly fitting with a model of an ideal non-associating species (top).
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Identifying the region conferring dimérisation of PI3-kinase

The results presented above show that the dimeric self-association o f both 

the full-length p85a sub-unit and intact p 8 5 a /p ll0 a  heterodimer is stronger than 

that observed for the isolated p85a BCR domains. This suggested that there may be 

additional regions in the full-length proteins which contribute to the strength o f  their 

dimeric interaction. Since the Kg values for the full-length p85a sub-unit and the 

intact p 8 5 a /p ll0 a  heterodimer are similar, it seemed likely that the region(s) 

conferring the dimérisation o f intact p 8 5 a /p ll0 a  heterodimer was (were) contained 

within the p85a sub-unit. Therefore, an investigation o f the p85a sub-unit was 

performed with the aim o f identifying the region(s) mediating the observed 

dimérisation o f p85a and intact p 8 5 a /p ll0 a  heterodimer.

AUC experiments and curve-fitting data analyses as described above were 

performed on distinct protein constructs corresponding to the N-terminal and C- 

terminal halves o f the p85a sub-unit. The N-terminal construct (termed SH3-BCR) 

comprises amino acids M l - S339 o f  p85a and has a predicted molecular weight 

MW(calq= 38516. The SH3-BCR protein contains the p85a SH3 domain followed by 

the proline-rich PI region, the BCR domain and extends 15 residues beyond the 

second proline-rich region, P2. The second construct (termed NiC) corresponds to 

the second half o f p85a and comprises amino acids T315 - R724; for which 

MW(calq=49532. The NiC protein contains the N-SH2 domain, the inter-SH2 region 

o f ~ 200 amino acids, and the C-SH2 domain o f p85ct.

The results obtained show that the SH3-BCR protein displays behaviour 

characteristic o f a self-associating protein (Figure 3-12), yielding a value for 

dimérisation where Kg=6.2 ±1 .0  pM. In contrast, the NiC protein displays behaviour 

which conforms to that expected for an ideal monomeric protein o f  approximately 49 

kDa. That is, the residuals for a fit o f the NiC protein data to a model describing an 

ideal monomeric protein are randomly distributed (Figure 5-12). Thus, the region 

conferring the dimérisation o f  the full-length p85a sub-unit can be localised to the N- 

terminal region spanning residues 1 - 339, with no discernible contribution towards 

dimérisation arising from the C-terminal half o f p85(X. Since the Kg values given 

above for the dimérisation o f the SH3-BCR protein, the full-length p85a sub-unit and 

intact p 8 5 a /p ll0 a  heterodimer are quite similar, it seems likely that the majority of
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Figure 5-12: A U C  results for the SH3-BCR and N iC  proteins, hike the p85a and 
p85alp110a proteins, the SH3-BCR protein exhibits behaviour characteristic of a self- 
associating protein. In contrast, the N iC  protein behaves like an ideal, non-associating sample.
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the regions contributing to the dimérisation of intact p 85a /p ll0a  heterodimer are 

located within the N-terminal half of p85ot.

However, there is an apparent trend for a slight decrease in the Kg value for 

dimérisation (indicative of promoted self-association) as the size o f the protein 

examined increases towards that of the intact p 85a /p ll0a  heterodimer. It is 

therefore possible that some relatively weak contributions towards dimérisation may
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derive from the p i 10a protein, but this was not readily testable since isolated p i 10a 

is unstable in solution. However, there are currently no known reports in the 

literature describing interactions mediated through pi 10a which are potential 

mediators o f the homodimerisation o f the intact p 8 5 a /p ll0 a  heterodimer.

A proline-rich peptide modulates PI3~klnase self-association

As described above, the N-terminal half o f  p85a mediates the dimérisation 

o f p85a. The p85a BCR domain has been shown to dimerise, for which interaction a 

Kg value in the low millimolar range was determined. However, since the larger PI3- 

kinase-derived proteins were shown to dimerise with Kg values in the low micromolar 

range, it was considered likely that there may exist regions within the SH3-BCR 

protein which contribute to dimérisation but are distinct from the BCR domain. To 

investigate this possibility, AUC experiments were performed on a protein construct 

comprising amino acids M l - T104 o f the SH3-BCR protein. This protein contains 

the p85a SH3 domain followed by the proline-rich PI region, hereafter it will be 

referred to as the SH3-P1 protein. From multiple AUC experiments, it was 

demonstrated that the SH3-P1 protein also undergoes self-association {Figure 3-13)  ̂

for which a model o f  dimérisation fits well, yielding a Kg=2.8 ± 0.4 |lM.

It has been demonstrated previously that the p85a SH3 domain can bind 

specifically to a proline-rich peptide ligand with a sequence with considerable 

homology to the region P91 - PI01 in p85a itself (Yu et al., 1994). It has also been 

proposed that the p85a SH3 domain may therefore undergo intra- or intermolecular 

proline-rich peptide-binding event (Kapeller et al., 1994; Yu et al., 1994). It was 

therefore considered increasingly possible that the dimérisation o f the SH3-P1 

protein demonstrated here could be mediated by an intermolecular interaction 

between the SH3 domain o f one molecule and the PI region o f another molecule. To 

investigate this hypothesis, the AUC experiment was repeated for the SH3-P1 protein 

in the presence o f synthetic PI peptide added at a 20-fold molar excess. The synthetic 

PI peptide spanned residues K81 - S102 o f p85a, and therefore was o f  the following 

sequence KgilSPPTPKPRPPRPLPVAPGPSioa- Since this peptide sequence contains 

no species which absorb significantly at 280 nm (i.e. there are no tryptophan (W), 

tyrosine (Y) or cysteine (C) residues) its presence would not be detected directly in 

the AUC sample cell. The AUC data obtained reveal that the presence o f  excess PI
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Figure 5-13: The S FI 3-PI protein alone yields A V C  data classically descriptive of a self associating 
protein (left). Hon-’ever, the addition of a proline-rich peptide ligand to the sa?nple induces the SH3- 
P1 protein to yield A U C  data more characteristic of an ideal, non-associating sample (right). (All 
absorbance measurements mre made at 280 nm).
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peptide induces the SH3-P1 protein to behave as an ideal monomeric protein (Figure 

5-13). These results suggest that an intermolecular, proline-rich peptide -  SH3 

domain interaction mediates the dimérisation of the SH3-P1 protein and that this 

interaction can be competed by the addition of excess PI peptide. However, the 

experiments do not yield conclusive proof of this model, since it is possible that a PI 

peptide could inhibit the observed dimérisation by a mechanism which does not 

involve the usual SH3 domain — proline-rich ligand interactions.

To assess whether the dimérisation of the SH3-P1 protein contributes to the 

dimérisation of the full-length p85a sub-unit and intact p85a/pllO a heterodimer, a
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repeat set o f AUC experiments was performed on these proteins, this time in the 

presence o f excess PI peptide (as above for the SH3-P1 protein). Interestingly, the 

data obtained suggests that the PI peptide can modulate the self-association o f  both 

the full-length p85a sub-unit and intact p 8 5 a /p ll0 a  heterodimer (Figure 5-14), 

although apparently not with the same efficacy by which it modulates the self

association o f  the SH3-P1 protein. For the p85a protein data, the presence o f  PI 

peptide resulted in the residuals occupying a near-random distribution to a fit 

describing an ideal monomeric protein. While the residuals to this fit were not 

completely random, they appear to be qualitatively less representative o f self

association than those given by the fit when applied to the p85a data obtained in the 

absence o f PI peptide (Figure 5-14). In addition, conversion o f the data for the p85a 

protein into a plot o f ‘MW(app) vs. Absorbance’ yields a graph which does not increase 

with protein concentration. The observation that this plot yields values for 

which are roughly constant with increasing sample concentration suggests that self

association has been inhibited by the PI peptide. However, it is noteworthy that the 

MW(app) is greater than expected for the species corresponding to monomeric p85a 

with PI bound. The reason for this is not clear, but it is possible that calculations o f  

MW(app) may result in artefacts if a sedimentation gradient o f the PI peptide in 

solution substantially affects the uniformity o f the solution viscosity.

The effect o f excess PI peptide on the dimérisation o f intact p 8 5 a /p ll0 a  

heterodimer was less pronounced than its effect on the smaller proteins tested. 

Nevertheless, it does appear that the presence o f PI peptide induces the protein to 

behave in a manner which can be more closely described by a model an ideal non

associating protein than can the data collected for the same protein in the absence o f 

PI peptide (Figure 5-14).

Since it is difficult to account for the sedimentation behaviour o f  the free PI 

peptide present in these experiments, the results involving PI peptide described 

should perhaps be interpreted with caution. However, it does appear that the PI 

peptide can modulate the self-association o f the full-length p85a sub-unit and o f  

intact p 8 5 a /p ll0 a  heterodimer in a manner that induces the proteins to behave less 

like self-associating species. In support o f the relevance o f these experiments, it was 

shown that the presence alone o f a peptide ligand o f intact p 8 5 a /p ll0 a  heterodimer 

is not sufficient to inhibit the self-association o f this protein. An AUC experiment 

performed on intact p 8 5 a /p ll0 a  heterodimer in the presence o f  a characterised
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Figure 5-14: The solution behaviour of both the p 8 5 a  andp85a!p110a proteins can be modulated 
by a proline-rich (PI) peptide ligand. p85a  alone exhibits sef-association (see residuals fo r a f i t  
describing an ideal species, top left). However, in the presence of PI ligand, the corresponàng 
residuals are near random (middle two plots, left). For p 8 5 a  plus PI, M W ^p does not increase 
with absorbance (bottom left). The p85a lp110a  protein abne undergoes sef-association (bottom 
two plots, right). This sef-association is inhibited by PI peptide (see residuals forfitting to an ideal 
model, top right, note scale), but not by a double-pYpeptide (secondplot down, right).
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corresponding to residues G^^gGpYy^oMDMSKDESVDpYygiVTMLygs o f bovine 

PDGF-pR — did not show the same results as obtained for the previous experiment 

performed in the presence o f PI peptide (Figure 5-14). Rather, in the presence of the 

double-pY ligand, the intact p 8 5a /p ll0a  heterodimer exhibits behaviour 

characteristic o f self-association, similar to that shown by the same protein in the 

absence of any peptide (Figure 5-14).

In summary, the data obtained show that the intact p 8 5 a /p ll0 a  

heterodimer is capable o f self-association, where the dissociation constant for the
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observed dimeric interaction is given by Kg=3.0 ± 0.8 p.M. The regions o f intact 

p 8 5 a /p ll0 a  heterodimer that mediate its self-association appear to fall into the N- 

terminal half o f the p85a sub-unit. It seems likely that the N-terminal region o f p85a 

containing the SH3 domain appears to form an intermolecular association with the 

proline-rich PI region in its dimer, and that additional forces contributing to the 

dimérisation are provided by the BCR domain. The addition o f excess PI peptide 

modulates the self-association, although the structural mechanism o f  this cannot be 

determined from these AUC experiments.

Results (3): Investigating Interactions of the p85a 
SH3-P1 protein

NMR studies of the SH3 domain and SH3-P1 protein of p85a

The AUC studies presented above indicate the formation o f an 

intermolecular interaction between the SH3 domain o f  one p85a sub-unit and the PI 

proline-rich region o f another p85a sub-unit, resulting in the dimérisation o f intact 

p 8 5 a /p ll0 a  heterodimer. Since the PDGF-PR and other receptor tyrosine kinases 

dimerise upon binding to extracellular agonists (Ullrich and Schlessinger, 1990) but 

prior to binding to p 8 5 a /p ll0 a  PI3-kinase, it seems possible that there may be a role 

for the regulated dimérisation o f  p 8 5 a /p ll0  PI3-kinase in related signalling systems. 

The interest in the dimérisation o f p 8 5 a /p ll0 a  therefore stimulated a series o f  NMR 

experiments which were performed in order to characterise further the nature o f the 

dimérisation o f the SH3-P1 protein.

As for the p85 BCR domains, a preliminary investigation o f the SH3-P1 

protein was made through an analysis o f a 1-D NMR spectrum. This analysis was 

facilitated by the use o f a control protein as a direct comparison for the behaviour 

observed. The control protein construct comprised the SH3 domain (residues M l - 

P84) o f p85a, and thus differed from the SH3-P1 protein only insofar as it lacks 20 

amino acids containing the PI proline-rich region immediately C-terminal to the SH3 

domain. Despite the fact that the SH3-P1 protein has a primary amino acid sequence 

only a little longer than that o f the SH3 domain, the 1-D NMR spectra obtained from 

the two samples are markedly different (Figures 5-15 and 5-16). The 1-D spectrum
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obtained from the SH3 domain sample shows a well-dispersed pattern o f signals. In 

particular, the methyl-proton signals in the region from 0 - 1  p.p.m. and the amide- 

proton signals in the region from 6.5 - 9 p.p.m. are well-resolved and exhibit a large 

signal-noise ratio {Figure 5-15). These well-resolved features are typical o f the spectra 

given by a relatively small protein (Wiithrich, 1986). In contrast, the 1-D spectrum 

obtained from the SH3-P1 protein sample exhibits a poorly defined pattern o f  signals. 

A comparison o f the 1-D NMR spectrum methyl-proton regions o f SH3-P1 protein 

{Figure 5-16) and the SH3 domain clearly illustrates the differences in signal dispersion 

and signal-noise ratio. Moreover, although both spectra were obtained under the 

same experimental conditions from protein samples o f 0.2 mM concentration, a 

comparison o f the respective amide-proton regions (6.5 - 9 p.p.m.) shows that the 

SH3 protein yields a spectrum with a significantly greater signal-noise ratio than that 

given by the SH3-P1 protein. Although the SH3-P1 protein (~ 11.7 kDa) is larger 

than the SH3 domain (~ 9.6 kDa), and therefore would be expected to yield slightly 

poorer NMR spectra, the magnitude o f the differences observed is consistent with 

the assumption that the SH3 domain exists as a monomer whereas the SH3-P1 

protein exists as a dimer, under these conditions. In agreement, previous NMR 

solution studies o f  the p85a SH3 domain described the protein as a monomer, 

yielding high quality spectra indicative o f a protein o f < 10 kDa (Booker et al., 1993).
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Figure 5-15: 1-D 'H-NMR spectra of the p85a SH3 domcdn. Top: the full range of signals given 
^  the domain. Bottom: a :̂ oomed section of the amide-proton region of the spectrum. The spectra 
exhibit m il dispersed signals with a good signal-noise ratio.
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Additional comments on the 1-D NMR spectra o f the SH3 domain and SH3-P1 protein

The spectra o f the SH3 domain (figure 5-1S) and the SH3-P1 protein (Figure 5-16) display 
a number o f differences. The SH3 domain spectrum shows a considerably greater signal-noise 
ratio for the signals in the region 6-9 p.p.m.. This region characteristically contains signals from 
the protein backbone amide protons. Thus, the greater signal-noise ratio for the SH3 domain, 
compared to the SH3-P1 protein, is in agreement with the SH3 domain having much slower 
relaxation rates than the SH3-P1 protein.

However, in the region from 0.5-2 p.p.m. the differences between the two spectra show 
an alternative pattern. In short, in the spectrum of the SH3 domain, the largest signals in the 
region 0.5-2 p.p.m. have intensities approximately three times those o f the largest signals in the 
region 6-9 p.p.m. (within the same spectrum). In contrast, in the spectrum of the SH3-P1 protein, 
there are signals in the region 0.5-2 p.p.m. which have intensities approximately fifteen times 
greater than those in the region 6-9 p.p.m.. These highly intense signals present in the spectrum 
of the SH3-P1 protein, but not in the spectrum o f the SH3 domain alone, are likely to arise from 
the additional methyl groups present in the side chains o f amino acids comprising the T T  
extension. The T T  extension contains residues P85TPKPRPPRPLPVAPGPSKT104 o f the p85a 
PI3-kinase protein. Specifically, the residues Ts6, L95, V97, Agg and T104 all contain additional 
methyl groups. The significance o f the methyl group is that the three methyl protons are 
generally magnetically equivalent, due to rapid rotation of the methyl group around the C-C 
bond. Each o f the methyl protons will therefore give rise to a signal at the same resonance 
frequency, hence the high intensity o f the signals in the SH3-P1 protein spectrum between 0.5-2 
p.p.m.. In addition, it is possible that a number o f these signals, which flank the predicted Hgand- 
containing sequence, wiU adopt a relatively mobile conformation in solution. The enhanced 
mobility o f these methyl-containing amino acids in the PI extension may result in their having 
slower relaxation rates and thus they would be expected to yield a greater signal-noise ratio than 
the signals derived from the amino acids within the more restrained SH3 domain framework.

It is conceivable that the PI extension may result in partial unfolding o f the SH3 domain, 
which would enhance mobility and thus signal-noise ratio for signals from within the SH3 
domain portion. However, this seems unlikely since the HSQC spectra o f the two proteins show 
predominantly identical chemical shift patterns (see later in Chapter 5), both patterns 
characteristic o f folded domains.
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Figure 5-16: 1-D ’H-NMR spectra of the SH3-P1 protein. Top: the full pectrum. Botto/n: a 
:pomed section containing the amideproton region. In contrast with the pectra from the SH3 
domain (Figure 5-15), these pectra show very poor signal-noise ratios, indicative of a large protein.
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Determination of the rotationai correiation time of the SH3- 
PI protein

A  second and more precise application o f NMR for the assessment o f the 

association state o f the SH3-P1 protein was afforded by the determination of the 

rotational correlation time (X  ̂ o f the protein. Values o f X̂  can be used to estimate
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the size of a macromolecule, since the rate at which a globular macromolecule 

tumbles in solution is related to its volume, as given by the Stokes-Einstein relation 

(see Chapter 2). The calculation of for the SH3-P1 protein was performed as 

described in Chapter 2, via experimental determinations of the nuclear R1 and R2 

relaxation rates, and thus the corresponding, reciprocal Tj and Tj relaxation times.

The Tj and T̂  relaxation times of uniformly ^^N-labelled SH3-P1 protein 

were determined at 17 °C, 600 MHz, for over 60% of tlie backbone amide groups. 

(The remaining N-H groups were unsuitable for analysis since they either yielded 

overlapped signals in the HSQC spectrum or exhibited very low intensity

signals). The values of Rl, R2 and T^/Tz (where T 1/T 2 = R2/R1) determined for the 

SH3-P1 protein demonstrate that the majority o f the NMR signals yield T^/T^ values 

which are distributed over a relatively small range, with only the upper and lower 10 - 
15% of the values deviating significantly from the average value {Figure 5-17). In order 

to exclude extreme values o f Rl and R2 likely to be contributed by amide groups 

misrepresentative o f the core protein structure, the calculated value o f was 

determined using a 10%-trimmed mean data set for both Rl and R2 to calculate the 

following mean values, R1mean~0-^9 ± 0.14 s  ̂ and of R2j^ean~31-7 ± 4.6 s'\ These 

values were used to estimate where a mean T^/T  ̂ value yields a mean X„=20.4 ± 

0.4 X  10 " s, for the SH3-P1 protein at 1 7  °C.

Figure 5-17: The ratio T,/T), can be obtained independent Rl and R2 NMR relaxation 
experiments. This ratio can be used to estimate T„, the rotational correlation time of a protein. The 
results shown inàcate that the majority of the NMR signals are àstributed over a relatively small 
range ofTJT^ values -  the Rl and R2 àstributions also show this pattern (data not shown).
The results shown are for the SH3-P1 protein sample at 17 C.

Arbitrary peak number
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The value o f determined for the SH3-P1 protein is approximately twice 

the expected value when compared with values for characterised, monomeric proteins 

o f 10-20 kDa; e.g. the bovine p85a C-SH2 domain (12.6 kDa), X^=9.3 X  10 ̂  s at 17 

°C (S. Kristensen, UGL, personal communication); the rat CD2 domain-1 (E29Q 

mutant, 11.9 kDa), Tg,=8.2 x 10  ̂ s at 17 °C (H.A. Chen, UCL, personal 

communication); and E. coli ribonuclease H (17.6 kDa), X^=14.4 X  10  ̂ s at 12 °C 

(Mandel et al., 1996). As such, these relaxation measurements provide further 

evidence that the SH3-P1 protein exists as a dimer in solution.

P7 peptide inhibits dimérisation of the SH3-P1 protein

The determination o f for the SH3-P1 protein su^ests that the protein 

exists as a dimer in solution. It was also shown by the AUC results presented above 

that the SH3-P1 protein dimerises in solution and that this dimérisation may be 

inhibited by the presence o f excess PI peptide. This possibility was also explored 

using NMR, by investigating the effect o f  the PI peptide on the molecular dynamics 

of the SH3-P1 protein. Althoug)i ideally an investigation o f protein dynamics involves 

the determination o f X̂  (as performed above for the SH3-P1 protein in the absence 

of PI peptide), the experiments necessary to derive require 1-2 days o f  data 

acquisition. Therefore, since it was desirable to perform a series o f relaxation rate 

measurement experiments encompassing a multi-step titration o f free PI peptide into 

the NMR sample o f SH3-P1, it was preferable to limit the experiments to those for 

the measurement o f the R2 relaxation rate only (as described in Chapter 2).

A series o f NMR experiments were performed for the determination o f the 

R2 relaxation rates o f SH3-P1 in the presence o f increasing concentrations o f PI 

peptide. These experiments were performed at 32 °C in order to enhance the signal- 

noise ratio o f the protein. (Thus, since the rotational correlation time o f a molecule is 

temperature dependent, the values o f R2 for the SH3-P1 protein determined in these 

experiments are different from those determined earlier at 17 °C). In parallel with the 

experiments on the SH3-P1 protein, R2 values for the control protein — the SH3 

domain alone — were also determined in the presence and absence o f PI peptide. The 

values obtained for the SH3 domain are consistent with those expected for a 

monomeric molecule. In the absence o f PI peptide, the SH3 domain yields a 

relaxation rate value R2mean~ 7.0 ± 0.5 s'\ In the presence o f PI peptide, this value
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increases by 36%, yielding R2mean“ 9.5 ± 0.7 s'̂  {Figure 5-18). The difference observed 

between these values is approximately as would be expected, since the effective mass 

o f the SH3 domain increases by 24% due to the additional mass o f  the bound PI 

peptide. Moreover, the observed effect on the molecular dynamics o f the SH3-P1 

protein is in line with numerous previous experiments; e.g. for bovine p85a C-SH2 

domain (12.6 kDa) at 17 °C, X  10  ̂ s, but increases to T^=9.6 X  10  ̂ s upon

addition o f  a 1.2 kDa pY-containing peptide ligand (data from S. Kristensen, UCL, 

personal communication). In general, it is not unexpected that, upon the addition o f  

peptide, changes in R2 and values do not match perfectly with the increase in 

molecular weight. This is because, while the R2 relaxation rate is dependent on X̂j 

(commonly related to molecular weight), the precise value o f  X̂  is influenced by the 

hydrodynamic properties o f the molecule. Therefore, discrepancies between the 

values o f  R2 are likely to result from slight variations in the conformations o f the 

different molecular species. Thus, these R2 results are sufficiently similar to propose 

that the control protein exists as a monomer o f the SH3 domain in both the PI-free 

and PI-bound states.

In contrast with the results obtained for the SH3 domain, in the absence o f  

PI peptide the SH3-P1 protein yields large R2 values, where RẐ EAN—18.3 ± 1 . 3  s'̂  

{Figure 5-18). This value is considerably larger than that expected for a monomeric 

form o f the protein (as described above). The SH3-P1 protein contains only two 

p85a amino acids not present in the equivalent complex o f SH3 domain and PI 

peptide. However, the R2mean values determined for these two samples are very 

different. In agreement with the NMR and AUC experiments described above, these 

results suggest that the SH3-P1 protein is a dimer, whereas the SH3 domain is a 

monomer. In addition to this result, a titration o f the SH3-P1 protein with PI peptide 

reveals that the R2mean relaxation rate dramatically decreases with increasing 

concentration o f  PI peptide {Figure 5-18). In the presence o f  a 15-fold excess o f  PI 

peptide, the SH3-P1 protein has a value RZ^EAN-H 8 ± 2.2 s"\ At this point, the SH3- 

P1 protein is saturated with PI peptide and thus, if originally monomeric, would be 

expected to yield an R2 value slightly larger than that determined in the absence o f PI 

peptide. However, the obtained value o f R2mt?an~^1-8 ± 2.2 s -1 is considerably 

smaller than observed in the latter situation.

The value o f R2 determined for the SH3-P1 protein in the presence o f PI 

peptide is slightly larger than, but comparable with, that obtained for the SH3 domain

257



CHAPTER 5 Investigations of the p 85a!p110a  Pl3-kinase

in the presence of PI peptide (9.5 ± 0.6 s -1) (Figure 5-18). Since R2 is almost linearly 

related to (see chapter 2), these results indicate that the rotational correlation time 

of the SH3-P1 protein increases upon the addition of PI peptide (i.e. it tumbles 

faster) and approaches that observed for the SH3 domain in the presence o f PI 

peptide. This is consistent with the inhibition o f dimérisation of the SH3-P1 protein 

by the PI peptide. In summary, these results demonstrate that the SH3-P1 protein is 

a dimer in the absence of PI peptide; whereas the SH3 domain alone, the SH3 

domain in the presence of PI peptide, and the SH3-P1 protein in the presence o f PI 

peptide all exhibit monomeric molecular states .̂

Figure 5-18: R2 relaxation data for the SH3-P1 protein and the SH3 domain from p85a. A: 
With increasing concentration of PI peptide ligand, the R2 value determinedfor the SH3-P1 protein 
decreases, until it is approximately haf its original value. B: Whereas the R2 value for the SH3-P1 
protein halves upon adàtion of PI peptide, the R2 value for the SH3 domain increases very slightly.
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În this context, the term ‘monomer, with respect to the SH3 domain’ applies equally for the SH3 
domain and the SH3 domain complexed with PI peptide. The latter complex might conceivably be 
called a heterodimer, but this term was avoided for the sake of simplicity.
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NMR experiments to monitor interactions with P I peptide

The effects o f the PI peptide on the SH3 domain and the SH3-P1 protein 

were monitored by NMR not only in terms o f the R2 relaxation rates given above, 

but also in terms o f the appearance o f NMR spectra obtained. Before and after each 

NMR experiment performed for the R2 determinations, a 2-D HSQC

spectrum was collected. Direct comparisons by superimposition o f these HSQC 

spectra allowed the detection o f chemical shift changes induced by the addition o f the 

PI peptide to the protein sample. The detection o f  these chemical shift changes was 

used to monitor the specific binding o f  the PI peptide, as described earlier for 

assessing the interaction between the dynamin PH domain and D-IP 3 . However, in 

contrast with the fast exchange observed for the latter interaction, the PI peptide 

interactions exhibit ‘slow exchange’ features. This slow exchange was manifested in 

the HSQC spectra where, rather than causing a gradual change in a few peak 

positions, the addition o f PI peptide induces distinct changes in the positions o f a 

small subset o f peaks in the spectrum. The signal intensity o f the new peaks increased 

with the increasing addition o f PI peptide. Since the PI peptide added was not ^̂ N- 

labelled, new peaks appearing in the HSQC spectra were assumed to result from a 

change in the local environment experienced by those amino acids now brought into 

close proximity with the bound PI peptide. The observed pattern o f slow exchange is 

characteristic o f the interactions exhibited by a high affinity protein - peptide 

complex.

A comparison o f the four key HSQC spectra obtained before and after the 

titrations o f  the SH3 domain and the SH3-P1 protein with PI peptide is highly 

revealing, despite the lack o f the resonance assignments for the spectra. For the SH3 

domains, it appears that the introduction o f PI peptide induces chemical shift 

changes for about 10 peaks {Figure 5-19), consistent with the PI peptide occupying a 

specific binding site on the SH3 domain. The limit o f the changes in chemical shifts 

was achieved upon a ratio o f peptide : protein ~ 1. Both spectra contain about 80 

well-dispersed peaks with a large signal-noise ratio, characteristic o f relatively small, 

folded protein domains.

The majority o f peaks in the spectra o f the SH3 domain in the presence o f  

PI and o f the SH3-P1 protein alone are o f identical chemical shift value {Figure 5-20). 

These chemical shift similarities suggest that in both samples the complexes formed
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Figure 5-19: HSQC NMR pectra of the p85a SH3 domain alone (Left) and with P1
pptide ligand (right). Introduction of the ligand results in chemical shift changes to about 10 cross
peaks. Some of the cross-peaks which change position are indicated by arrows in pectrum on the left.
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between the SH3 domains and PI peptides are structurally similar with respect to the 

orientation and position of the bound PI peptide segment. However, despite the 

protein samples being of the same concentration, the signal-noise ratio obtained for 

the SH3-P1 sample was very poor when compared to that o f the SH3 domain 

recorded either in the presence or absence o f PI peptide (Figure 5-20). This pattern is 

indicative of a molecular species larger than that formed by the SH3 domain in 

complex with PI peptide, again consistent with the SH3-P1 protein forming a dimer 

in the absence o f PI peptide.

The addition of PI peptide to the SH3-P1 protein has a number of 

noticeable effects on the spectrum obtained, with two principal corollaries. Firstly, the 

addition o f PI peptide dramatically increases the signal-noise ratio given by the 

sample (Figure 5-21) — consistent with the inhibition of protein dimérisation and a 

consequent increase in the T̂  relaxation time. Secondly, the spectrum of the SH3-P1 

protein obtained in the presence of PI peptide contains almost all o f those peaks 

found in the spectrum given by the SH3 domain in the presence o f PI peptide 

(compare Figures 5-19-right and 5-21-left). There are approximately 13 additional peaks 

which can found in the spectrum of the SH3-P1 protein in the presence o f PI which

260



CHAPTER 5 Investigations of the p85a!p110a  PI3-kinase

Fignve 5-20: A  àrect overlag of the HSQC NMR spectra of the SH3 domain in the
presence of PI (blue) and of the SH3-P1 protein alone (black). The two spectra contain almost 
identical sets of cross-peaks. It is noticeable that the blue cross-peaks are generally bigger than the 
black cross-peaks, indicating that the spectrum of the SH3-P1 protein has a lower signal-noise ratio.
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are not found in either the spectrum of the SH3 domain in the presence of PI or of 

the SH3-P1 protein alone. These additional peaks can be seen to fall into a relatively 

small range of chemical shifts, largely o f 7.7 - 8.5 p.p.m. (Figure 5-22). This region 

of a spectrum is the characteristic location of signals derived from amino acids 

occupying relatively unstructured parts of proteins (Wiithrich, 1986). These 

observations are consistent with the addition of PI peptide to the SH3-P1 protein 

resulting in the inhibition of dimérisation by releasing the C-terminal PI region of the 

SH3-P1 protein from an intermolecular interaction. Since the intermolecular 

interaction of the C-terminal PI region is thus inhibited, it is free to occupy a 

relatively free conformation in solution, thus resulting in the presence of the new 

peaks in the region of 7.5 - 8.5 p.p.m..

In summary, these results suggest that the SH3-P1 protein dimerises by the 

formation of an intermolecular complex between the N-terminal SH3 domain of one 

SH3-P1 molecule and the C-terminal PI region of another SH3-P1 molecule. In
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Figure 5-21: FISQC NMR pectra of the SH3-P1 protein in the presence of P1 ligand
(left) and of the SH3-P1 protein alone (right). Although many of the cross-peaks in the tm  pectra 
show identical chemical shift values, the signal-noise ratios of the two pectra are very different. That 
is, even though the pectrum on the left is plotted at a considerably higher contour level, it contains 
many more cross-peaks of greater sis  ̂than the pectrum on the right.
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addition, it seems likely that the structural nature o f the intermolecular complex 

formed by SH3-P1 proteins is the same as that formed by the SH3 domain and PI 

peptide. Since the 3-D structure o f the p85a SH3 domain in complex with a 

consensus proline-rich peptide has been previously determined (Yu et al., 1994), these 

results taken in conjunction enable modelling of the dimérisation o f the intact 
p85a/p 11 Oa heterodimer.

SEC analysis of the SH3 and SH3-P1 proteins of p85a

As an additional assessment of the MŴ p̂p) of the SH3 domain and the SH3- 

P1 protein samples in solution, samples of each were subjected to SEC. On a 

preparative-scale SEC column, the SH3-P1 protein was found to elute after a period 

corresponding to an 25000 (data not shown). The elution profile for the

SH3 domain sample corresponded to an MW(^p)~ 12000 (data not shown). The 

elution time for the SH3 domain was slightly greater than that observed for the N-
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terminal SH2 domain of p85ot, a protein o f 13.7 kDa known to exist as a monomer in 

solution (Booker et al., 1992). These results have been reproduced more precisely in 

analytical SEC experiments performed by Dr. M. Layton (LICR). Under these 

analytical conditions, the following values for were obtained: SH3-P1:

MW(^P)=23400, SH3: 13500 {Figure 5-23). Thus, despite the relatively small

difference in amino acid composition and, therefore, MŴ âlq, the SH3-P1 protein 

was also shown by SEC to behave as a protein o f roughly twice the size o f the SH3 

domain, consistent with the observations o f SH3-P1 protein dimérisation described.

Figure 5-22: A  àrect overlcr̂  of a central region of the HSQC NMR spectra of the SH3-
P1 protein in the presence of P1 (red) and the SH3 domain in the presence of P1 (blue). While 
most of the cross-peaks in the whole spectra have identical chemical shifts, the region shown below 
contains most of the cross-peaks unique to the SH3-P1 protein in the presence of PI ligand.
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Figure 5-23: The elution profiles for the analytical sĥ e-exclusion chromatography of the SH3-P1 
protein and the SH3 domain. The SH3-P1 protein elutes cfter a shorter period, suggesting that it is 
of larger sP  ̂than the SH3 domain. Calibration of the column allowed estimations of the protein sii^s 
to be made, revealing that the SH3-P1 protein is approximately twice the siî e of the SH3 domain.

44 kDa 17 kDa
Protein calibration 
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SH3
SH3-P10.15

CM

0.05

45.6 48.8
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Summary of results

AUC experiments have been used to determine that intact p 8 5 a /p ll0 a  PI3- 

kinase heterodimer undergoes a dimeric self-association in solution, with a 

dissociation constant Kd= 3.0 ± 0.8 pM. Additional investigations by AUC, using 

smaller fragments o f p 85a /p ll0a  PI3-kinase, have identified the N-terminal segment 

of the p85a sub-unit as being responsible for the observed dimérisation. Probing this 

segment further, an isolated region containing the SH3 domain and the PI proline-
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rich sequence dimerises with a Kg=2.8 ± 0.4 }lM, whereas the isolated BCR domain 

dimerises with a Kg=1.2 ± 0.2 mM. Thus, it seems likely that the region o f p85a 

containing the SH3 domain and the PI proline-rich sequence mediates the majority o f  

interactions which result in the dimérisation o f intact p 8 5 a /p ll0 a  PI3-kinase. This is 

supported by the observation that the addition o f a proline-rich peptide 

corresponding to the p85a PI region seems to reduce the dimérisation o f intact 

p 8 5 a /p ll0 a  PI3-kinase (and similarly o f p85a and the SH3-P1 protein).

In addition, 2-D NMR experiments including nuclear relaxation 

experiments and ^^N-H HSQC experiments were used to characterise the interaction 

between the SH3 domain and the PI proline-rich region from p85cx. Unlike any 

previously characterised SH3 domain-mediated interaction, the p85a SH3 domain 

forms an intermolecular interaction with an endogenous p85a PI proline-rich region, 

thus mediating homodimerisation. Through comparison with previous studies o f  

peptide ligands o f  the p85a SH3 domain, numerous observations from the NMR 

spectra obtained suggest that the structure o f this intermolecular interaction is likely 

to involve the PI proline-rich region binding in the Class I orientation to the SH3 

domain.
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CHAPTER 6 Tbe assessment of a new modelfor p85afp110a PI3-kinase regulation

Introduction: A new role for the p85a SH2 domains?

It was proposed recently that, in addition to mediating the recruitment o f  

p 8 5 a /p l l0 a  PI3-kinase to activated RTKs, the p 8 5 a  SH2 domains may have a 

second role in signal transduction pathways (Toker and Cantley, 1997). This proposal 

stems from an initial observation that the amount o f p85a/pllO (X  PI3-kinase 

associated with tyrosine-phosphorylated proteins inversely correlates with the amount 

of PI3-kinase phosphoinositide products present in the cell (Rameh et al., 1995). O f 

particular interest is the reported observation that the in vivo inhibition o f  

PtdIns(3 ,4 ,5 )P3 synthesis by the addition o f wortmannin results in the enhanced 

association o f the p 8 5 a  sub-unit with the tyrosine-phosphorylated insulin receptor 

and IRS-1. In addition, Rameh et al. report that Ptdins(3 ,4 ,5 )P3 binds directly and 

selectively to the p85(X SH2 domains and can thereby inhibit interactions with 

established pY-containing ligands. This ability may explain the mechanism by which 

increasing levels o f phosphoinositides reduce the association o f p 8 5 a /p l l0 a  PI3- 

kinase with tyrosine-phosphorylated proteins. Further, an interaction was shown to 

occur between Ptdins(3,4,5)P3 and the Src SH2 domain. This interaction could also 

be competed by the addition o f pY-containing peptide ligands.

The studies outlined above led to the proposal that the SH2 domains o f  

p85a and Src might acts as downstream effectors o f the phosphoinositide products 

of PI3-kinase enzymes. Assuming that interactions with phosphoinositides inhibit the 

established pY-SH2 domain interaction, an appealing model can be formed describing 

the auto regulation o f the p 8 5 a /p ll0 a  PI3-kinase. In such a model, the 

phosphoinositide products o f p 8 5 a /p ll0 a  PI3-kinase would ultimately effect its 

release from the RTK and possibly also from other activated signalling complexes, 

thus preventing over-stimulation o f the PI3-kinase-activated signal transduction 

pathway {Figure 6-1). This proposed model is similar to that suggested previously for 

the negative-feedback regulation o f PLC-Ô1 (Ferguson et al., 1995), in which the D - I P 3  

product o f PLC-Ô1 reduces the interaction o f its PH domain with membrane-localised 

Ptdins(4,5)P2 (Cifiientes et al., 1994). This process results in the inhibition o f PLC-Ô1 

activity (Kanematsu et al., 1992).

In addition to the proposed auto regulatory binding o f p 8 5 a /p ll0 a  PI3- 

kinase, Rameh et al. suggest that PtdIns(3 ,4 ,5 )P3 might mediate the recruitment o f
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Tigiire 6-1: A  representation of the new model for the regulation of p85aip110a PB-kinase. 
Here, the 3-phosphoinositide pwdncts of PB-kinase actiiity interact with the SH 2 domains of 
p85a and other SH 2 domain-containing signal transduction prvteins, including Src (as proposed by 
Rameh et al., 1995^

Ligand

Receptor

Other signal 
transduction 
proteins

Plasma membrane

Ptdins (4,5) ?2 Ptdms(3,4,5)P3

Corpetitior

other SI 12 domains to the membrane. The membrane recruitment o f SH2 domain- 

containing proteins may then co-ordinate the assembly o f signalling events 

downstream o f PI3-kinase activation. In this case, a model o f two steps can be 

envisaged. In response to cell stimulation, the tyrosine-phosphorjdated RTKs would 

recruit SH2 domains to the site o f PtdIns(3,4,5)Pj production. Since protein tyrosine 

phosphatases containing SH2 domains (e.g. Syp) are also recruited and activated by 

RTKs (Feng et al., 1993), it is possible that the pY-motifs may be dephosphory4ated, 

thus releasing the SH2 domains for their proposed role in P td ins(3,4,5)P 3 binding. In 

response to the proposals above, an experiment-based assessment o f  the putative 

interactions between PtdIns(3,4,5)P) and the SFI2 domains o f p 8 5 a /p l l0 a  PI3-kinase 

was performed.

Preliminary experiments

In Chapter 4 it was shown that a num ber o f different PFI domains display a 

distinct binding specificity for phosphoinositide-doped liposomes. In addition, the 

structural details o f an interaction between the dynamin PH domain and D-IP3 (a
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water-soluble phosphoinositide analogue) were determined hy NM R spectroscopy. A 

num ber o f other PH domains have also been shown to interact specifically with 

phosphoinositides. As stated in the introduction above, it has also been reported that 

SH2 domains may bind to distinct phosphoinositides. However, using the SPR 

biosensor assay reported in this thesis for the demonstration o f interactions between 

PH domains and specific phosphoinositide-doped liposomes, it was not possible to 

detect a specificity o f interaction between the p85a SH2 domains and a variet)' o f 

phosphoinositide-doped liposomes (G. Panayotou, personal communication). Wdiile 

it is possible to generate a response corresponding to interactions between SH2 

domains and phosphoinositide-doped liposomes, the results are indicative only o f a 

non-specific interaction which occurred to approximately the same extent for all 

liposomes tested despite their varying phosphoinositide composition (Figire 6-2, data 

from G. Panayotou). Indeed, PtdIns(3,4,5)P^, the SH2 domain binding partner 

proposed by Rameh et al., exhibited the lowest binding response in the biosensor 

assay.

In support o f  the validit)" o f  the biosensor assay, and the liposome viabilit)' 

and phospholipid composition used, it is noteworthy that under the same conditions 

it was demonstrated that the PH domain from Btk was found to bind specifically and

phosphoinositides, as determined by the SPR biosensor assay also used in Chapter 4.
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reproducibly to liposomes containing Ptdins(3,4,5)Pj (see Chapter 4).

Results

A comparative analysis of putative SH2 domain ligands

Despite the failure to detect binding specificity between the p85a SH2 

domains and phosphoinositide-doped liposomes, continued references to the original 

report by Rameh et al. prompted a reassessment o f the possibility that specific 

interactions may occur between the p85ot SH2 domains and phosphoinositides. 

Therefore, a second, alternative biosensor-based assay was designed, as described in 

Chapter 2. In the assay employed, the binding o f isolated p85a SH2 domains to an 

immobilised pY-containing peptide ligand derived from residues SVDpYysiVPMLD 

in the PDGF-(3R was measured. As a control, this experiment was first performed in 

a buffer lacking any additional SH2 domain binding partner. In subsequent 

experiments, putative phosphoinositide ligands were added to the buffer and pre

incubated with the SH2 domain. The biosensor assay was then repeated to determine 

whether the test phosphoinositides reduced binding o f the SH2 domain to the 

immobilised pY-containing peptide. The test ligands used in the biosensor assay 

included soluble phosphoinositide analogues and inositol polyphosphates, in addition 

to phenylphosphate which was included to mimic the characterised SH2 domain 

ligand, i.e. phosphotyrosine (Figure 6-3).

The results obtained demonstrate that it is possible to compete the 

interaction between p85a SH2 domains and pY-containing peptide with 

phosphoinositide compounds. The SH2 domains showed similar behaviour in 

competition assay (Figures 6-4 and 6-5). D-IP4 was as effective as C^-Ptdlns(3,4,5)P3 in 

the assay (Figure 6-4 upper). However, the free pY-peptide was very much more 

effective at competition than any o f  the other test compounds. The N-SH2 domain 

behaved in a similar way as the C-SH2 domain, but generally interacted more weakly 

with all compounds. The IC50 values derived for the competitions with each test 

compound are tabulated below (fiable 6-1). In summary, the p85a SH2 domains both 

appear to interact with phosphoinositide compounds, albeit weakly.
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Figure 6-3: Tbe compounds below were testedfor tbeir ability to inbibit tbe binding of p85a S tl2  
domains to an immobilisedpbospbotyrosinepeptide ligand derivedfrom tbe PDGF-K
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Figure 64: Results for tbe competition asscty between tbe C-SH2 domain and test compounds.
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Figure 6-5: Bĵ sults for the competition assc  ̂ between the N-SH2 domain and test compounds. 
A s seen for the C-SH2 domain, the free pYjsi is clearly a more effective competitor of the 
interaction between the SH2 domain and the immobilised pYysi ligand. In comparison, the 
phosphoinositide analogue and the inositolpolyphophates exhibit little efficacy in the competition.
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Table 6-1: A  summaiy of tbe IC^q values obtainedfor the co?npounds tested in the biosensor assq̂ .

Protein Ligand tested IC50 (mM)

C-SH2 pYvsi peptide 0.07x10-3

C-SH2 DiC6-

PtdIns(3,4,5)P3

1.4

C-SH2 D-IP4 1.1

C-SH2 L-IP4 1.1

C-SH2 D-IP3 1.2

C-SH2 Phenyl-P0 4 0.2

Protein Ligand tested IC50 (mM)

N-SH2 pYysi peptide 0.59 X 10-3

N-SH2 DiC6-

PtdIns(3,4,5)P3

2.7

N-SH2 D-IP4 2.7

N-SH2 L-IP4 13.6

N-SH2 D-IP3 3.8

N-SH2 Phenyl-P04 1.4

Discussion of resuits

These results demonstrate that the interaction between the p85a SH2 

domains and an immobilised pY-containing peptide can be weakly competed by a 

variety o f phosphoinositide analogues. Compared with the phosphoinositides, free 

pY-containing peptide appears to bind approximately 1000-fold more tightly, as 

judged by its greater efficacy in the competition assay. The large difference in these 

abilities to bind to SH2 domains suggests that it is unlikely that the phosphoinositides 

tested represent physiologically relevant binding partners for the SH2 domains. In 

addition, the lack o f significant differences in the IC50 values determined for the D- 

and L-enantiomers o f the IP4 phosphoinositide analogues su^ests that these 

interactions are not specific for the naturally occurring forms o f these compounds.

In these studies, the structural nature o f the phosphoinositide — SH2 domain 

interactions were not determined in detail. However, since the characterised pY-motif 

which binds to SH2 domains is, like phosphoinositides, phosphorylated and
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negatively charged, it seems likely that the phosphoinositides tested compete directly 

for the pY-binding site in the positively-charged pocket o f the SH2 domains. The 

differences in the determined IC50 values between the C-SH2 and N-SH2 domains 

may reflect the observation that the binding site o f the N-SH2 domain is not fully 

formed in the absence o f pY-containing peptide ligand (Nolte et al., 1996). In 

contrast, the C-SH2 domain contains a pY-binding site which more readily 

accommodates either the pY group (with high-affinity) or a phosphoinositide (with 

low affinity).

When considered in parallel with the results from the biosensor assay, it 

seems unlikely that a physiological role exists for the autoregulatory model proposed 

by Rameh et al.. That is, it is unlikely that the phosphoinositide products o f  

p 8 5 a /p ll0 a  PI3-kinase mediate its dissociation from activated RTKs. In addition, 

the role o f the p85a SH2 domains in PtdIns(3 ,4 ,5 )P3-dependent membrane- 

recruitment also seems improbable. While recruited protein phosphatases may 

enhance the binding o f SH2 domains to Ptdins(3,4,5)P3 compared with RTKs, the 

apparent inability o f SH2 domains to display specificity for distinct phosphoinositides 

suggests that these interactions are unlikely to form the basis o f a regulated, 

physiological pathway.

Further comments

In addition to the comparative analysis o f SH2 domain ligands reported 

here, a number o f other studies o f  the putative interactions between SH2 domains 

and phosphoinositides have been performed by co-workers. In particular, it has 

recently been shown from extensive NMR titration studies that soluble 3- 

phosphorylated phosphoinositides and inositol polyphosphates (including D-IP4) bind 

to the p85a SH2  domains in the established pY-binding site (P. Lo Surdo  ̂ and G. 

Siegal, UCL, personal communication). However, the SH2 domains did not display 

specificity for binding to the D- or L-enantiomers o f the inositol polyphosphates 

tested.

Further, it was not possible to reproduce an in vivo experiment displaying the 

characteristics initially reported by Rameh et al.. That is, the stimulation o f serum-

 ̂Paola Lo Surdo, UCL and University of Siena, Pian dei ManteUini, 44, Siena 53100, Italy.
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starved NIH3T3 fibroblasts with PDGF results in the increased association of  

p 8 5 a /p ll0 a  PI3-kinase with the PDGF-(3R. However, in contrast with the report by 

Rameh et al. describing the association o f the p85a sub-unit and the insulin receptor, 

the association o f p 8 5 a /p ll0 a  PI 3-kinase with the PDGF-^R was not enhanced by 

the pre-treating the fibroblasts with wortmannin (100 nM)(A. Arcaro, LICR, personal 

communication). In support o f the results presented above, these two results also 

suggest that the model o f phosphoinositide-mediated p 8 5 a /p ll0 a  PI3-kinase 

regulation is unlikely to be o f physiological importance.
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Concluding remarks

The majority o f the conclusions which can be drawn from the work 

presented in this thesis are contained within the relevant results chapters, including 

summaries at the ends o f Chapters 4 and 5. However, the following comments aim to 

clarify the primary features o f interest which have emerged and highlight future 

studies which may yield further data o f interest.

PH domains in bioiogy

It has been demonstrated that PH domains have the ability to bind to 

phosphoinositides and, moreover, that the PH domains from different proteins can 

bind to distinct phosphoinositides (Chapter 4). In parallel with the research reported 

in this thesis, numerous studies o f PH domains from a host o f different signal 

transduction proteins have also been performed in other laboratories. Thus, in only a 

few years, the understanding o f PH domain biology has developed from knowing 

very little to the current state, i.e. the high resolution, 3-D structures o f at least seven 

different PH domains have been solved, and phosphoinositide or inositol 

polyphosphate ligands have been identified for many o f these, and other, PH 

domains. A number o f PH domain-phosphoinositide interactions have been shown 

to mediate the membrane-recruitment o f signal transduction proteins. Therefore, it 

now seems reasonable to propose that many PH domain-phosphoinositide 

interactions play important roles in the regulation o f signal transduction pathways.

Currently, it is unclear whether most PH domain-phosphoinositide 

interactions are signal-dependent and/or can be further regulated by inositol 

polyphosphates. However, in this context it is interesting to note the demonstration 

that Btk binds to liposomes containing Ptdins(3,4,5)P3 (Chapter 4), suggesting that 

Btk may form part o f the downstream response to the RTK-mediated activation o f  

PI3-kinase. This may involve a mechanism o f membrane-association mediated 

directly by the Btk PH domain. It will be interesting to see whether this putative, 

signal-dependent role o f the PH domain occurs in many other signal transduction 

proteins. Indeed, very recently it has been shown that the proteins Akt and PDK-1 lie
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downstream o f PI3-kinase activation and contain PH domains which have been 

reported to mediate binding to 3-OH-phosphorylated phosphoinositides.

However, while Ptdins(3,4,5)P3 is present in the plasma membrane at 

significant levels only for relatively short periods after RTK-mediated PI3-kinase 

stimulation, the levels o f Ptdins(4,5)Pg in the cell membrane are relatively stable. 

Consequently, it may emerge that the specificity for Ptdins (4,5)Pg demonstrated by 

the PH domains from other proteins (e.g. dynamin, PLC-Ô1 and IRS-1) defines a 

more constant role for the PH domain in alternative signal transduction pathways.

It is noteworthy that, while the interactions with phosphoinositides 

demonstrated in the SPR biosensor assays involved isolated PH domains, it has 

recently been shown^ that full-length PLC-Ô1 binds to liposomes containing 

PtdIns(4,5)Pz, as shown in Chapter 4 for the isolated PLC-Ô1 PH domain. In contrast, 

a PLC-Ô1 protein lacking the PH domain did not display binding to liposomes. These 

results demonstrate the validity o f the SPR biosensor assay and suggest that the 

conditions used do not detect artefactual interactions between isolated PH domains 

and phosphoinositides. In addition, other PH domains (including those from the 

proteins Sos, p-ARK and Vav) have been analysed using the same SPR biosensor 

assay described and were shown to be incapable o f binding specifically to liposomes 

containing phosphoinositides (data from K. Salim, LICR). These results are at 

variance with very recent reports (discussed in Chapter 4), which may reflect the 

possibility that the recombinant proteins used in these SPR biosensor experiments 

were not correctly folded. However, it is also possible that different classes o f PH 

domain may exist, wherein a single topology is used to support alternative binding 

functions, which may not necessarily include binding to phosphoinositides. This 

possibility is considered likely, since the high resolution structures determined for 

three PTB domains all exhibit a topology extremely similar to that o f the PH domain. 

In the case o f IRS-1, it appears that the PTB domain may, like many PH domains, 

bind to phosphoinositides. It remains to be established whether this role o f the PTB 

domain has physiological significance. However, since all known PTB domains appear 

to bind to tyrosine-containing peptide sequences, it seems that the PTB domain 

represents a functional variation o f the PH domain fold. These observations further

' Data from Dr. G. Panayotou, LICR. The SPR biosensor assay was performed using a mutant PLC-Ô1 

protein which cannot bind to Ptdins(4,5)P2 through its catalytic domain and thus is enzymatically 
inactive. The mutant PLC-Ô1 protein was obtained from Dr. M. Katan, CRC.
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underline the ability o f the conserved PH domain (or PTB domain) fold to mediate a 

variety o f protein-ligand interactions which have emerged as essential components of 

various signal transduction pathways.

The regulation of PI3~kinase

Due to their central role in the regulation of many signal transduction 

pathways, protein tyrosine kinases have been studied extensively by numerous 

research groups. One consequence o f such intense research is the recent emergence 

of high resolution structural information describing essentially full-length Src-family 

kinases. This information has provided considerable insight into the regulation o f the 

Src-family kinases, which clearly involves a regulated interplay o f multiple 

intramolecular and intermolecular interactions. Since Src homology domains are 

common, it seems likely that the regulatory intramolecular interactions identified in 

the Src-family kinases may have counterparts in other signal transduction proteins 

(e.g. the p85a sub-unit o f PI3-kinase, Btk/Tec-family kinases).

Like the Src-family kinases, the PI3-kinase enzymes play important roles in 

many signal transduction pathways. However, in contrast with the abundance of 

structural information describing the Src-family kinases, there is currently no 

structural information describing an intact PI3-kinase enzyme. The biophysical studies 

o f the full-length p 8 5 a /p ll0 a  PI3-kinase (and its sub-domains) described in this 

thesis (Chapter 5) therefore represent a significant advance by describing an 

intermolecular interaction which causes the homodimerisation o f this PI3-kinase. In 

addition to the results presented in this thesis, a considerable amount o f evidence 

confirming that the p 8 5 a /p ll0 a  PI3-kinase undergoes a reversible homodimerisation 

has been obtained by analytical SEC and FRET spectroscopy experiments (Dr. M. 

Layton and Dr. A. Harpur, LICR). Moreover, preliminary evidence has been obtained 

which shows that a p85a-derived PI peptide segment can stimulate the activity o f a 

high molecular weight sub-population o f the p 8 5 a /p ll0 a  PI3-kinase (Dr. A. 

Harpur). However, the precise role o f dimérisation — and its modulation by proline- 

rich peptides — in the regulation o f p 8 5 a /p ll0 a  PI3-kinase activity remains to be 

determined. Further insight into the details o f this interaction will be obtained upon 

completion o f the 3-D structure determination by NMR (currently in progress) o f the
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dimeric p85a SH3-P1 protein which contains the region predominantly mediating 

p85oc/pll0 PI3-kinase homodimerisation.

Recent advances in methods for the expression o f large proteins, particularly 

in baculovirus systems, suggest that X-ray crystallographic studies o f the intact PI3- 

kinase enzymes may soon be possible. However, in the absence o f structural 

information o f the intact PI3-kinases, the biophysical studies presented here 

demonstrate that a wealth o f information can be obtained by the application o f range 

of complementary techniques.

Epilogue

The diversity o f techniques employed in this thesis has allowed a critical 

assessment o f  results which would not have been possible had the studies been 

limited to the use o f a single approach. Thus, for the dynamin PH domain, a specific 

binding site for D - I P 3  was identified by NMR and, although this interaction appeared 

to be rather weak, it was possible to evaluate its significance through the use o f the 

SPR biosensor and enzyme-activity assays described. Consequently, it demonstrated 

that the PH domain displays stereospecificity for the D - I P 3  ligand and binds to the 

corresponding phosphoinositide, Ptdins(4,5)P̂ , in liposomes. These results support a 

model in which the binding site identified by NMR studies is o f physiological 

significance and can mediate phosphoinositide binding and, thereby, the recruitment 

of dynamin to the plasma membrane.

Furthermore, by developing versatile assay systems employing multiple 

biophysical techniques it has been possible to evaluate reports in the literature which 

describe interactions related to the PH domain-phosphoinositide interaction. In 

particular, the results presented in Chapter 6 describe an assessment o f a report which 

proposed that the p85a SH2 domains bind to 3-OH-phosphorylated 

phosphoinositides. The assessment performed (Chapter 6) involved the use o f  

biosensor assays to test whether SH2 domains bind to numerous phosphoinositide 

analogues and/or D- and Eenantiomers o f inositol polyphosphates. These assays 

show that the p85a SH2 domains fail to bind specifically to phosphoinositides in 

liposomes. Nor do these SH2 domains interact with significant affinity or 

stereospecificity with phosphoinositide analogues or naturally occurring inositol
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polyphosphates. Thus, in contrast with numerous PH domains, it seems unlikely that 

the SH2 domains o f p85a have a role in binding to phosphoinositides in signal 

transduction pathways. In conclusion, the biophysical techniques used here have 

enabled detailed studies o f the molecular interactions o f specific protein domains, 

with interesting implications for the regulation o f signal transduction proteins and 

pathways.
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Amino acid sequence of dynamin

Dynamin-1 (Human), 864 amino acids, MW = 97407.

Published: Van Der Bliek AM, et al., J. Cell Biol., 122: 553-563 (1993).

1 MGNRGMEDLI PLVNRLQDAF SAIGQNADLD LPQIAVVGGQ SAGKSSVLEN 

51 FVGRDFLPRG SGIVTRRPLV LQLVNATTEY AEFLHCKGKK FTDFEEVRLE 

101 lEAETDRVTG TNKGISPVPI NLRVYSPHVL NLTLVDLPGM TKVPVGDQPP 

151 DIEFQIRDML MQFVTKENCL ILAVSPANSD LANSDALKVA KEVDPQGQRT 

201 IGVITKLDLM DEGTDARDVL ENKLLPLRRG YIGVVNRSQK DIDGKKDITA 

251 ALAAERKFFL SHPSYRHLAD RMGTPYLQKV LNQQLTNHIR DTLPGLRNKL 

301 QSQLLSIEKE VEEYKNFRPD DPARKTKALL QMVQQFAVDF EKRIEGSGDQ 

351 IDTYELSGGA RINRIFHERF PFELVKMEFD EKELRREISY AIKNIHGIRT 

401 GLFTPDMAFE TIVKKQVKKI REPCLKCVDM VISELISTVR QCTKKLQQYP 

451 RLREEMERIV TTHIREREGR TKEQVMLLID lELAYMNTNH EDFIGFANAQ 

501 QRSNQMNKKK TSGNQDEILV IRKGWLTINN IGIMKGGSKE YWFVLTAENL 

551 SWYKDDEEKE KKYMLSVDNL KLRDVEKGFM SSKHIFALFN TEQRNVYKDY 

601 RQLELACETQ EEVDSWKASF LRAGVYPERV GDKEKASETE ENGSDSFMHS 

651 MDPQLERQVE TIRNLVDSYM AIVNKTVRDL MPKTIMHLMI NNTKEFIFSE 

701 LLANLYSCGD QNTLMEESAE QAQRRDEMLR MYHALKEALS IIGNINTTTV 

751 STPMPPPVDD SWLQVQSVPA GRRSPTSSPT PQRRAPAVPP ARPGSRGPAP 

801 GPPPAGSALG GAPPVPSRPG ASPDPFGPPP QVPSRPNRAP PGVPSRSGQA 

851 SPSRPESPRP PFDL
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Amino acid sequence of Bruton's tyrosine kinase

Bruton’s tyrosine kinase (Btk) (Human), 659 amino acids, MW = 76281 

Published: Vetrie D, at a!.. Nature 361: 226-233 (1993).

1 MAAVILESIF LKRSQQKKKT SPLNFKKRLF LLTVHKLSYY EYDFERGRRG 

51 SKKGSIDVEK ITCVETVVPE KNPPPERQIP RRGEESSEME QISIIERFPY 

101 PFQVVYDEGP LYVFSPTEEL RKRWIHQLKN VIRYNSDLVQ KYHPCFWIDG 

151 QYLCCSQTAK NAMGCQILEN RNGSLKPGSS HRKTKKPLPP TPEEDQILKK 

201 PLPPEPAAAP VSTSELKKVV ALYDYMPMNA NDLQLRKGDE YFILEESNLP 

251 WWRARDKNGQ EGYIPSNYVT EAEDSIEMYE WYSKHMTRSQ AEQLLKQEGK 

301 EGGFIVRDSS KAGKYTVSVF AKSTGDPQGV IRHYVVCSTP QSQYYLAEKH 

351 LFSTIPELIN YHQHNSAGLI SRLKYPVSQQ NKNAPSTAGL GYGSWEIDPK 

401 DLTFLKELGT GQFGVVKYGK WRGQYDVAIK MIKEGSMSED EFIEEAKVMM 

451 NLSHEKLVQL YGVCTKQRPI FIITEYMANG CLLNYLREMR HRFQTQQLLE 

501 MCKDVCEAME YLESKQFLHR DLAARNCLVN DQGVVKVSDF GLSRYVLDDE 

551 YTSSVGSKFP VRWSPPEVLM YSKFSSKSDI WAFGVLMWEI YSLGKMPYER 

601 FTNSETAEHI AQGLRLYRPH LASEKVYTIM YSCWHEKADE RPTFKILLSN 

651 ILDVMDEES
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Appendix

Amino acid sequence of Phosphoiipase C-Si

1-Phosphatidylinositol-4,5-bisphosphate phosphodiesterase delta 1 (PLC-Ô1) (Rat),
756 amino acids, MW = 85962.

Published; Suh P-G, et al.. Cell 54: 161-169 (1988).

1 MDSGRDFLTL HGLQDDPDLQ ALLKGSQLLK VKSSSWRRER FYKLQEDCKT 

51 IWQESRKVMR SPESQLFSIE DIQEVRMGHR TEGLEKFARD IPEDRCFSIV 

101 FKDQRNTLDL lAPSPADAQH WVQGLRKIIH HSGSMDQRQK LQHWIHSCLR 

151 KADKNKDNKM NFKELKDFLK ELNIQVDDGY ARKIFRECDH SQTDSLEDEE 

201 lETFYKMLTQ RAEIDRAFEE AAGSAETLSV ERLVTFLQHQ QREEEAGPAL 

251 ALSLIERYEP SETAKAQRQM TKDGFLMYLL SADGNAFSLA HRRVYQDMDQ 

301 PLSHYLVSSS HNTYLLEDQL TGPSSTEAYI RALCKGCRCL ELDCWDGPNQ 

351 EPIIYHGYTF TSKILFCDVL RAIRDYAFKA SPYPVILSLE NHCSLEQQRV 

401 MARHLRAILG PILLDQPLDG VTTSLPSPEQ LKGKILLKGK KLGGLLPAGG 

451 ENGSEATDVS DEVEAAEMED EAVRSQVQHK PKEDKLKLVP ELSDMIIYCK 

501 SVHFGGFSSP GTSGQAFYEM ASFSESRALR LLQESGNGFV RHNVSCLSRI 

551 YPAGWRTDSS NYSPVEMWNG GCQIVALNFQ TPGPEMDVYL GCFQDNGGCG 

601 YVLKPAFLRD PNTTFNSRAL TQGPWWRPER LRVRIISGQQ LPKVNKNKNS 

651 IVDPKVIVEI HGVGRDTGSR QTAVITNNGF NPRWDMEFEF EVTVPDLALV 

701 RFMVEDYDSS SKNDFIGQST IPWNSLKQGY RHVHLLSKNG DQHPSATLFV 

751 KISIQD
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Appendix

Amino acid sequence of insuiin receptor substrate~1

Insulin receptor substrate-1 (IRS-1) (Rat), 1235 amino acids, MW = 131178.

Published: Sun XJ, et al.. Nature 352: 73-77 (1991).

1 MASPPDTDGF SDVRKVGYLR KPKSMHKRFF VLRAASEAGG PARLEYYENE 

51 KKWRHKSSAP KRSIPLESCF NINKRADSKN KHLVALYTRD EHFAIAADSE 

101 AEQDSWYQAL LQLHNRAKAH HDGAGGGCGG SCSGSSGVGE AGEDLSYDTG 

151 PGPAFKEVWQ VILKPKGLGQ TKNLIGIYRL CLTSKTISFV KLNSEAAAVV 

201 LQLMNIRRCG HSENFFFIEV GRSAVTGPGE FWMQVDDSVV AQNMHETILE 

251 AMRAMSDEFR PRTKSQSSSS CSNPISVPLR RHHLNNPPPS QVGLTRRSRT 

301 ESITATSPAS MVGGKPGSFR VRASSDGEGT MSRPASVDGS PVSPSTNRTH 

351 AHRHRGSSRL HPPLNHSRSI PMPSSRCSPS ATSPVSLSSS STSGHGSTSD 

401 CLFPRRSSAS VSGSPSDGGF ISSDEYGSSP CDFRSSFRSV TPDSLGHTPP 

451 ARGEEELSNY ICMGGKGAST LTAPNGHYIL SRGGNGHRYI PGATMGTSPA 

501 LTGDEAAGAA DLDNRFRKRT HSAGTSPTIS HQKTPSQSSV VSIEEYTEMM 

551 PAAYPPGGGS GGRLPGYRHS AFVPTHSYPE EGLEMHHLER RGGHHRPDSS 

601 NLHTDDGYMP MSPGVAPVPS NRKGNGDYMP MSPKSVSAPQ QIINPIRRHP 

651 QRVDPNGYMM MSPSGSCSPD IGGGSCSSSS ISAAPSGSSY GKPWTNGVGG 

701 HHTHALPHAK PPVESGGGKL LPCTGDYMNM SPVGDSNTSS PSECYYGPED 

751 PQHKPVLSYY SLPRSFKHTQ RPGEPEEGAR HQHLRLSSSS GRLRYTATAE 

801 DSSSSTSSDS LGGGYCGARP ESSVTHPHHH ALQPHLPRKV DTAAQTNSRL 

851 ARPTRLSLGD PKASTLPRVR EQQQQQQQQQ QSSLHPPEPK SPGEYVNIEF 

901 GSGQPGYLAG PATSRSSPSV RCLPQLHPAP REETGSEEYM NMDLGPGRRA 

951 TWQESGGVEL GRVGPAPPGA ASICRPTRSV PNSRGDYMTM QIGCPRQSYV 

1001 DTSPVAPVSY ADMRTGIAAE KVSLPRTTGA APPPSSTASA SASVTPQGAA 

1051 EQAAHSSLLG GPQGPGGMSA FTRVNLSPNH NQSAKVIRAD TQGCRRRHSS 

1101 ETFSAPTRAA NTVSFGAGAA GGGSGGGSED VKRHSSASFE NVWLRPGDLG 

1151 GASKESAPGC GAAGGLEKSL NYIDLDLVKD VKQHPQDCPS QQQSLPPPPP 

1201 HQPLGSNEGS SPRRSSEDLS TYASINFQKQ PEDRO
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Appendix

Amino acid sequence of p85a PI3-kinase

Phosphatidylinositol 3-kinase regulatory alpha sub-unit (p85a) (bovine), 
724 amino acids, MW = 83497.

Published: Otsu M, et al.. Cell 65: 91-104 (1991).

1 MSAEGYQYRA LYDYKKEREE DIDLHLGDIL TVNKGSLVAL GFSDGQEAKP 

51 EEIGWLNGYN ETTGERGDFP GTYVEYIGRK KISPPTPKPR PPRPLPVAPG 

101 PSKTEADSEQ QASTLPDLAE QFAPPDVAPP LLIKLVEAIE KKGLECSTLY 

151 RTQSSSNPAE LRQLLDCDTA SLDLEMFDVH VLADAFKRYL LDLPNPVIPV 

201 AVSSELISLA PEVQSSEEYI QLLKKLIRSP SIPHQYWLTL QYLLKHFFKL 

251 SQTSSKNLLN ARVLSELFSP LLFRFPAASS ENTEHLIKII EILISTEWNE 

301 RQPAPALPPK PPKPTTVANN GMNNNMSLQD AEWYWGDISR EEVNEKLRDT 

351 ADGTFLVRDA STKMHGDYTL TLRKGGNNKL IKIFHRDGKY GFSDPLTFNS 

401 VVELINHYRN ESLAQYNPKL DVKLLYPVSK YQQDQVVKED NIEAVGKKLH 

451 EYNTQFQEKS REYDRLYEDY TRTSQEIQMK RTAIEAFNET IKIFEEQCQT 

501 QERYSKEYIE KFKREGNETE IQRIMHNYEK LKSRISEIVD SRRRLEEDLK 

551 KQAAEYREID KRMNSIKPDL IQLRKTRDQY LMWLTQKGVR QKKLNEWLGN 

601 ENTEDQYSLV EDDEDLPHHD EKTWNVGSSN RNKAENLLRG KRDGTFLVRE 

651 SSKQGCYACS VVVDGEVKHO VINKTATGYG FAEPYNLYSS LKELVLHYQH 

701 TSLVQHNDSL NVTLAYPVYA QQRR
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Appendix

Amino acid sequence of p85p Pi3~kinase

Phosphatidylinositol 3-kinase regulatory beta sub-unit (p85|3) (bovine),
724 amino acids, MW = 81060.

Published: Otsu M, et a!.. Cell 65: 91-104 (1991).

1 MAGPEGFQYR ALYPFRRERP EDLELLPGDV LVVSRAALQA LGVAEGNERC 

51 PQSVGWMPGL NERTRQRGDF PGTYVEFLGP VALARPGPRP RGPRPLPARP 

101 RDGPPEPGLT LPDLPEQFSP PDVAPPILVK LVEAIERTGL DSYRPEPPAV 

151 RTDWSLSDVE QWDAAALSDG VKGFLLALPA PLVTPEAAAE AHRALREAAG 

201 PVGPALEPPT LPLHHALTLR FLLOHLGRVA GRAPAPGPAV RALGATFGPL 

251 LLRAPPPPSP PPGGAPDGTE PTPDFPALLV EKLLQEHLEE QEVAPPALPP 

301 KPPKTKPAPT GLANGGSPPS LQDAEWYWGD ISREEVNEKL RDTPDGTFLV 

351 RDASSKIQGE YTLTLRKGGN NKLIKVFHRD GHYGFSEPLT FCSVVDLITH 

401 YRHESLAQYN AKLDTRLLYP VSKYQQDQIV KEDSVEAVGA QLKVYHQQYQ 

451 DKSREYDQLY EEYTRTSQEL QMKRTAIEAF NETIKIFEEQ GOTQEKCSKE 

501 YLERFRREGN EKEMQRILLN SERLKSRIAE IHESRTKLEQ ELRAQASDNR 

551 EIDKRMNSLK PDLMQLRKIR DQYLVWLTQK GARQKKINEW LGIKNETEDQ 

601 YSLMEDEDDL PHHEERTWYV GKINRTQAEE MLSGKRDGTF LIRESSQRGC 

651 YACSVWDGD TKHCVIYRTA TGFGFAEPYN LYGSLKELVL HYOHASLVOH 

701 NDALTVTLAH PVRAPGPGPP PAAR

294



Appendix

Amino acid sequence of pIlOa Pi3~kinase

Phosphatidylinositol 3-kinase catalytic sub-unit alpha isoform (p110a PI3-K) (bovine),
1068 amino acids, MW = 124328.

Published: Hiles ID, Cell 70: 419-429 (1992).

1 MPPRPSSGELWGIHLMPPRI LVECLLPNGM IVTLECLREA TLITIKHELF 

51 KEARKYPLHQ LLQDESSYIF VSVTQEAERE EFFDETRRLO DLRLFQPFLK 

101 VIEPVGNREE KILNREIGFA IGMPVCEFDM VKDPEVQDFR RNILNVCKEA 

151 VDLRDLNSPH SRAMYVYPPN VESSPELPKH lYNKLDKGQI IVVIWVIVSP 

201 NNDKQKYTLK INHDCVPEQV lAEAIRKKTR SMLLSSEQLK LCVLEYQGKY 

251 ILKVCGCDEY FLEKYPLSQY KYIRSCIMLG RMPNLMLMAK ESLYSQLPMD 

301 CFTMPSYSRR ISTATPYMNG ETSTKSLWVI NSALRIKILC ATYVNVNIRD 

351 IDKIYVRTGI YHGGEPLCDN VNTQRVPCSN PRWNEWLNYD lYIPDLPRAA 

401 RLCLSICSVK GRKGAKEEHC PLAWGNINLF DYTDTLVSGK MALNLWPVPH 

451 GLEDLLNPIG VTGSNPNKET PCLELEFDWF SSWKFPDMS VIEEHANWSV 

501 SREAGFSYSH AGLSNRLARD NELRENDKEQ LRAICTRDPL SEITEQEKDF 

551 LWSHRHYCVT IPEILPKLLL SVKWNSRDEV AQMYCLVKDW PPIKPEQAME 

601 LLDCNYPDPM VRGFAVRCLE KYLTDDKLSQ YLIQLVQVLK YEQYLDNLLV 

651 RFLLKKALTN QRIGHFFFWH LKSEMHNKTV SQRFGLLLES YCRACGMYLK 

701 HLNRQVEAME KLINLTDILK QEKKDETQKV QMKFLVEQMR RPDFMDALQG 

751 FLSPLNPAHQ LGNLRLEECR IMSSAKRPLW LNWENPDIMS ELLFQNNEII 

801 FKNGDDLRQD MLTLQIIRIM ENIWQNQGLD LRMLPYGCLS IGDCVGLIEV 

851 VRNSHTIMQI QCKGGLKGAL QFNSHTLHQW LKDKNKGEIY DAAIDLFTRS 

901 CAGYCVATFI LGIGDRHNSN IMVKDDGQLF HIDFGHFLDH KKKKFGYKRE 

951 RVPFVLTQDF LIVISKGAQE CTKTREFERF QEMCYKAYLA IRQHANLFIN 

1001 LFSMMLGSGM PELQSFDDIA YIRKTLALDK TEQEALEYFM KQMNDAHHGG 

1051 WTTKMDWIFH TIKQHALN
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