
Let me not to the nm riage o f true tnindB

Admit impediments; love is not love 

Which alters when it alteration finds,

O r beisds with the remover to remove.

O no, it is an ever^fixed mark 

That looks on tenqxsts and is ncva- shaken;

It is the star to every wandering bark.

Whose worth’s unknown, although his height be taken. 

Love’s not Time’s fool, though rosy lips and cheeks 

Witibin his brading sickle’s compass come;

Love alters not with his brief hours and weeks.

But bears it out even to the edge o f doom.

If this be error and t^xm me proved,

I never writ, nor no man ev«- loved.
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ABSTRACT

A putative cytoplasmic domain of a membrane receptor was synthesised and studied in 

solution by electronic circular dichroism (CD), fourier transform infrared (FTIR) and 

proton nuclear magnetic resonance spectroscopy (̂ H nmr) as part of an attempt to 

elucidate the three dimensional structure of a membrane receptor by summing the 

structures of environmentally determined domains.

Circular dichroism was used to screen the range of conformations adopted by the peptide 

in various media prior to nmr studies of preferred conformational states. Water and 

90% methanol/water were selected as convenient media to study the two predominant 

states identified by CD. Perturbation CD and FITR studies and simulation of 

experimental CD spectra using the conformers identified by deconvolution of FUR 

Amide I bands were consistent with a molecule adopting three conformations, alpha 

helix, beta turn and extended helix (LHE), the position of the equilibrium being 

dependent on temperature, solvent, pH and ionic strength but with alpha helix favoured 

relative to LHE in organic solvents and LHE the preferred conformer in aqueous 

systems. In organic solvents concentration dependent beta sheet formation was 

observed. In 90% methanol/water the nmr data were consistent with a locus of stable 

helical structure between residues (8) and (16) and population of more extended 

conformers relative to helical conformers toward the peptide termini. In water the data 

were consistent with an equilibrium between beta turn, extended helix and extended 

structure. The absence of long range contacts in both media was consistent with a linear 

molecule. AU or none of the conformations identified could be important in receptor 

signal transduction.
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in conformational analysis 
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tj time dimension, acquisition time

tj time dimension

Ti spin-lattice relaxation

Type I, n, in P turns

regular conformations involving four residues as defined by 
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INTRODUCTION

Between 10 and 20% of the populations of developed countries suffer from some type 

of allergic disease such as hayfever, asthma, eczema and related conditions. These 

individuals produce abnormal amounts of immunoglobulin E (IgE) in response to 

’harmless’ antigens like dust and pollen. The high affinity receptor for immunoglobulin 

E (FceRI) found exclusively on the cell surface of mast cells and basophils plays a 

central role in allergy. Until recently FceRI was linked only to IgE induced allergic 

conditions. This together with its localisation on one cell type made it a particularly 

attractive target for preventive therapies because it was thought that interfering with the 

receptor’s function would minimise side-effects. The discovery that mast cells produce 

cytokines attributed a possible physiological function to FceRI. If so this would have 

to be taken into account in drug development strategies i.e. ’to terminate with extreme 

prejudice’ would no longer be advisable. Information about the receptor has come from 

isolation and microsequencing of its subunits/portions of its subunits followed by cloning 

and identification of the relevant gene sequences (Kinet et al, 1987; Shimizu et al, 1988; 

Kinet et al, 1988; Kuster et al, 1990; Kinet and Metzger, 1990) and whole cell 

experiments.

Binding of immunoglobulin E (IgE) to receptor is passive and the trigger for the 

spectrum of biological responses associated with Type 1 hypersensitivity is aggregation 

of receptors brought about by binding of multivalent antigen to receptor bound IgE 

(Metzger and Ishizaka, 1982). Biochemical events which have been linked to receptor 

aggregation are (1) immobilisation of receptors (2) internalisation of receptors (3)



21

activation of serine protease (4) stimulation of lipid méthylation (5) stimulation of 

adenylate cyclase (6) hydrolysis of phosphotidylinositides (7) possible interactions with 

a GTP binding protein (8) increase in intracytoplasmic Câ  ̂with the possibility of a 

receptor associated Câ  ̂ channel (9) activation of protein kinases (10) activation of 

phosphatases (Kinet, 1990). These pathways lead to the release of histamine and other 

mediators of inflammation and so to the clinical symptoms of allergy. However ’an 

intrinsic funtion has not yet been attributed to the receptor’ (Kinet and Grasberger, 1990) 

because the conventional reductionist approach to functional studies has failed singularly 

so that aU published work has been carried out on whole cells or whole cell 

homogenates, making it difficult to distinguish direct and indirect results of receptor 

activation.

Recently tyrosine phosphorylation of the p and y chains of FceRI was pinpointed as 

an early biochemical event preceding the activation of protein kinase C and the rise in 

intracellular calcium (Paolini et al, 1991). As FceRI has exhibited a degenerate capacity 

to associate with some related protein tyrosine kinases and some non-associated

tyrosine kinases (such as p60®*  ̂ are activated by receptor aggregation (Eiseman and 

Bolen, 1992) the possibility exists of either a cascade of activation between several 

protein tyrosine kinases and/or simultaneous and sustained alteration in the activity of 

protein tyrosine phosphatases. Although the observed phosphorylations are necessary 

for complete signal generation through FceRI they are not alone sufficient to induce 

secretion (Benhamou and Siraganian, 1992). Similarly FceRI induced phospholipase 

C and protein kinase C activation and increase in intracellular Câ * do not account either 

separately or in combination for the entire signal observed in mast cells. The recent 

evidence marks tyrosine kinases as critical modulaters of both the receptor and later
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events but the sum of available biochemical evidence indicates that a complex of 

complex biochemical pathways must be involved in mast cell activation.

Initially the receptor was thought to consist of the alpha subunit only, like most other 

immunoglobulin binding proteins. The alpha subunit is alone sufficient for IgE binding 

but molecular weight studies of crosslinked receptors and co-ordinate synthesis and 

degradation of the subunits together with the observation that all subunits were required 

for surface expression of the rat receptor (Ra et al, 1989) were used as the criteria for 

identification of the «PYz complex (which could be co-purified under certain conditions) 

as a functional receptor. The Y2  homodimer is held together by at least one cystine 

linkage and the remainder of the subunits by non-covalent interactions, which have not 

yet been characterised, ay, «P and py associations have been demonstrated (Kinet et 

al, 1983; Kinet et al, 1985; Kinet and Metzger, 1990). Blank et al (1989) constructed 

the topographical model of the rat receptor shown in Fig. 1.1 as follows. Hydrophobic 

leader peptides and associated domains were predicted from the hydropathicity index 

(Engelman et al, 1986) of the amino acid sequence. The long hydrophilic portion of the 

alpha subunit was situated extracellularly because it contained multiple glycosylation 

sites, two immunoglobulin related domains and the receptor binding site for IgE. By 

extrapolation the short basic hydrophilic C-terminus was situated intraceUularly. This 

has not yet been proved directly but the alpha subunit is a member of the 

immunoglobulin superfamily whose receptor members show homology with each other 

and with their ligands (Gergely and Sarmay, 1990). Members of this group have been 

shown to exist in membrane bound and secreted forms (Rogers et al, 1980) and in 

polypeptide-anchored and phosphatidylinositol-glycan-anchored forms (Scallon et al, 

1989). Polypeptide-anchored/membrane bound forms resulted from clones encoding
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additional amino-acids at the C-terminus and were differentially expressed in different 

cell types. The additional amino acid sequence could be divided into four regions, the 

first negatively charged, the second hydrophobic, the third uncharged hydrophilic and 

the fourth positively charged. Certain other transmembrane peptides have a 

transmembrane portion of 18-23 uncharged amino acids, acidic amino acids just outside 

the plasma membrane and basic residues just inside the cytoplasm e.g. the red blood cell 

protein glycophorin (Tanita and Marchesi, 1975) and the coat proteins of filamentous 

bacteriophage (Snell and Offord, 1972; Nakashima and Konigsberg, 1974). It is thought 

that the presence of charged amino-acids on both sides of the plasma membrane which 

oppose the membrane potential together with the hydrophobic transmembrane segment 

acts to attach the proteins firmly to the membrane. C-terminal cytoplasmic tails have 

been proposed as transmembrane signalling devices to stimulate cell proliferation and 

differentiation on binding of antigen (Rogers et al, 1980). Aggregation of surface Ig 

molecules by antigen results in attachment of these (either directly/indirectly) to 

cytoplasmic actin (Flanagan and Koch, 1978) and the basic cytoplasmic tails seen in 

members of the Ig superfamily have been suggested as possible mediators of 

transmembrane protein/negatively charged cytoplasmic component attachment. The 

amino acid sequence of the a subunit C-terminus contains two basic regions within the 

putative cytoplasmic tail (which is hydrophilic) a region of overall hydrophobicity (albeit 

with a negatively charged amino-acid present) but there are both acidic and basic 

residues just outside the proposed transmembrane peptide. The amino acid sequence of 

the alpha subunit C-terminus thus fulfils most of the criteria for a transmembrane 

peptide of the type just described and the deviations may be due to the multi-subunit 

nature of the receptor. Monoclonal antibody studies (Kinet et al, 1988) indicated that 

both the amino and carboxy termini of the beta subunit were cytoplasmic and iodination
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of the long hydrophilic domain of the gamma subunit in inverted vesicles but not intact 

cells (Holowka and Baird, 1984) demonstrated that this was probably intracellular. 

Further evidence for cytoplasmic domains for all of the subunits came from 

demonstrations of in vivo phosphorylation (Hempstead et al, 1981; Hempstead et al, 

1983; Quarto and Metzger, 1986).The topography depicted in Fig. 1.1 was also predicted 

by an algorithm for identifying extra- and intracellular domains of polypq)tides (von 

Heijne, 1988) and no published experimental data have contradicted the model. The 

presumptive extracellular portion of the alpha subunit was confirmed by antipeptide 

antibody experiments (Ra et al, 1988). However in our lab anti-peptide antibody 

experiments have indicated that the y subunit is a tetramer (Gao Ben, unpublished 

results).

cDNA sequences have been obtained for all of the subunits in rat, mouse and human 

cell-lines, excepting for human p. Rat, mouse and human y are highly conserved, 88% 

of the bases being conserved between rodent and human sequences. mRNA sequences 

have been identified for y in a variety of cell-lines where there was no evidence for a  

or p transcripts. Association of the y subunit with FceRU, has also been established 

leading some to question whether the y homodimer should be considered as part of the 

receptor or as an independent effector molecule, performing a related function in various 

cells of the immune system. Rat and mouse p cDNA’s exhibit 87% homology. The 

cDNA for rat a  showed 88% and 68% homology with mouse and human a respectively. 

However conservation of the amino acid sequence was clustered, the transmembrane 

domain being highly conserved and the extracellular domain being conserved in patches. 

78/185 residues were conserved in the extracellular domain and 7/23 in the cytoplasmic 

domain as opposed to 13/21 in the transmembrane sequence. Phosphorylation of the
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Fig. 1.1 fhe topographical model of the high affinity IgE receptor 

proposed by Blank and co-workers (Blank et al, 1989) 

showing which portion of the receptor the synthetic 

peptide IEA23 corresponds to.
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alpha subunit has been demonstrated (Hempstead et al, 1981, 1983) and the putative 

cytoplasmic peptide contains potential sites for phosphoiylation. The residues conserved 

between species in the cytoplasmic tail are Ser(201), Thr(202), Gln(205), Leu(210), 

Ile(212), Thr(215) and Lys(217), three of which provide potential phosphorylation sites. 

Ser(201) and Thr(202) are two of the first three residues of the proposed transmembrane 

sequence and so have been classified here as either cytoplasmic/transmembrane. 

Similarly the peptide LJFP (182-185) which forms the first part of the transmembiane 

sequence on the extracellular side has been classified as either 

extraceUular/transmembrane.

Electron diffraction, crystallography, runr, CD and FTIR have been used in attempts to 

elucidate the structures of membrane-bound proteins. The environment and size of 

membrane proteins have presented difficulties for each technique and by 1989 only two 

membrane protein structures were known with certainty, viz. bacterial photosynthetic 

centres and bacteriorhodopsin (Popot, 1989). The main problems associated with 

membrane proteins were different for each technique. Membrane bound/glycosylated 

proteins (cell surface proteins often combine both) proved difficult to crystallize so that 

crystallographic techniques could not be used. The motional restrictions of proteins in 

a membrane envirorunent meant that two dimensional techniques were of restricted use 

and often the size of a multi-subunit membrane receptor placed it outside the reach of 

nmr techniques. Light scattering effects associated with large membrane fragments can 

result in distorted CD spectra so the results carmot be interpreted conventionally. The 

problems associated with conventional methods led to the exploration of alternatives 

such as high resolution solid state runr (Opella, 1992) and combination of low resolution 

X-ray data available for some multi-subunit proteins with high resolution runr data for
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individual domains (Clore and Gronenbom, 1992). The applications of the techniques 

used in this thesis (circular dichroism, fourier transform inftared and nuclear magnetic 

resonance) to conformational problems in biopolymers will be described briefly.

Circular dichroism (CD) is a chiroptical technique. For a molecule to be CD active it 

must be both chiral and possess a chromophore. The secondary trans-amide bonds of 

peptide backbones are chiral chromophores. Two electronic transitions have been 

characterised between 250 and 185 nm for secondary amides in condensed media, an n- 

n band (220-230 nm) and a tt-tt* band (180-200 nm) the exact position of the maxima 

being solvent and substituent (sidechain group) dependent. Although neither transition 

alone satisfies the conditions for optical activity (magnetically and electronically 

allowed) they have similar energies and through mixing become optically active. The 

CD bands displayed by biopolymers between 260 and 180 nm are chiefly associated 

with the amide chromophore (Woody, 1985) although there may be some contributions 

from aromatic sidechain chromophores of tyrosine and tryptophan (Woody, 1978).

The CD spectrum of a biopolymer is conformation sensitive and the technique has been 

used in both qualitative and semi-quantitative investigations of protein and peptide 

structures (Woody, 1989). Conformations commonly adopted by biopolymers are alpha 

helix, twisted anti-parallel and parallel beta sheet, beta turns, triple helices, coded cods 

and ’random cod’. Spectra characteristic of these which were used for simulation of CD 

spectra in this thesis are shown in Fig. 1.2. The electronic CD spectrum of P sheet 

exhibits a much greater variation than other conformers. Helical coded coils and 3io 

helix have simdar CD spectra to alpha helix (the ratio of the two negative bands has 

been used to distinguish helical coded cods and 3̂ 0 hedx from alpha helix).
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Fig. 1.2 Electronic CD reference spectra for peptide conformations used 

in simulations

1 helix (Siligaidi, 1991)

2 Class B beta turn (Woody, 1974)

3 Class C beta turn (Woody, 1974)

4 LHE (Drake a  a l, 1988)
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The spectrum for ’random coil’ is variable. The CD spectrum of polyproline(II) helix 

which forms the collagen triple helix has not been shown but that of polylysine in a 

polyproline(n)-like conformer (left handed extended helix) is shown. Beta sheet 

conformers observed in peptides have been regarded as unlikely to have functional 

significance because they are often associated with concentration dependent aggregation. 

In the case of the IgE receptor in vitro aggregation may correlate with conformational 

changes arising from receptor aggregation. Conformations which have been less 

commonly observed are 3iq helix and gamma turn. Most of the reference spectra shown 

in Fig. 1.2 have been generally accepted. However the left handed extended helix 

(LHE) spectrum has been recently characterised and so some of the background to this 

classification is set out below.

The spectrum of poly-L-lysine in 67% ethanediol/water at -100° C was previously 

assigned to ’random cod’ but was reclassified as left-handed extended heUx by Drake 

and co-workers in 1988. Prior to this many researchers noted that both band amplitude 

and the wavelength shift between the CD and UV absorption maxima of ’random coil’ 

polypeptides indicated that the spectrum of the so-called unordered conformation was 

more consistent with residual/local order rather than a freely coiling polypeptide chain. 

Tiffany and Krimm (1969) proposed that fuUy ionised poly(Glu) and poly(Lys) at low 

temperature and ionic strengths were in extended helical conformations similar to that 

of polyproline(n) in which helical segments of 4-7 residues with 2.5-3 residues per turn 

were interspersed with sharp bends. This analysis was later extended to uncharged 

polypeptides. Both the theoretical and experimental bases put forward by Krimm and 

co-workers have been attacked but a large body of evidence from CD, Raman, FTIR and 

nmr spectroscopic studies together with conformational energy maps including hydration
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effects led Woody (1991) to conclude that at cryogenic temperatures the range of 

conformational angles was probably sufficiently narrow for polypeptides to adopt an 

extended helical conformation and that the room temperature state contained significant 

populations of residues in the favoured extended helical conformational minimum, either 

as a frequently interrupted heHx or as a long distorted helix.

There has been good qualitative agreement between theoretically derived CD spectra for 

the different conformations and observed spectra (Woody, 1974; Manning and Woody, 

1991) although the effects of sidechain group, length, breadth, distortions from regular 

structure and environment on the intensity, maxima, minima and crossover positions of 

the observed CD spectrum are still not clear as evinced by conflicting literature reports 

(Manning et al, 1988; Woody, 1989). The many beta turn conformations which might 

be adopted (Venkatachalam, 1968) together with the fact that beta turns comprise only 

four residues and are commonly found at the ends of sheets and helices have made 

characterisation of these conformers difficult by any technique and CD is no exception. 

A single Woody’s class of calculated beta turn spectra (Woody, 1974) may describe 

more than one type of beta turn classified by Venkatachalam. Class B turns have been 

most commonly observed followed by Class C turns but Type I/m beta turns commonly 

exhibited alpha helix-like CD spectra (Siligardi, 1991).

As the CD spectrum exhibited by a protein or peptide is the sum of all conformations 

adopted and will be dominated by helical conformers if these are present assignment of 

the observed spectrum requires information from other spectroscopic techniques. 

Nevertheless there are a number of predictive programs available which assess the 

percentages of each secondary structure present by comparison with a data set of
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globular proteins whose crystal structures are known and the error is approximately 

10%. However these are not really applicable to peptides and membrane proteins. CD 

spectra give global information so that the percentages of each secondary structure 

calculated by whatever means must be regarded as arising from either each residue 

populating a conformer for a fraction of time, or some residues (a percentage of the 

peptide) populating one conformer and other residues populating another conformer, or 

a mixture of both possibilities unless information from other techniques is available.

Characteristic infrared absorbance bands arise Aom vibration of chemical groups within 

a molecule. Inftared spectroscopy was one of the earliest experimental methods used 

for estimating the conformations of polypeptides and proteins (Elliott and Ambrose, 

1950) but the usefulness of the technique was limited by poor sensitivity, solvent 

interference and the difficulty of extracting conformational information from the broad 

peaks arising from overlapping bands due to different conformations. The development 

of computerised fourier transform infrared (FTIR) instrumentation and the application 

of computational procedures for resolution enhancement of broad bands overcame these 

limitations resulting in renewed interest in the use of the technique for the analysis of 

biopolymer secondary structure in the 1980 and 90’s.

Although the amide groups of biopolymers have nine characteristic vibrational modes 

a combination of strength of absorbance and sensitivity to secondary structure has led 

to the almost exclusive use of the conformation sensitive Amide I band for structure 

elucidation in FTIR. This band arises primarily ft’om C=0 stretching vibrations of the 

amide groups coupled to in plane -NH bending and -CN stretching modes. The 

ft-equency of the vibration depends on the nature of the hydrogen bonding present which
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is in turn determined by the conformation adopted by the biopolymer. Structure-spectra 

correspondences have been established for proteins and peptides in deuterium, water and 

to a lesser extent apolar solvents. These have relied upon assignments of the infrared 

spectra of homopolypeptides in weU-defined and homogenous secondary structures 

(Chirgadze and Brazhnikov, 1974; Chirgadze et al, 1975; Chirgadze and Nevskaya, 

1976(a),(b); Venyaminov and Kalnin, 1990(a)). The validity of using the ’infinite’ 

secondary structures found in homopolymers as references for the short stretches of 

secondary structure found in peptides and proteins has been questioned but the 

established Amide I band positions gave excellent agreement with eigenspectra for each 

conformation derived from factor analysis of 18 globular proteins with known crystal 

structures (Lee et al, 1990). The assignment of specific conformations to experimentally 

observed Amide I bands is now feasible, but not unequivocal. Conformations for which 

there is presently conflicting experimental data are the 3io helix and Type in  beta turns. 

Kennedy et al (1991) reported 3io helical bands around 1665 cm'̂  and Type DI turns at 

1640 cm"̂  whilst Miicke et al (1992) found a 1640 cm'̂  band for 3io helix. The 

discrepancy may be resolved by deconvolution of the asymmetric band reported by 

Miicke et al which they attributed to a single conformation. Systematic secondary 

structure/band position studies have yet to be carried out for beta turns. A band 

observed around 1630 cm'̂  in proteins with no sheet structure has been variously 

assigned to short extended chains cormecting alpha helices (Byler and Susi, 1986), 

structures intermediate between helices and extended structure and atypical helical 

segments (Wei et al, 1991). The various extended conformers in the beta region of the 

c|)/ip conformational energy map have yet to be investigated. As with CD the effects of 

secondary structure distortion have not been clarified.
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Use of Fourier self-deconvolution band narrowing was crucial to spectrum interpretation 

so the general background to the technique is briefly described. A homogenous 

component of line-broadening with Lorentzian shape can be assumed for vibrational 

relaxation. A Lorentzian band can be expressed as

A(v) = Aoy2/[f + (v-vj^] (1.1)

where Â  is the absorbance at the band maximum, Vg is the wavenumber for Ag and y 

is the bandwidth (half width at half height). The cosine Fourier transform of A(v) is 

given by

I(x) = F{A(v)} = 0.5 Â Y(x)(27TV̂ x)exp(-27rvx) (1.2)

where x is a spatial frequency (cm because inverse of cm‘̂ ) 

exp(-27TYx) is an exponential decay term

The equation shows that the wider the band the quicker its Fourier transform decays. 

By multiplying I(x) with an exponentially increasing function to give T(x) and reverse 

Fourier transformation of T(x) to obtain A'(v) with / ,  narrow bands are obtained. 

The resolution enhancement factor k quoted is the ratio y/y. Most commercial 

deconvolution procedures also smooth T(x) with an apodisation function because the 

process of Fourier self-deconvolution enhances noise and introduces side-lobes (Griffiths 

and Pariente, 1986). Artificial bands may be generated during this step by 

overdeconvolution of noisy spectra or failure to compensate for water vapour bands 

(Mantsch et al, 1991). An alternative to deconvolution is numerical differentiation
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(Shukla and Rusling, 1985; Fell, 1983).

Infrared spectroscopy offers complementary information to CD because different 

conformers have different Amide I band positions (although there is some overlap) and 

so individual secondary structure components can be identified. As with CD the 

conformations identified by FTIR could result from discrete secondary structure within 

a single conformer or from a conformational equilibrium i.e. the information obtained 

is global. For information about the conformation at each amino acid residue within the 

peptide nuclear magnetic resonance spectroscopy is a more useful technique although 

both FTIR and CD can be used to study peptides and proteins at the level of individual 

amino acids (Braiman and Rothschild, 1988; Siligardi et al, 1991).

The use of nmr in conformational and structural analysis of biopolymers is well- 

documented (Jardetzky and Roberts, 1981; Kessler era/, 1985; Wûthrich, 1986; Neuhaus 

and Williamson, 1989). The development of fourier transform nmr (Ernst and 

Anderson, 1966) and two-dimensional techniques (Teener, 1971) overcame the 

limitations of poor sensitivity (long experimental times) and overlapping resonances so 

that nmr could be applied usefully to biopolymer structure elucidation. The use of ^̂ C- 

labelled polymers, the advent of 3-D (Plant et al, 1986) and 4-D (Kay et a l , 1990) 

nmr and the realisation that multi-subunit/large proteins contained autonomous folding 

domains (Edelman et al, 1969) which could be studied independently have extended the 

useful molecular weight range for nmr studies of biopolymers.

Three types of nmr data are used in conformational analysis: chemical shifts, scalar 

coupling constants and relaxation effects. Chemical shifts are affected by various
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factors, most noticeably aromatic ring cuirent effects, chemical bond anisotropies and 

conformation, r ̂  dependencies have been established for both ring current effects 

(Dwek, 1973) and the distance from an aCH/oNH to the nearest carbonyl oxygen 

(Wagner et al, 1983). The former has been used to estimate ring current shifts. The 

latter requires a detailed tertiary model before any correlation can be made. However 

residual shifts can be used to distinguish between helical and extended structures. 

Helices and helix-like turns moved chemical shifts high field of their random coil values 

whilst sheet structure had the opposite effect in a data set of 8  globular proteins. 

Residual shifts due to conformation were small and negative for sidechains in both 

helical and sheet structures (Williamson, 1990).

Three bond scalar coupling constants (̂ J) can provide conformational information. The 

coupling constant has a definable dependence on the dihedral angle (6 ) which is in turn 

related to a backbone torsional angle so that observed values of can be used to define 

torsional constraints (Bystrov, 1976). For Ĥ nmr ^JoN is related to (J) through the 

dihedral angle. Kaiplus-type relationships can allow for two or more indistinguishable 

ranges of 0 for any measured J value. This together with experimental difficulties in 

extracting accurate J values from 2-D spectra (Clore and Gronenbom, 1991) has led to 

a reluctance to use scalar coupling constants in conformational analysis of biopolymers. 

However they are increasingly being incorporated into modelling of tertiary structures 

and a number of methods have been proposed for extracting accurate coupling constants 

from spectra (LeParco et al, 1992; Montelione, 1992; MacIntyre and Freeman, 1992; 

Ludvigsen et al, 1991). Low values of are associated with helices and high values 

with extended conformers of the beta type. Low values of (related to x) are

associated with both p protons gauche to the a proton.



36

Intramolecular relaxation is dominated by distance-dependent dipolar relaxation, which 

gives the NOE effect (Noggle and Schiimer, 1974). For NOESY experiments, provided 

that the data are acquired in the initial growth region where the isolated spin pair 

approximation is valid there is an r-® dependence of crosspeak intensities and NOESY 

crosspeak intensities can be used to obtain estimates of inteiproton distances in 

biopolymers. Accurate treatments have indicated that NOE crosspeak intensities depend 

on a complex function of all distances rather than the specific interproton vector and the 

successful use of NOESY data to determine small protein tertiary structures is 

attributable to the widespread use of NOESY crosspeak intensities to define a range of 

distances followed by distance geometry or restrained molecular dynamics to obtain sets 

of most likely structures. The use of nmr data with distance geometry to determine a 

conformation was first employed by Braun and co-workers in 1981. The successful use 

of NOE crosspeaks to discriminate between different secondary structures (Wûthrich et 

aly 1984) is largely due to the fact that characteristic crosspeak patterns abstracted from 

a data base rather than accurate interproton distances are employed.

The ’module’ concept applied by Campbell and co-workers to globular proteins consists 

of the identification of repeated sequences (modules) which correspond to single exons 

which diverged from the primordial gene by exon shuffling and duplication (Baron et 

al, 1991). Modules usually have between 40 and 100 amino acids and often have a 

stable structure when isolated from the native protein, and so their 3-D structures can 

be determined by nmr and extrapolated with confidence to their structures in situ. Once 

the tertiary fold of a module has been determined, the structures of homologous modules 

can also be predicted with reasonable confidence. Nmr determination of module 

structures have led to significant advances in the determination of multi-subunit protein
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structures. A ’domain’ described by Schultz et al (1979) has all of the observed features 

of a module except that it is not clearly associated with exon shuffling and duplication. 

Although less easy to identify than modules, domain structures can similarly be 

elucidated independently of the parent structure and the literature abounds with nmr 

studies of domains/domain peptides/peptide analogues to proteins. The anisotropic 

environment of membrane receptors leads to a natural division of these in terms of 

environment, thus each membrane receptor can be classified into extracellular, 

transmembrane and intra-cytoplasmic domains, where the membrane serves to ensure 

that the various domains have no contact. Each environmental domain may then be 

further subdivided either on functional considerations or by the criteria for a domain.

When the concepts of modules and domains are applied to the high affinity receptor for 

IgE some interesting structural features emerge. The y and p subunits will be 

considered briefly and the alpha subunit in more detail (in particular the cytoplasmic taü 

as it is the subject of this thesis). The highly conserved y subunit together with the Ç 

chain of the T-cell receptor are thought to define a new gene family based on homology, 

localisation on the same chromosome, splice sites and the fact that both are essential for 

the surface expression of their receptors (Kuster et al, 1990). The y subunit thus forms 

a module and this module can be divided into cytoplasmic and transmembrane 

environmental domains. The entire gamma subunit is small enough for its structure to 

be determined. The possibility exists that interactions between each component of the 

homodimer may alter their overall structure. The p subunit is homologous to Lys-44 

CD-20 (Tedder et al, 1988) which also has four presumptive cytoplasmic domains and 

cytoplasmic carboxy and amino termini. The rat p subunit consists of 243 residues and 

can be divided into nine domains on environmental grounds. Two of these satisfy the
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length criterion for domains but the situation becomes less clear cut for the other seven 

environmental domains all of which fall into the category of ’short linear peptides’, the 

hydrophilic loops having the added disadvantage of being deprived of their membrane 

’anchors’ if treated as independent domains. The a  subunit of FceRI is homologous to 

most Fey receptors (Kinet, 1990) and like these contains two homologous 

immunoglobulin related domains, each of which has more homology to the 

corresponding domain of an Fey recq)tor than to the other domain. The extracellular 

portion of the alpha subunit would thus be an autonomous region on both modular and 

domain considerations. Despite its size (170 amino acids in the rat) and the presence 

of two homologous submodules the observation that at least two regions of the alpha 

chain are responsible for forming the binding pocket (Kinet, 1990) indicates that the 

entire region should be studied together on functional grounds. Work on the 

immunoglobulin family module (I) has indicated that variation of the polypeptide loops 

attached to a stable P sheet core structure allows for adaption of the module to bind a 

variety of ligands (Williams and Barclay, 1988). Generally 15-22 amino acids on 

different loops of the protein are involved in binding (Laver et al, 1990). The 

environmentally determined transmembrane and cytoplasmic domains of the alpha 

subunit both fall within the ’short linear peptide’ classification. In the case of the 

transmembrane domain a nonpolar membrane-mimicking environment would serve to 

ensure that significant secondary structure was present. The conservation of eight 

consecutive amino acids in the transmembrane portions of Fee and group XU Fey 

receptors suggests that these are involved in ay interactions because the receptors share 

an identical y subunit (Kinet, 1990). The near consensus opinion is that linear peptides 

comprising < 30 residues are flexible in water and other polar media and that any 

conformations exhibited would be transient and in fast exchange. However there has
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been increasing evidence for linear peptides exhibiting varying degrees of structure in 

aqueous media. Dyson et al (1988b) coined the term ’nascent helix’ to describe their 

experimental data. Briefly a synthetic immunogenic peptide derived from the C-helix 

of myohemerythrin exhibited an electronic CD spectrum in water which indicated that 

helix was absent. However a number of dNN NOE’s and some doN(i,i+2) NOE’s were 

observed. Inclusion of moderate amounts of TEE in the solvent led to the appearance 

of the dcxN(i,i+3) and dap(i,i+3) NOE’s characteristic of helix. The authors interpreted 

their data in water as ’an ensemble of tum-like structures which interconvert via 

extended chain conformers’ and noted that TFE acted to stabilise helix from within the 

so-called ’nascent’ helical segments. It is now acknowledged that peptides corresponding 

to portions of proteins often do exhibit significant conformational preferences in water 

which have been linked to early events in protein folding and the mechanism of 

induction of anti-peptide antibodies (Dyson and Wright, 1991) e.g. fragments from the 

four helix bundle protein myohemerythrin were shown to populate alpha helical space 

significantly whilst fragments fijom the P- sandwich protein plastocyanin did not (Dyson 

et al, 1992). The treatment of the hydrophilic C-terminus of the a subunit as an 

independent unit means that the assumption of a single conformer usually implicit in 

nmr structure determinations is no longer valid and conformational averaging has to be 

considered. However the treatment is valid in terms of environment. Work on the 

hydrophilic portions of both membrane and cytoplasmic receptors has indicated that 

these segments tend to be ’floppy’ until functionally bound (Wûthrich, 1986) and 

molecular recognition in this category is thought by some to involve the interaction of 

flexible receptors and flexible substrates. Kessler (1992) gave tendamistat, cyclosporin 

and RGD-peptides as examples where the binding regions of substrates were exposed 

parts of higher mobility and discussed the design of less flexible molecules with
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superactivity and selectivity. No clear correlation has yet been deduced between 

conformational equilibria of flexible domains and receptor/ligand recognition. Hopefully 

when the function of the cytoplasmic tail of the alpha subunit is discovered this work 

will provide some insights into the correlation of conformer populations with recognition 

in the high affinity receptor for IgE.
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MATERIALS AND METHODS

2.1 PEPTIDE SYNTHESIS

All peptides were synthesised on an Applied Biosystems 430A peptide synthesiser using 

protocols based on the Merrifield concept of solid phase peptide synthesis. Loaded Pam 

resins were used together with t-Boc protected a-amino amino acids. Synthesis cycles 

consisted of deprotection of the resin bound a-amino group of the caiboxy terminal 

amino acid followed by formation of a peptide bond between the activated cafboxy of 

the next a-amino protected amino acid in the sequence, a-amino groups were 

deprotected using trifluoroacetic acid (TFA) and carboxy groups were activated by 

g e n e r a t i n g  a s y mm e t r i c  anhydr i de  u s i ng  an e x c e s s  o f  

dicyclohexylcarbodiimide/dichloromethane (DCM) excepting for glutamine, asparagine 

and arginine which were coupled as 1 -hydroxybenzatriazole esters because of the 

instability of the corresponding symmetric anhydrides. A number of washing, solvent- 

exchange and heating steps were incorporated into the syntheses to maximise yields, 

minimise unwanted reactions and remove side-products (see any ABI synthesizer manual 

for general schemes). Samples of resin bound peptide were removed from the reaction 

vessel after each coupling. These were assayed for free amino groups using a 

quantitative ninhydrin protocol (Sarin et aZ, 1981) and this allowed synthesis efficiency 

to be measured. Following coupling and deprotection of the N-terminal amino acid the 

resin-peptide was washed with DCM, dried and weighed. The sidechain protecting 

group of His(DNP) was removed by shaking the peptide in a 5% v/v di- 

isopropylethylamineZDMF, 10% v/v p-mercaptoethanol/DMF solution for 30 min and
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draining and washing with DCM until no yellow colour remained in the DMF solution. 

After drying the resin-peptide to remove any solvent Tip(CHO) sidechain protecting 

groups were removed by adding 10 mis DMF, 1 ml water and 1 ml ethanolamine for 

eveiy 100 mg resin-peptide, cooling to 0° C, stirring for 5 min at this temperature, 

filtering the solvent off and washing with methanol. The resin-pq)tide was then dried, 

washed with 2-4 mis of TFA, washed with DCM and dried. The remainder of the 

sidechain groups were removed by shaking the peptide for 30 min at room temperature 

in a TFA/DCM solution. The peptide was then washed with DCM, dried and cleaved 

from the resin using a low-high hydrogen fluoride (HF) protocol in the presence of 

thiocresol, p-cresol and dimethylsulphide (DMS) to scavenge free radicals and minimise 

oxidation. For every 100 mg peptide 6  ml DMS, 0.8 ml p-cresol and 0.2 ml thiocresol 

were added to a Teflon reaction vessel. This was placed in a Dewar of liquid nitrogen 

on-line to an HF distillation apparatus. 0.75 ml HF was then distilled over into the 

reaction vessel, the liquid nitrogen removed and replaced with an ice-water mix and the 

solution stirred for 2 h at 0° C. The HF was then distilled off, 100 ml ether added to 

the Teflon vessel and the peptide and resin filtered off. These were washed with DCM, 

replaced in the reaction vessel with 0.2 ml thiocresol, 0.8 ml p-cresol and 10 ml HF 

distilled over whilst the reaction vessel was immersed in liquid nitrogen. The mixture 

was stirred at 0° C for 1 h, the HF distilled off, 100 ml ether added and the solution 

filtered. The peptide and resin were then washed with 5-10 % acetic acid which 

dissolved free peptide. Acetic acid and acetonitrile were then removed using a 

rotorevaporator and the peptide sample lyophilised. For small scale syntheses 0.1 mmol 

resin was used with 1 mM amino acid and for the medium-scale synthesis of EEA23 0.3 

mmol resin and 2 mM amino acid. Double coupling was used for the medium scale 

synthesis of IEA23.
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All protected amino acids were obtained from Novabiochem, Bachem or SynPharm and 

the recommendations of ABI were followed as to protecting groups. Resins and 

solvents were obtained from Applied Biosystems with the exceptions of DCM (BDH, 

GLR), DMF (Rathbum, hplc grade) and TFA (Fluorochem). Both TFA and acetic 

anhydride were distilled prior to use, in the case of TFA in the presence of C1O3 to 

remove trifluoroacetaldehydes. Distilled TFA was kept in a foil wrapped bottle in the 

presence of CaClg because of its hygroscopicity and light-sensitivity.
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2.2 PEPTIDE PURIFICATION

IEA23 was purified by hplc using a gradient from 0-60% acetonitrile/water (pH 2) at 

a flow rate of 3 ml/min over 150 min on a Hypersil 10 pm semi-preparative Cjg column 

supplied by FSA chromatography. One ml aliquots of a 25 mg/ml solution of crude 

peptide in 0 .1 % trifluoroacetic acid/water were sonicated and filtered prior to injection. 

The column was washed with acetonitrile for ten minutes after the peptide eluted then 

equilibrated in 0.1% trifluoroacetic acid/water before the next injection. Three ml 

fractions were collected. The hplc system consisted of an Applied Biosystems 783A 

Programmable Absorbance Detector, 1480 Injector/Mixer, two 4(X) Solvent Delivery 

Systems, a Gilson plotter and an SP4290 integrator. The detector was routinely set to 

225 nm.

2 0  pi samples from each fraction collected were then analysed using a gradient from 0 - 

35% acetonitrile/water (pH 2) at 0.7 ml/min over 30 min on a Vydac Protein Q  

analytical column. The hplc system consisted of a Rheodyne injector with a 20 pi 

sample loop, two Gilson Model 302 pumps, Güson 81 IB Dynamic Mixer, Gilson 802TI 

manometric module, Gilson 115/116 UV detector, HP3396A integrator and Gilson 

7CX)/714 software packages. The separation was monitored at 218 and 280 nm. 

Fractions which were greater than 95% pure by analytical hplc were also analysed by 

cation exchange hplc using a Hydropore SCX cation exchange column with a gradient 

from 10 mM bicine (pH 6.0) to 10 mM bicine/0.5 M KCl (pH 6.0) at a flow rate of 0.5 

ml/min.
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Following the chromatographic analyses the first and last few fractions of each semi

preparative separation were discarded and the remainder pooled to form four fractions. 

FAB mass spectra, one-dimensional nmr spectra in 70% H^O/DgO and DjO and 

capillary electropherograms were obtained for each of these. Some samples were also 

dispatched for amino-acid analysis. Homogenous fractions were then combined, 

lyophilised and divided into four portions, three of which were stored in a dessicator at - 

14° C whilst the portion from which samples were being made was stored in a dessicator 

at 4° C.

Hplc solvents were Rathbum hplc grade excepting for the water which was obtained 

from a departmental Milli-Q Water System. Buffers were made up using BDH 

analytical grade reagents.
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2.3 ELECTRONIC CIRCULAR DICHROISM

Sample preparation

Peptide samples were weighed out using a Sartoiius balance (±1 pg and solvent added 

to give a peptide concentration of approximately 0.1 mM (excepting when the 

concentration dependence of the pq>tide was studied). All solvents were UV grade and 

supplied by A. Drake. pH measurements were made with a CIBA Coming pH meter.

Acquisition

Electronic CD spectra were recorded using a JASCO J600 spectrapolaiimeter. QS 

cylindrical strain free Helma cells with pathlengths of between 0.001 cm and 1 cm were 

used. Spectra were recorded over the wavelength range 260-185 nm with between 1 and 

4 acquisitions. The bandwidth was normally set to 0.2 nm and the time constant to 4 

s. Scan speed was 10 nm/min and step resolution 0.2 run. Variable temperature studies 

were carried out using a Jobin Yvon Variocryostat attachment and liquid Nj (low 

temperature studies) or a cell holder heated by circulating water (high temperature 

studies). The temperature of the sample was monitored using a thermocouple digital 

Cormak thermometer.

Processing

Solvent spectra were subtracted from sample spectra and the resulting spectrum 

converted to dc/dm^mol'^cm'Vesidue'̂  Although modem instmments measure dA 

directly CD spectra are still commonly reported as molar eUipticity, [0]/degcm^dmor\ 

The spectra in this thesis can be compared to these using the relationship [0] « 3300de.
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Spectral simulation

The experimental spectra were simulated using a weighted sum of reference spectra i.e.

S ,^  = Z fA  (2 .1 )

where S^^ = experimental spectrum

f = fiaction of reference spectrum (conformer)

S = reference spectrum for a conformation

S were included if FTIR spectra obtained under the same conditions as the CD spectra 

indicated that a conformation was present. It was assumed that the CD spectra were the 

sum of all contributing secondary structures present i.e. possible contributions from the 

phenylalanine sidechains were neglected based on a study of Phe containing peptides (A. 

Drake, unpublished results). If all secondary stmctures had been correctly identified it 

should have been possible to sum percentages of reference spectra to obtain a spectrum 

similar to the experimental CD spectrum. Ae2 2 s was used to calculate an approximate 

starting point for the fraction of helix present and this was added to fractions of 

components identified by FTIR and the amounts changed until a good fit was obtained. 

The sum of aU contributing secondary structures was always 1.0. The starting points 

for the fractions of other secondary structures were taken from the fractional integrated 

intensities calculated from the FTIR data where possible. In calculating the fractional 

integrated intensities it was assumed that helix, turns and LHE had approximately the 

same molar absorptivities. Simulations were initially attempted using Woody’s 

theoretical beta turn Class B (Woody, 1974) as the basis spectrum for turns because 

most turns have been shown to fall into this class (Woody, 1989) then Woody’s p turn
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Class C as these have also been commonly observed. The spectra of small cyclic 

peptides which had been found to adopt p turn conformations e.g. cyclo-(Gly-L-Pro- 

Ala) 2  (Gierasch et al, 1981) were not considered because of possible sidechain 

contributions to the observed spectrum. The reference spectrum used for alpha helix 

was poly-L-lysine in 67% ethanediol/water at pH 11.0 '. The reference spectrum used 

for LHE was poly-L-lysine in 67% ethanediol/water at -80° C. (Drake et al, 1988). The 

choice of reference spectrum used for each conformation was ultimately dictated by 

’best fit’. Possible solvent and chain length dependencies were neglected. The 

reference spectra employed are shown in Fig. 1.2. Simulations were carried out 

interactively using the arithmetic functions of the CHART graphics package.
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2.4 FOURIER TRANSFORM INFRARED SPECTROSCOPY

Sample preparation

Trifluoroacetate ions present in peptide samples were removed by dissolving 10 mg of 

peptide in 0.2 M HCl, leaving for 20 min at room temperature then bubbling excess HCl 

off with N2  prior to lyophilisation. The sample was then relyophilised from DjO if 

deuterated solvents were used to ensure the peptide was in -ND form. The first step was 

necessary because the intense band at 1672 cm'̂  due to the carbonyl stretching mode 

of TFA obscured Amide I absorption bands due to peptide samples. Peptide 

concentrations varied between 0.4 mM and 4 mM. NMR grade deuterated solvents were 

used (see 2.5).

Acquisition

Spectra were acquired on a Bruker IFS6 6  instrument using a BaFj cell with a nominal 

pathlength of 100 pm. Instrumental resolution varied between 1 and 4 nm. The number 

of scans co-added depended on peptide concentration and solvent but was always > 2 0 0  

for samples and <100 for solvent spectra. For each sample spectrum recorded a solvent 

spectrum and a cell pathlength spectrum were always recorded. The spectrometer cell 

compartment was flushed with N̂ . After placing the ceU in the compartment it was 

equilibrated for 10 min prior to acquisition. For every 5 sample scans co-added a 

sample shuttle operated and five reference scans were co-added. These were 

automatically subtracted from the spectrum. This procedure eliminated possible 

contributions from trace impurities in the sample compartment atmosphere.
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Processing

Spectra were converted from transmission to absorption mode and the solvent spectrum 

subtracted interactively from the sample spectrum using as criteria for the subtraction 

of water an approximately flat baseline between 1720 and 1900 cm"̂  and the removal 

of the water band near 2130 cm'\ Proper subtraction of deuterium was judged from the 

absence of a deuterium band at 1220 cm'\ The Amide n  band position was used to 

monitor amide proton exchange as it shifts approximately 1 0 0  wavenumbers on 

deuteration i.e. from between 1500 and 1600 cm'̂  to between 1400 and 1500 cm'\ 

Spectral deconvolution was carried out using the Bruker software function which was 

analogous to the method of Kauppinen et al̂  1981. Bandwidths used varied between 

10 and 30 cm'̂  and the bandnairowing factor between 1.2 and 2.5. In theory 

bandnairowing achieved is limited only by the instrumental resolution but in practice 

S/N ratios were the limiting factor.
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2.5 NMR SPECTROSCOPY

Sample preparation

Peptide samples were weighed on a Sartorius analytical balance with a precision of ±0.1 

mg, dissolved and the resulting solution filtered through 0.2 pm Mülipore 

aqueous/organic filters into Wilmad nmr tubes. The pH of aqueous samples was 

measured using a Coming 120 pH meter with a Russel CMAWL/3.7/185 electrode and 

the pH adjusted if necessary using HCl, DCl, NaOH or NaOD to pH 3.0. Aqueous 

samples were degassed using filtered Nj and all samples sealed with Teflon tape. 

Although the Ĥ probe only 'saw' 0.5 ml of sample, sample volumes were usually 0.8 

ml to avoid possible gas/liquid interface effects. Tetramethylsilane and 

hexamethyldisilizane were used as external references.

Milli-Q water was obtained from the departmental machine, 99.96% DjO ampoules, 

DCl, DOD, 99.9+% tetramethylsilane (nmr grade) and 98% hexamethyldisilizane from 

Aldrich, 99.8% DjO from Huorochem and 99.6% CD3 OH and 99% TFE-Dg from CEA. 

TFE-D3 was converted to TFE-Dj by mixing water and TFE-D3 at two parts to one, 

standing for 30 min then distilling.

Instmmentation

(a) Oxford Instmments 7.4 Tesla cryomagnet fitted with a Ĥ probe and a Bruker AM 

system with variable temperature control unit. Aspect 30(X) processor and digital plotter 

options (b) 11.7 Tesla cryomagnet fitted with a Ĥ probe and Varian vnrnrsys software 

on a Silicon Graphics workstation.
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One dimensional acquisition and processing parameters

Spectra of peptide samples in deuterated solvents were typically acquired with a 45 

degree pulse angle, relaxation delays of between 1 and 3 s and spectral widths of 

between 4000 and 7000 Hz.The number of data points was set to 16 or 32 K. The 

solvent signal was decoupled during the relaxation delay. 1-D spectra were usually 

processed twice, with and without resolution enhancing weighting functions. The 

resolution enhanced spectra were used to extract coupling constants from 1-D spectra 

of IBA23 in organic and mixed aqueous/organic solvents and aided in peak assignment 

in sets of spectra acquired over a range of temperatures.

Two dimensional experiments

All experiments were phase-sensitive with quadrature detection in f̂  and fj. At 600 

MHz this was achieved using simultaneous double chaimel signal acquisition and a 

complex fourier transform (States et al, 1982). At 500 MHz time proportional phase 

incrementation (Redfield and Kunz, 1975) and a real fourier transform were used to 

achieve quadrature detection in f̂ .

Spin systems were assigned using the Hohaha or TOCSY pulse sequence (Bax and 

Davis, 1985; Griesinger et al, 1988) which result in coherence transfer through a 

complete spin network for sufficiently large mixing times regardless of the magnitude 

of the scalar coupling constants in the network. Phase sensitive COSY (Marion and 

Wuthrich, 1983) and phase sensitive double quantum filtered COSY (Piantini et al, 

1982; Ranee et aZ, 1983) were used to identify sidechain protons within a spin system. 

2-D J-RES experiments were used to confirm the assignments and to extract 

Sequential assignments were made and through space information obtained from
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NOES Y (Bodenhausen et al, 1984) and ROES Y (Rance, 1981; Kessler et al, 1987) 

experiments. AU puise sequences used were available on the spectrometers. Reduction 

of solvent signals was achieved by irradiating at the solvent resonance frequency during 

the relaxation delay.
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RESULTS

3.1 ELECTRONIC CIRCULAR DICHROISM STUDIES ON BEA23 

Identification of Predominant States

UV CD spectra were obtained of the peptide in various media in order to ascertain the 

range of states available to the domain. The results could be classified into three broad 

sections viz. those in which the CD spectrum was dominated by a helical contribution 

(Fig. 3.1), those in which the spectmm was some variation of ’random coil* (Fig. 3.2) 

and those in which complexation/precipitation occurred. The spectra obtained in 

trifluoroethanol (TFE), methanol, ethanediol, acetonitrile, 50% dioxane/water and lauryl 

sulphate micelles fell into the first category shown in Fig. 3.1. The spectra obtained in 

water, phosphate buffer at various ionic strengths, tris buffer, aqueous salt solutions and 

neutral liposomes fell into the second category (Fig. 3.2). The third category comprised 

those media in which the peptide appeared to form complexes whose CD spectra could 

generally not be obtained or interpreted due to their limited solubility. Although the 

precipitates from liposome/peptide and SDS/peptide solutions were not amenable to mass 

spectrometry analysis, hplc analysis of the precipitates indicated that IEA23 and SDS 

had co-precipitated.

The CD spectrum of the peptide in methanol displayed the characteristic features of 

helical secondary structure. A positive band occurred around 190 run and negative bands 

at 208 and 220 run. The spectrum was calculated to contain a helical component of 33%
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-5. OOOE+00185.0 WL [nm] 260.0
4: 0.25mg/ml IEA23 In TFE. 0.05cm
5: -------- 0.25mg/ml IEA23 In 4mg/ml SDS, 0.05cm
6 : -------  O .25mg/ml IEA23, 1:1 dioxane/water 0.05cm
3: --------0.25 mg/ml IEA23 in methanol. 0.05cm
2 : --------0 .25 mg/ml IEA23 in ethanediol. 0.05 cm

Fig. 3.1 Representative electronic CD spectra of IEA23 in solvents in which a 

helical component dominated the spectrum.

step resolution = 0.2nm, ns =  1, [peptide] =  0.95 mM, 1 =  0.05 cm
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Fig. 3.2(a) CD spectra of IEA23 from 250-185 nm in media which favoured classical 

’random coil’ spectra.

step resolution =  0.2nm, ns = 1, [peptide] =  0.95 mM, 1 =  0.05 cm
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Fig. 3.2(b) CD spectra of EEA23 from 250-185 nm in media which favoured classical 

’random cod’ spectra.

step resolution =  0.2nm, ns =  1, [peptide] =  0.95 mM, 1 =  0.05 cm

1 path leng lh  (cm )
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using Ac2 2 5  (Woody, 1985). Solvent absoiption began interfering with the CD signal 

around 195 nm.The CD spectrum in trifluoroethanol was almost identical to that in 

methanol with a positive band at approximately 190 nm and negative bands at 206 and 

220 nm. The calculated helix content was 35%. The CD spectrum in ethanediol 

exhibited a maximum at approximately 190 nm and minima at 206 and 222 nm. The 

helical component was calculated to be 24%. The peptide was insoluble in acetonitrile 

but dissolved in 95% acetonitrile/water. Aggregation occurred in 0.1 mM solution but 

as the concentration of peptide was lowered the characteristic features of alpha helix 

emerged. The calculated helix content in 95% acetonitrile/water was 26%. In lauryl 

sulphate micelles the CD spectrum obtained would be the sum of free and bound states. 

As the free peptide populated the state seen in water (which had a calculated alpha 

helical content of around 2 %) the observed helical contribution of 8 % must have been 

largely due to bound peptide. This value measured f̂ iiAnmd the fraction of helix 

times the fraction of bound peptide and thus provided a lower limit for the helical 

content of bound peptide. Similar CD spectra were obtained in water, buffers and 

DMPC and DPPC liposomes. The spectra were characterised by a negative band with 

a minimum near 195 nm. IEA23 appeared to form sparingly soluble complexes in 

phosphatidylserine liposomes and submicellar concentrations of lauryl sulphate. As the 

complexes precipitated out of solution it was not possible to determine whether the 

spectra obtained were due to concentration dependent aggregation/sheet formation or to 

some type of turn. The complexed states obtained in submicellar concentrations of 

lauryl sulphate and anionic liposomes could have been due to specific charge 

interactions between the basic sidechains of the peptide and the detergent/liposomes.

The electronic CD spectra suggested that the domain commonly adopted one of two
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states either a state whose spectrum was dominated by a contribution of approximately 

30% from conformers with an alpha helix-like CD spectrum or a state which has 

generally been interpreted as ’random coil’. Perturbation CD studies were thus carried 

out in an attempt to further define these states.

Temperature Perturbation of IEA23 In Water

The changes seen in the peptide’s spectrum as the temperature was altered were small 

(Fig. 3.3). The state which was stabilised at low temperatures appeared to have a weak 

positive band with a maximum at 218 nm and a negative band with a minimum at 193 

nm. As the temperature was increased both bands became shallower and the calculated 

helicity increased to 7%. There appeared to be an isodichroic point at approximately 

205 nm. The changes were reversible indicating that they were not due to solvent 

evaporation or chemical changes in the peptide. Plots of Aegiom» and A£2 2 0 nm

vs. temperature all exhibited the same overall features viz. co-operative transitions at 

approximately 17° C and 57° C sandwiching a region of little change from 22° C to 50° 

C.

Plots of A8 2 0 7 nm» Ag2 i2nm Ag2 2 0 am Ac2 2 5 am VS Aĝ gĝ  wcro not linear indicating that

the same chromophore was not contributing to each. Plots of Ag at the first four 

wavelengths vs one another also had complex shapes. It could thus be inferred that 

more than one conformer was present.

If the experimental spectrum was assumed to be a weighted sum of ’ideal’ secondary 

structures then at points in the spectrum where these were zero (see Fig. 1.2) there 

would be little or no contribution from that particular secondary structure. Any
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differences in the plots obtained at these wavelengths from plots where all secondary 

structures would be expected to contribute in a similar fashion could then be taken as 

an indication that a particular conformer was present and affected by the perturbation. 

The plots in which two co-operative changes were observed were obtained at 

wavelengths where all known CD spectra of secondary structures would have 

measurable CD signals. Secondary structures with alpha helix-like CD spectra would 

contribute minimally to the observed electronic CD spectrum at 198.5 nm. Thus if any 

of these were involved in the conformational changes the plot of vs temperature 

should differ from plots at wavelengths where all secondary structures would contribute 

to the measured CD signal. When Ae was plotted against temperature a straight line 

was obtained indicating that a secondary structure with an alpha-helix like CD spectrum 

was probably present. A plot of vs temperature exhibited two co-operative 

transitions indicating that Class C turns were not affected by the perturbation. A plot 

of Ac 2 0 7  where LHE would contribute minimally exhibited only one transition indicating 

that this secondary structure was present and involved in the high temperature 

conformational change. A plot of Aejn vs temperature indicated that Class B turns were 

not actively changing. The drawbacks inherent in this type of analysis are discussed 

later.

pH Perturbation of IEA23 in Water

From pH 2.0 to pH 6.0 small changes analogous to those seen when the temperature was 

raised were observed i.e. the incipient positive band at approximately 212-216 nm
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Fig. 3.3 Electronic CD spectra of IEA23 in water over the temperature range 

9° C - 80° C

step resolution =  0.2nm, ns =  1, [peptide] =  0.95 mM, 1 =  0.05 cm

1 path lenglh  (cm )
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3: ------- - IEA23, OH 4.5
4: -------  IEA23. pH 6.2
5: -------  IEA23. pH 7.5

Fig. 3.4 CD spectra of IEA23 in aqueous solution at 25° C as a function of pH.

peptide concentration and acquisition parameters as in Fig. 3.3
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At pH 7.0 this trend was reversed but as it was accompanied by aggregation the pH 

study was discontinued. The aggregation was shown by the alteration in the absorbance 

signal which was obtained at the same time as Ae. This result was in agreement with 

those obtained during an hplc study of receptor cytoplasmic peptides self binding in 

buffered aqueous solution at pH 7.0 (Justyna Romer, personal communication).

Counter-ion effects

The spectra obtained in the presence of urea, high concentrations of sodium chloride, 

potassium chloride, calcium chloride and 5x10'  ̂M and 5x10’̂  M phosphate buffer were 

qualitatively similar (Fig. 3.2(a)). At high salt concentrations solvent absorbance 

interfered with the spectra below 200 nm. However small changes could be observed 

in the 216 nm region of the spectra (Fig.3.2(b)). 6  M urea(aq.), 0.9 M NaCl(aq.) and 

KCl(aq.) resulted in no significant changes in the spectrum from that obtained in water. 

However 0.9 M CaCÎ  resulted in a decrease in the CD signal around 212-216 nm as did 

both 5x10'̂  and 5x10'  ̂M phosphate buffer. The appearance of a small shoulder around 

224 nm in phosphate-buffered solution and in the presence of CaCl̂  indicated a slight 

stabilisation of helical structure in these media, as did the decrease in intensity of the 

negative band around 195 nm.

Temperature Perturbation of IEA23 in Trifluoroethanol

The alpha helix-like CD spectral component which dominated the CD spectrum of 

IEA23 in TFE was stabilised slightly as the temperature was decreased to 0° C with the 

calculated alpha helix content increasing from 35% to 42% (2 residues). Between 0° C 

and -40° C the observed spectrum was unaltered (Fig; 3.5 (a)).



64

and -40° C the observed spectrum was unaltered (Fig. 3.5 (a)).

Solvent Perturbation of IEA23: a Trifluoroethanol/Water Titration 

Representative spectra from a TFE/water titration are shown in Fig. 3.5(b). As the 

percentage of TFE was lowered the alpha helical contribution decreased. An isodichroic 

point occurred at 202.5 nm. Plots of A8 2 2 5  and Ac2 2 o where all secondary structures 

contributed exhibited small co-operative transitions between 5 and 25% TFE and even 

smaller co-operative transitions between 90% and 1(X)% TFE (Fig. 3.6). Plots of Ae at 

one wavelength vs Ae at another were all approximately linear (Fig. 3.6) indicating that 

the same conformer(s) contributed at each wavelength. A plot of Ae 1 9 0  vs % TFE 

exhibited only one region of sharp change between 0 and 25% TFE after which there 

was a plateau to 67% TFE followed by a region of linear change between 67% and 

100% TFE. The plot obtained at 212 nm displayed the same profile as those obtained 

at 220 and 225 nm indicating that Class B turns were not involved in the conformational 

transitions. The plot obtained at 202 nm could not be used to analyse for the 

participation of Class C turns because of its proximity to an isodichroic point. A plot 

of Ae 1 9 8.5 ^  where alpha helix-like CD spectra should contribute negligibly to the 

observed spectrum differed from the plot obtained at 190 nm indicating the participation 

of secondary structure with alpha helix-like CD spectra in the conformational 

equilibrium above 25% TFE/water. The plot obtained at 207 nm was essentially the 

same as those obtained at 220 and 225 nm indicating that LHE was not involved in any 

co-operative transitions or that LHE was replaced by a conformer with an LHE-like CD 

spectrum. The plots obtained for the wavelength analysis are shown in Fig. 3.7.
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Solvent Perturbation: a Methanol/Water Titration

Spectra from a methanol/water titration are shown in Fig. 3.8. As in the TFE/water 

titration the alpha helical contribution decreased as the percentage of methanol was 

decreased and an isodichroic point was observed. Plots of vs Aê z were in aU 

instances linear indicating that the same conformer(s) contributed to the observed CD 

spectrum at all wavelengths (Fig.3.9(a)). Plots of Ae vs % methanol at wavelengths 

where a particular secondary structure would contribute negligibly as well as plots where 

aU secondary structures would be expected to contribute all yielded curves with the same 

overall features viz. an approximately constant region from water to 15% methanol/water 

followed by a region of linear change as the methanol content was increased and an 

approximately constant region from 85% to 100% methanol excepting in the vicinity of 

the isodichroic point (Fig. 3.9(b)).

Temperature Perturbation of IEA23 in 67% Ethanediol/Water 

In 67% ethanediol/water at 25° C the domain exhibited two minima of unequal 

intensities at approximately 205 and 223 nm (Fig. 3.10). The calculated helical content 

was 13%. The CD spectrum could not be analysed below 200 nm at this temperature 

due to solvent absorption. As the temperature was increased both negative bands 

diminished in intensity. As the temperature was decreased both negative bands 

deepened. The ratio between the two bands remained constant despite the temperature 

perturbation. A maximum at approximately 190 nm became apparent as solvent 

absorption decreased at lower temperatures. Between -50° C and -70° C no changes 

occurred but below -70° C precipitation occurred resulting in diminished intensities of 

the 190 and 223 nm bands and a blue-shift of the 205 nm band to 203 nm. The 

calculated helix content at -50° C was 26%.
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The ratio of the two bands remained approximately constant and plots of Ae at one 

wavelength vs another were linear again indicating that the same chromophore 

contributed to the observed spectral bands. Plots of Ac at wavelengths where all 

possible secondary structures should have measurable CD signals yielded the same 

overall profiles, viz. a region of little change between 20° C and 55° C followed by a 

co-operative transition between 20° C and -50° C and a plateau between -50° C and -70° 

C. A plot of Ae 2 1 2 am VS temperature exhibited the same overall profile indicating that 

Class B beta turns were not involved in any changes. A plot of Ae^ _  vs temperature 

yielded a straight line between 20° C and 55° C indicating that Class C turns were 

involved in the changes over this temperature range. A plateau was observed between 

0° C and -32° C. The plot obtained at 207 nm showed a single plateau region between - 

70° C and -51° C followed by a region of linear change indicating that LHE was 

involved dynamically in the conformational equilibrium between 20° C and 55° C. 

Solvent absorption precluded analysis of the spectral changes at 198.5 nm.

Solvent Perturbation: a Laurvl Sulphate(SDS)/Water Titration

As a 14 mM lauryl sulphate solution was added to a water solution of the peptide two 

distinct conformational events were observed. At submicellar concentrations of lauiyl 

sulphate a sparingly soluble complex appeared to be formed (i.e. the spectrum altered 

in the presence of SDS) which precipitated out of solution at very low concentrations 

of lauryl sulphate (no visible CD spectrum and the formation of star-shaped salt-like 

crystals), became increasingly solubilised at higher concentrations but again began to
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Fig. 3.5(a) CD spectra of ffiA23 in TFE at 25° C and -20° C
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Fig. 3.7 Changes observed at specific wavelengths in the CD spectra of IEA23 

as solvent composition altered during a TFE/water titration.
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indicating that the nature of the complex had changed) before solubilising above the 

critical micelle concentration. In the presence of micelles a conformer with an alpha 

helix-like CD spectrum was present. Representative spectra documenting these changes 

are shown in Fig. 3.11. Complex formation and precipitation at submicellar 

concentrations was observed over a peptide concentration range of O.lmM to O.OOlmM 

. Both the conformational changes involved in peptide/detergent complexation at 

submicellar concentrations and the change from a sparingly soluble complex to a bound 

conformation appeared to be co-operative at 206 run only with linear relationships 

occurring at all other wavelengths (Fig. 3.12). However the gap in the data where 

precipitation disallowed quantitative analysis made reliable conclusions difficult

Concentration Dependent Changes in the CD Spectra of IEA23 

In both TFE and methanol the observed spectra altered when peptide concentrations 

were increased from 9.5x10'^ mM to concentrations which would be required for the 

nmr studies viz. 1 mM and above. In TFE the shape of the curve was approximately 

the same but band minima shifted slightly e.g. at 9.54x10'  ̂mM and 1.9 mM these were 

206 and 220 nm and 209 and 221 run respectively. Noise in the region of 190 run made 

it difficult to pinpoint band maxima in this region. The ratios of Ae 2 0 5 / ^ 6  2 1 7 » Ae 2 0 5 / ^ 8  2 2 3 , 

Ae2 n/Ae2 2 3  were similar for all concentrations. However whilst the ratio of Ae at 217 

and 223 to Ae at 190 nm was the same at all concentrations the ratio altered.

The intensity of the CD signal decreased as the concentration of IEA23 was increased.

In methanol the intensity of the CD signal altered as the concentration of peptide was 

increased and the shape of the curve altered (Fig. 3.13(a)). The 190 run band remained 

approximately the same but the two negative bands at 208 and 2 2 0  run were replaced
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by a single broad band. FTIR later showed that concentration dependent anti-parallel 

beta sheet formation occurred in both TFE and methanol (Appendix 2). In water the 

shape of the observed spectrum was unaltered from 4.0x10'  ̂mM to 10 mM but began 

to decrease in intensity as the concentration was increased (Fig. 3.13(b)).

The CD spectrum of IEA23 in 90% methanol/water showed small changes (Fig. 3.13(c)) 

over the range ImM to O.lmM indicating that if any intermolecular interactions occurred 

they resulted in small changes in the ^ and ip angles i.e. the conformational equilibrium 

was essentially unaltered. The absorbance spectra obtained at the same time as the CD 

spectra indicated that no aggregation occurred.
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7 . OOOE+OO p-r t pi -t- r T i-r-T ] -r i -r vj t-T~, ^

J , Î*• Js f  ̂X—Î- -X I i I—  ̂ I ̂
WL [nm]~S . OOOE+OO « -Î- I 

195.0 260.0
IEA23 100% methanol

4 : -------- IEA23 90% methanol/water
3 : -------  IEA23. 80% methanol/water
2: --------  IEA23. 70% methanol/water
l: -------  IEA23, 60% methanol/watar

Fig. 3.8(a) CD spectra of EEA23 obtained in methanol/water mixtures at 25° C.

step resolution =  0.2nm, ns =  2, [peptide] =  0.95 mM, 1 =  0.05 cm

J pa th leng th  (cm )
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4 . OOOE+OO rr-r-j- i- i—i-r-pi—: i n-j :—r r * r i -i-t —j—t t-t t 'j- r“î~ i-t-j -i- i—r—r j

•(.

As

A . OOOE+OO r-J-J-  ̂■ t... -U. —L.-J t &....&—
185.0 WL [nm]

1: ------- - IEA23. H20. 0.05cm
2 : -------- IEA23, 1 0 % methanol/water. 0.05cm
3: ------- IEA23, 2 0 % methanol/watar. 0.05cm
4: --------IEA23. 30% methanol/watar. 0.05cm
5: ------- - IEA23. 40% methanol/watar. 0.05cm
6 : -------- IEA23, 50% methanol/water. 0.05cm

260.0

Fig. 3.8(b) CD spectra of IEA23 obtained in methanol/water mixtures at 25° C.

step resolution =  0.2nm , ns =  2 , [peptide] =  0.95 mM, 1 =  0.05 cm

I pa th len g th  (cm )
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~-4 . OOOE+00 J -«_*-L j j.,1. I-  ̂j_ft__i. i_ j L t

1:
2:
3 : ---------
5 : ------
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185.0 
IEA23, 
IEA23. 
IEA23, 
IEA23, 
IEA23,

WL [nm]
- 6 8  degrees. 67% ethanedlol/water 
-51 degrees. 67% ethanedlol/water 
-32 degrees. 67% ethanedlol/water 
25 degrees. 67% ethanedlol/water 
55 degrees. 67% etanedlo1/water

260.0

Fig. 3.10 CD spectra of IEA23 in 67% ethanediol/water obtained during a 

temperature perturbation study.

step resolution =  0.2nm, n s = l ,  [peptide] = 0.95 mM, 1 =  0.05 cm
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6.000E+00 ri 1—J—T~I1—I J- 1 - r ~IT—]■ T'I'T' ■J--T i—i- |- j-'r'r-'i

/ V

—6  . OOOE+00 j i 1 Lx. j x _L_l x
l e s . o  WL [nm] 260.0

3:  -------- IEA23, water
4: -------- IEA23, 3.5 mg/ml SüS/water
0 . -------  IEA23, 1.3 mg/ml SOS/water

Fig. 3.11 CD spectra of IEA23 obtained during a lauryl sulphate/water titration

step resolution =  0.2nm, ns =  1, [peptide] =  0.95 mM, 1 =  0.05 cm

SD S lauryl su lpha te   ̂ pa th leng ih  (cm)



79

195nm

•4 1 1

1 0 1 50 5

202nm

w
<

- 2 -

0 5 1 0 1 5

S D S  C o n c e n t r a t i o n / m M S D S  C o n c e n t r a t i o n / m M

215nm

<

-1  -

1 50 5 1 0

1

220nm

225nm

0

■1

■2
1 0 1 50 5

S D S  C o n c e n t r a t i o n / m M S D S  C o n c e n t r a t i o n / m M

Fig. 3.12 Wavelength analysis of CD spectra from a lauryl sulphate/water titration.
SD S lauryl sulphate
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Fig. 3.13 CD spectra of IEA23 illustrating the concentration dependence of the 

conformational states in (a) methanol
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3 .000E + 00  r-r'r~|

Am

■I .i-j-g-x J— 1--4.000E+00 :
195.0 WL [nm] 260.0

2: --------3 mg/ml 0.02 cm 90% methanol/water
3: -------  1.5mg/ml 0.02cm 90% methanol/water
4: -------- 0.75 mg/ml. 90% mathanol/water 0.02 cm
5: -------  0.3 mg/ml 0.02 cm 90%mathano 1/waten

(c) 90% methanol/water
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3.2 CONFORMATIONAL INFORMATION FROM FTIR

IEA23 in 'Helix* State

The peptide was sparingly soluble in both methanol and TFE. Anti-parallel beta sheets 

formed in both solvents. Beta sheet formation was dependent on both peptide 

concentration and solvent and did not occur in 90% methanol/water mixtures of 1 mM 

peptide (Appendix 2). As the CD spectra of IEA23 in 90% methanol/water and 

methanol were similar (Fig. 3.8) the FITR spectrum of a ImM solution in 90% 

methanol/water was taken to be representative of the ’helical’ state. Fig. 3.14 shows the 

Amide T region of an FTIR spectrum obtained in deuterated 90% methanol/water at 20° 

C together with a deconvoluted spectrum. A single band was observed in the Amide 

I’ region with an absorbance maximum at 1653 cm"̂  and a bandwidth of 33 cm'\ This 

deconvoluted to a main band at 1655 cm'̂  with shoulders at 1677,1667 cm'\ 1638 cm*̂  

and 1627 cm'\ The band at 1655 cm'̂  was assigned to alpha helix (Nevskaya and 

Chirgadze, 1976) the bands at 1667 cm'̂  and 1677 cm'̂  to beta turns (Surewicz and 

Mantsch, 1988) and the band at 1638 cm*̂  to a Type m  turn/ 310 helix but the origin 

of the band at 1627 cm'̂  was not clear (see later).

IEA23 in ’Extended’ State

The Amide T region of an FTIR spectrum of 1 mM peptide in D20 at pH 3.0 and 200 

C is shown together with a deconvolved spectrum in Fig. 3.15. A single band with an 

absorbance maximum at 1645 cm"̂  and a bandwidth of 45 cm'̂  deconvoluted to a main 

band at 1643 cm"̂  with a smaller band at 1666 cm'\ These were assigned to extended 

conformers and beta turn respectively.
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Fig. 3.14 The Amide T spectrum of IEA23 in deuterated 90% methanol/water at 

room temperature and a deconvolution spectrum thereof.

resolution =  4 cm’’, ns =  1000, cell length= 100 microns
deconvolution parameters: bandwidth =  25 cm ', bandnairowing factor = 1 . 7
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Fig. 3.15 An FTIR spectrum of ImM DEA23 in deuterated water at pH 3.0 and

room temperature and its deconvolution spectrum.

resolution = 2 cm'% ns =  1000, cell length = 1 0 0  microns
deconvolution parameters: bandwidth =  25 cm*', bandnairowing factor = 1 , 7
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3.3 CONFORMATIONAL INFORMATION FROM ‘H NMR STUDIES 

3.3.1 IEA23 in ’Helix’ State

Spectral Assignment

Spin system assignments were made from TOCSY spectra (Fig. 3.16). Within each spin 

system sidechain protons were assigned using a phase sensitive DQF-COSY spectrum 

(Fig. 3.17). Sequential assignments were made from phase sensitive NOESY and 

ROESY spectra using the ’sequential walk along the backbone’ and ’main-chain 

directed’ methods (Wüthrich, 1986). Fig. 3.38 shows the oNH region of a NOESY 

experiment. Crosspeaks coimect sequentially all of the ocNH excepting the proton pairs 

Phe(l)/Ser(2) and Ser(2)/Thr(3) at the N-terminus, Lys(21)/Lys(22) and Lys(22)/Lys(23) 

at the C-terminus and Gln(6)/Phe(7) and He(10)/Leu(ll) in the centre of the domain. 

Of the proton pairs where oNH crosspeaks were not observed all excepting those 

between the residues at the peptide ends would have been obscured by diagonal peaks. 

Sequential doN crosspeaks were observed for all proton pairs excepting Thr(3)/His(4), 

His(4)/Lys(5), Phe(7)/Glu(8), Lys(18)/Gly(19), Lys(20)/Lys(21) and Lys(21)/Lys(22) 

(Fig. 3.37). Between the sequential dcxN and dNN NOESY’s all residues could be 

sequentially assigned. Where possible the assignments were corroborated using the 

’main-chain directed’ method. A phase-sensitive NOESY experiment obtained in 86% 

methanol/water with a mixing time of 150 ms and a TOCSY experiment with a mixing 

time of 80 ms were helpful in assigning the seven lysine residues. In 90% 

methanol/water Lys(15) and Lys(22) ocH/oNH intraresidue crosspeaks and Lys(20), 

Lys(21) and Lys(22) oH/pH crosspeaks overlapped. In 86% methanol/water distinct 

(xH/oNH and sidechain/oNH crosspeaks were seen for aU lysine residues (Fig. 3.20).
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Fig. 3.16 Sidechain/cxNH region of a 600 MHz TOCSY experiment (t̂ =80 ms) 

used to assign the amino acid spin systems of 1 mM IEA23 in 90% 

methanol/water at 20° C.

the experiment was acquired with a spectral width o f 6499.8 Hz in both dimensions,

512 data points in t̂  and 256 t, increments with 16 transients per increment. The spectrum 

was zero-filled to give 4096x1024 data points along and f, respectively. A combination 

o f  sine-bell and sine-bell shifted weighting functions were used in both dimensions.
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Fig. 3.17 Aliphatic region of a 600 MHz DQF COSY used to assign sidechain 

protons of IEA23 in 90% methanolAvater at 20° C.

acquired with a spectral width o f  6499.8 Hz, 1024 points in t̂  and 512 t, increments 

with 16 transients per increment. The spectrum was zero-filled to 4096 x 2056 along 

and f, respectively. Sinebell and sinebell shifted weighting functions were applied 

in both dimensions.
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Fig. 3.18 A 600 MHz NOESY (Tg,=250 ms) used for sequential assignment of 

EEA23 in 90% methanol/water at 20° C.

Spectrum acquired with a spectral width o f  6499.8 Hz, 4096 data points in t̂ , 256 t, 

increments and 16 transients, transformed into 4096 x 1024 points along and f, and 

weighted using sine-bell and sine-bell shifted functions.
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Fig. 3.20 Sidechain/oNH region of a 600 MHz NOESY (t̂ =150 ms) of 1 mM 

IEA23 in 86% methanol/water at 20° C.

spectral acquisition and processing parameters as for Fig. 3.18
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Fig. 3.21 Crosspeak region of a 600 MHz ROESY (t„=150 ms) used to assign the 

aromatic rings of 1 mM BEA23 in 90% methanol/water at 20° C.

The spectrum was acquired with a spectral width o f  6499.8 Hz in both dimensions, 4096  

points in t̂  and 256 t, increments with 16 transients per increment. The spectrum was zero 

filled to 4096 and 1024 points along fj and f , , Sine-bell and sine-bell shifted w e i g h t i n g  

functions were employed.
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Gin ÔNH and Phe ring protons were assigned from a ROESY spectrum obtained in 90% 

methanol/water using ROESY crosspeaks between beta protons and ring protons (Fig 

3.21). Assignments for the proton resonances are summarised in Table 3.1.

Chemical Shift Information

The chemical shift (Ô) values of the residues all fell within their defined areas 

(Wüthrich, 1986) although many deviated from ’random coil’(6^ values. In analysing 

the chemical shift data for structural information the convention was adopted that the 

residual chemical shift (Z_5) obtained by subtracting the ’random coil’ chemical shift 

from the experimental shift was positive if an experimental shift moved to low field of 

its random coil value (Williamson, 1990). No attempt was made to correct for aromatic 

ring current effects. The experimental shifts, random cod shifts, and residual shifts are 

listed in Table 3.1. For protons attached to the same carbon atom the convention was 

adopted that the highest field resonance was labeUed A.

Table 3.1 Chemical shift and residual shift values of IEA23 in 90% methanol/water

(w) and (s) indicate weaker and stronger ciosspeak intensities

0„ values used have been listed for the first residue o f  each amino acid type

Residue

Phe(l)

Proton 5/ppm 5rc/ppm îôfcan

oNH 8.228

oH 4.231 4.663 -0.432

PH 3.08 3.223 -0.143

pH 3.08 2.991 0.089

R2,6H 7.32 7.30 0.02

R3,5H 7.36 7.39 -0.03

R4H 7.34



Ser(2) oNH

oH

PHb

PHa

8.771

4.753

3.93

3.85

8.380

4.498

3.885

3.885

94

0.39

0.255

0.04

-0.035

Thr(3) otNH

cxH

PH

yH,

8.477

4.437

4.463

1.317

8.236

4.346

4.220

1.232

0.241

0.091

0.243

0.085

His(4) oNH

ocH

PH

PH

R2H

R4H

8.84

4.49

8.509

7.394

8.415

4.630

3.263

3.198

7.140

0.43

-0.14

0.254

Lys(5) ocNH

oH

PH

pH

YHî

ôHj

eHj

8.33

4.103

1.90

1.90

8.408

4.358

1.87

1.747

1.545;1.477 (1.471)

1.725 (1.708)

2.958 3.023

-0.08

-0.26

0.03

0.153

(XJm

0.017

-0.065



eNHg+ (7.4) 7.519

95

Gln(6) ocNH

cxH

PHb

YH2

ÔNH2

8.203

4.083

2.27

2.13

8.41

4.37

2.13

2.01

2.42;2.38 2.38;2.38

7.59;6.95 6.87;7.59

- 0.21

-0.29

0.14

0.12

ompo

OCKXB

Phe(7) oNH

cxH

PH

pH

R2,6H

R3,5H

R4H

8.233

4.220

3.163

3.163 

7.166 

7.283 

7.235

7.39

7.34

0.01

-0.44

-0.06

0.17

- 0.1

- 0.11

- 0.1

Glu(8) ocNH

oH

PHb

PHa

yh

yh

8.342

3.86

2.18 (s)

2.13(w)

2.47

2.37

8.368

4.295

2.092

1.969

2.314

2.283

-0.03

-0.43

0.09

0.16

0.16

0.09

Ser(9) oNH 8.097 -0.28
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oH 4.128 -0.37

fSHi 3.88 -0.01

Ile(10) oNH 7.953 8.195 -0.24

ccH 3.688 4.224 -0.54

PHb 1.968 1.894 0.07

YH* 1.83 1.478 0.35

YH 1.195 1.190 0.01

YH, 0.904 0.943 -0.04

ÔHj 0.863 0.885 -0.02

Leu(ll) oNH 8.017 8.423 -0.41

oH 4.006 4.385 -0.38

PHb 1.64(s) (1.649) -0.01

PH* 1.48(w) (1.649) -0.17

YH 1.516 (1.649) -0.13

5H3B 0.82 0.943 -0.12

5 H3* 0.79 0.899 -0.11

Lys(12) oNH 8.069 -0.34

oH 3.937 -0.421

pH 2.02 0.15

PH 2.02 0.273

YH2  1.44 -0.03

6 Hj 1.68 -0.03
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eHj 2.928 -0.115

eNH,+ (7.4)

He(13) oNH 8.16 -0.04

oH 3.733 -0.49

PH 2.048 0.15

YHb 1.77 0.29

YHa 1.156 -0.03

YHj 0.911 -0.03

ÔH, 0.844 -0.04

Gln(14) oNH 8.483 0.07

oH 4.067 -0.3

PHb 2.35 0.22

PH* 2.08 0.07

YHj 2.58 0.2

BNHj 7.412;6.756 -0.17;-

0.11

Lys(15) oNH 8.269 -0.14

oH 4.148 -0.21

PHb 1.973 0.10

PH* 1.973 0.23

YHj 1.51 0.04

BHj 1.69;1.77
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0.08;0.062

eHj 2.937 -0.09

Thr(16) oNH 7.88 -0.36

oH 4.218 -0.13

PH 4.324 -0.02

YHj 1.305 0.073

Gly(17) oNH 8.265 8.391 -0.13

oHj 3.947 3.972 -0.03

Lys(18) oNH 8.0057 -0.35

oH 4.26 -0.1

PHb 1.930(w) 0.06

PH* 1.837(s) 0.09

YHj 1.52;1.47 00%0

ÔHj 1.72 0.012

eHj 2.97 -0.05

eNH;+ (7.4)

Gly(19) oNH 8.331 -0.01

oH 3.901 -0.07

Lys(20) ctNH 7.963 -0.44

oH 4.32 -0.04



PHb

PHa

YHj

ÔH2

cHz

CNH3 +

1.88

1.82

1.69

(1.51)

2.971

(7.4)
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0.01

0.07

0.22

0.20

-0.05

Lys(21) ocNH

ocH

PHb

PH*

YBj

5Hj

eHj

8NH3+

8.189

4.333

1.92(w)

1.78(s)

1.50

1.73

2.975

(7.4)

-0.219

-0.03

0.05

0.17

0.03

0 0 ^

-0.05

Lys(22) oNH

cxH

PHb

PHa

YHj

6 H2

cHj

8 NH3 +

8.267

4.382

1.90(w)

1.76(s)

1.52

1.69;1.77

2.979

(7.4)

-0.14

-0.024

0.03

0.01

0.05

0.02;0.06

-0.044
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Gly(23) ccNH 8.124 -0.27

oHb 3.88 -0.09

oHa 3.82 -0.15

Plots of the experimental shifts for the backbone oH and ocNH predictably showed no 

real pattern (Fig. 3.22) because the intrinsic chemical shifts for each amino acid residue 

are different. The residual chemical shifts for the domain ccH protons (neglecting end 

residues) decreased from the peptide termini to the centre in asymmetric fashion (Fig. 

3.23). The residual shifts at the C-terminus were lower field than the residual shifts at 

the N-terminus and all the residual shifts with the exceptions of residues (2) and (22) 

were negative i.e. the experimental shifts were to high field of the random coil values. 

The amide proton residual shift band was narrower than the oH band. A plot of oNH 

vs residue (Fig. 3.24) displayed similar overall trends to the oH band but with larger 

local fluctuations which were ascribed to the greater sensitivity of oNH protons to 

environment. A plot of sidechain residual shifts vs residue number (Fig. 3.25) showed 

no definite pattern although most residual shifts were substantial. The residual shift 

range approached that of the backbone protons. The majority of the sidechain residual 

shifts were positive. This was particularly pronounced for P protons. As the random 

coil values ideally should have been obtained from IEA23 in random form rather than 

other random co-polymers an attempt was made to substantiate the residual shift results 

from patterns in the experimental shifts themselves.

First the ocNH resonances were classified into two groups of broadly similar oNH 

random coil values. The first group consisted of Ser, His, Lys, Gin, Glu, Gly and Leu 

(17 residues) and had a random coil chemical shift range of 0.05 ppm. The
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experimental shift vs residue plot for this group exhibited the same overall pattern as the 

residual shift plot (Fig. 3.26). The second smaller group of six residues comprised Phe, 

Thr and He and had a random coil chemical shift range of 0.04 ppm. Although this 

group was too small and scattered for any overall pattern to be discerned it did not 

exhibit any marked deviations from the trends observed in the residual shift oNH plot. 

Like the residual shift (xNH and the oNH experimental plots of the first group this group 

also indicated an overall trend towards high field of the oNH resonances as their 

sequential distance from the termini increased.

The oH random coil values fell into five groups, the largest comprising twelve residues 

(Lys, Thr, Leu and Gin) with a random coil chemical shift range of 0.04 followed by 

three groups of three residues (Phe, His ; Gin, He ; Gly) with ranges of 0.03, 0.07 and 

0.0 respectively. The last group was the two Ser residues. The first group of oH 

resonances covered the entire domain and the plot of chemical shift vs residue (Fig. 

3.27) resembled the residual shift plot closely. The second group gave insight into 

residues 8-13 only and the results (Fig. 3.27(b)) were in good agreement with the 

residual shift plot for this region both indicating stabilisation of He(10) relative to 

surrounding residues. The oH chemical shift values of the group comprising Phe and His 

residues offered information on the C-terminus of the domain only and again the shape 

of the plot (Fig.3.27(c)) followed that of the residual shift plot closely, both indicating 

increasing high field shifts of residues farther in sequence firom the C-terminus. The 

Gly group could be used to obtain information on the C-terminus only. The chemical 

shift changes in the glycine group were the smallest observed. Like the Gly group the 

Ser group was too small to offer much information but again indicated high field shifts 

in proton resonances as their sequential distance from the C-terminus increased.
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Fig. 3.22 Observed chemical shifts (Ô) vs sequence (a) oH and (b) oNH 

for IEA23 in 90% methanol/water at 20® C.
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Fig. 3.23 Trends in IEA23 oH residual chemical shifts (AÔ) in 90% methanol/water.
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Fig. 3.24 Trends in IEA23 oNH residual chemical shifts (AÔ) in 90% methanol/water.
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Fig. 3.25 Sidechain residual chemical shifts (AB) in 90% methanol/water.
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Anomalous effects were almost always observed for the end residues Phe(l) and 

Gly(23). The observed and random coil chemical shift ranges are summarised in Table 

3.2.

Table 3.2 Comparison between the chemical shift ranges of the experimental and 

’random coil* amino acid groups.

bracketed values indicate the number o f  residues in the group

amino acid groups are defined in the last two paragraphs o f  text preceding

the preceding set o f figures

Amino acid group Obsaved 5 ranee ’random coil* 5 ranee

Ser etc (17) 0.88 0.05

cxNH Phe, Thr Jle (4) 0.60 0.04

Lys group (7) 0.22 0.00

Thr etc (12) 0.50 0.04

Glu, De (3) 0.17 0.07

oH Gly (3) 0.05 0.00

Phe, His (3) 0.27 0.03

Ser (2) 0.63 0.00

Lys group (7) 0.44 0.0
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9.0
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Fig. 3.26 Trends in grouped cxNH experimental shifts (6) for IEA23 in 90% 

methanol/water.

Group 1 Ser, H is, Lys, Gin, Glu, Gly, Leu residues 

Group 2 Phe, Thr, He residues
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Fig. 3.27 Trends in grouped otH experimental shifts (6) in 90% methanol/water.
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Both the residual shift and the grouped experimental shift analyses assumed the validity 

of the random coil values for the experimental system and the latter was a test only for 

deviation of individual spin systems from the random coil values. Although the use of 

the seven lysine residues as a window onto chemical shift trends within the domain 

meant limited information could be extracted the analysis was free from inherent bias. 

The sequential positions of the lysine residues allowed for good documentation of 

chemical shift trends in the C-terminal portion of the molecule but in the N-terminal 

portion of the molecule the single lysine residue Lys(5) suffered from the additional 

disadvantage that conformational effects might be obscured by ring current effects from 

Phe(l), His(4) and Phe(7). In the lysine group the ccH values decreased from Lys(22) 

to Lys (12) then increased slightly from Lys(12) to Lys(5) (Fig. 3.28(a)). The oNH 

values exhibited the same general trend with the exception of an anomalously low field 

Lys(15) oNH resonance (Fig. 3.28(b)). Although the (xH value for Lys(5) was the 

second lowest observed the oNH was the highest observed indicating that two opposing 

influences might be present. Plots of the lysine sidechain experimental shifts vs residue 

number (Fig. 3.28(c)) showed similar trends amongst the eH2, yH2 and ÔH2 resonances 

viz. an approximately constant region from Lys(22) to Lys(18) followed by a decrease 

to Lys(12) and an increase in shift at Lys(5). In contrast the PH proton chemical shift 

values exhibited a general increase from Lys(22) to Lys(12) followed by a decrease at 

Lys(5). The similarity of the overall trends seen in the residual shifts, grouped 

experimental shifts and Lys group plots indicated that the random coil values used 

offered a good approximation to the random coil values of IEA23 in 90% 

methanol/water.
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Fig. 3.28 Trends in Lysine chemical shifts (ô) in 90% methanol/water

(a) oH chemical shifts

(b) oNH chemical shifts

(c) sidechain proton chemical shifts

(d) sidechain proton chemical shifts
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The following protons exhibited chemical shift degeneracy in the random coil data but 

not in the experimental spectrum: Ser(2) pH2, Lys(5) yH2, Gln(6) yH2, Leu(ll) pH2, 

Lys(21) ÔH2, Lys(22) ÔH2 and Gly(23) ccH. The experimental chemical shifts of the 

following protons were the same whilst the ’random coil’ chemical shifts differed: 

Lys(5) pH, Phe(7) pH, Lys(12) pH and Lys(15) pH. The oH values of both Thr(3) and 

Thr(16) were to high field of their pH values.The complexity of the Phe sidechain 

region indicated that both Phe(l) and (7) sidechains were not freely rotating.

Hydrogen/Deuterium Exchange

Representative plots of the H/D exchange experiment showing the oNH resonances as 

a function of time after the addition of deuterium to a peptide sample in -NH form are 

shown in Fig. 3.29. The first spectrum was obtained after six minutes. As the poor S/N 

ratio made it difficult to determine peak maxima exactly the resonances in the exchange 

experiment were assigned by comparison with an exchange experiment in 86% 

methanol/water and a spectrum in 90% methanol/water with a better S/N ratio. The 

poor S/N of the H/D exchange spectra was due to a combination of the limited solubility 

of the peptide in 90% methanol/water and the necessity for a limited number of scans.

After six minutes Ser(2), Thr(3), His(4), Gln(6) and Gly(23) had disappeared. Glu(8), 

Gly(19) and Lys(5) may have all contributed to the peak at approximately 8.36 ppm. 

However comparison of the results obtained in 86% methanol/water and 90% 

methanol/water where the Glu(8) oNH peak had shifted from one side of the 

overlapping resonances to the other indicated that Glu(8) was the main contributor to 

the peak. Gly(lT), Lys(15), and Lys(22) may have aU contributed to the peak at 

approximately 8.26
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Fig. 3.29 Representative 500 MHz spectra from a hydrogen/deuterium exchange 

experiment using 1 mM IEA23 in oNH form in deuterated 

86% methanoFwater.

spectral width = 5000 Hz, = 3 s, ns = 16
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ppm. Comparison with the 86% methanol/water experiment eliminated Lys(22) and 

indicated that Lys(15) was mainly responsible for the peak. Similarly the peak at 

approximately 8.04 ppm was assigned to Leu(ll) rather than Lys(18) and the peak at 

approximately 7.96 ppm to Ile(lO) rather than Lys(20). Plots of the natural logarithm 

of peak height (ln{peak height}) vs time gave straight lines (Fig. 3.31) indicating that 

the reaction was apparent first order, -m (slope) then gave k the rate constant for 

exchange and the intercept ln{peak height}^

The rate constants obtained ranged fi-om 5.4x10'  ̂min'̂  to 2.3x10'  ̂min'\ A lower limit 

of approximately 2.0x10'  ̂ min"̂  was calculated for the oNH residues which had 

disappeared before the first spectrum was taken i.e. residues (2) to (6) and (17) to (23). 

The exact value of the lower limit would be determined by {peak height}^ which 

differed between residues thus accounting in part for the overlap of the lower limit and 

the observed rate constant for Glu(8). Another factor which possibly contributed to the 

overlap was the more approximate nature of the k values calculated for quickly 

disappearing resonances for which fewer experimental points were available e.g. only 

two points were obtained for Glu(8) and three for Ser(9) as opposed to fifteen for 

Leu(ll). A plot of k vs sequence (Fig. 3.32) indicated that the rate of exchange 

decreased from the termini of the molecule to the centre with the slowest exchange 

occurring between residues (11) to (14). Lys(12) exchanged slightly faster than its 

neighbours and there was a sharp increase in exchange at Lys(15) followed by slower 

exchange at Thr(16).

The data indicated that residues (9) to (16) were solvent shielded relative to the 

remainder of the domain. Whilst Lys(15) was solvent shielded relative to the termini
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of the peptide it was less shielded than residues (9) to (16). As the solution was 

sonicated to ensure that the peptide dissolved to eliminate contributions from solid state 

conformers the observed rate constants were probably artificially high. No relationship 

was observed between {peak height}^ (determined from the plots of ln{peak height} 

vs time) and sequence.

Temperature Gradients A5/AT

A temperature perturbation study was carried out to determine the temperature 

coefficients of the amide protons. The temperature was varied from 25° C to 60° C and 

one dimensional spectra obtained. The dependence on temperature was linear in all 

cases (Fig. 3.33) and this together with invariant J values indicated that no 

conformational changes occurred over this range and that the temperature coefficients 

could be used as a measure of the extent of solvent shielding at the amide proton for the 

room temperature state in 90% methanol/water. The temperature coefficients of Gln(6), 

Lys(22) and Gly(23) could not be obtained due to spectral overlap. The amide AÔ/AT 

are plotted vs sequence in Fig. 3.34. Overall lower AÔ/AT were found in the centre of 

IEA23 with the exception of Gln(14) and Ser(9) indicating that the middle of the domain 

was solvent-protected relative to the peripheries. The coefficients of Ser(2), Lys(5), 

Phe(7) and Glu(8) were low relative to surrounding residues. The N-terminus (xNH 

AÔ/AT were higher than those of the C-terminus. The lowest observed AÔ/AT was for 

Ile(13) and the highest for Thr(3).

Only He(10) and He(13) oH AÔ/AT could be obtained unequivocally. The dependence 

on temperature was again linear and the similarity of the AÔ/AT indicated that the ccH 

of both residues were similarly solvent shielded. Some sidechain A6/AT could be 

obtained.



115

Me( l O)

î
I
£

Leu( 11)

t

f
1

l l e ( 13 )

Ii
1
£

1

Th r ( 16 )
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Fig. 3.34 Amide proton temperature coefficients (AÔ/AT) vs residue for IEA23 

in 90% methanol/water.

the sign of AÔ/AT has been included, conventionally being defined as |A0/AT|

this is because some groups have observed both positive and negative AÔ/AT for one peptide
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Although Ile(13) yH3, Leu(ll) ôH3a and ÔH3B, He(10) yH3 and Thr(16) yH3 

exhibited linear dependencies on temperature, Thr(3) yH3, His(4) R2H, Gln(6) ÔNHA 

and ÔNHb Gln(14) ÔNHB, Ile(10) ÔH3 and He(10) yH3 appeared to exhibit more 

complex dependencies. These may have been due to an initial linear dependence on 

temperature cf. the backbone protons followed by thermal unfolding (a co-operative 

change) and linear change with temperature of the unfolded state. The invariance of the 

Thr(16) yH3 chemical shift value (0 ppb/K) indicated either greater solvent shielding 

of this sidechain group than other sidechain groups or equal solvent exposure at all 

temperatures. The plot of Phe(7) pH2 chemical shift vs temperature exhibited two 

linear regions characterised by temperature coefficients of 1.2 ppb/k and 0.4 ppb/k 

respectively. However all observed changes were small making firm conclusions 

difficult.
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Through Space Connectivities

A phase sensitive NOES Y (Fig. 3.18) with a mixing time of 250 ms acquired on a 1 

mM peptide solution at pH 3.0 and 20° C was analysed for secondary structure 

information. The crosspeak intensities obtained by volume integration are summarised 

in Table 3.3. The criterion for a crosspeak was observation on both sides of the 

diagonal The top half of the spectrum was used for quantitation because the spectrum 

was generally weaker below the diagonal e.g. dpa(13,10) has been listed for both He(lO) 

and Ile(13) rather than dap(10,13) because dap(10,13) occurred below the diagonal. 

The numbers in brackets are for crosspeaks which occurred below the diagonal and refer 

to the complementary crosspeak. They have been listed where peaks below the diagonal 

were used in plots. The spectrum was initially processed to maximise S/N then 

reprocessed for optimum resolution enhancement and S/N. A ROBSY spectrum with 

a mixing time of 150 ms was used to check if crosspeaks were due to chemical 

exchange. Peaks observed in ROBSY spectra but not NOBSY spectra have been 

bracketed. The crosspeak intensities listed in Table 3.3 have not been normalised but 

they have been corrected elsewhere for number of contributing protons where 

comparisons were being made between crosspeak intensities and different numbers of 

protons contributed.
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Table 3.3 NOES Y crosspeak intensities (I) in 90% methanol/water.

diag.=diagonal ol=overlap (w),(s) refer to weaker and stronger intensities in a  pair o f crosspeaks 

I=crosspeak intensity th=threshold

for protons attached to the same carbon atom the highest field resonance is labelled A 

crosspeak intensities in the table have not been corrected for the num ber o f  contributing protons or 

ref^enced  to a  standard but are simply the integrated volume intensities obtained using vnmrsys on 

a Sun workstation

RE=ratio o f 2 crosspeaks obtained from a resolution enhanced spectrum and applied to the single 

crosspeak intensity to obtain approximate separate values.

Residue îintraresidue ^sequential =medium-iange

Phe(l)

Ser(2)

Thr(3)

ffis(4)

[dap(l,l)] dcxN(l,2)=0.012

dpR2,6(l,l)=0.06

daR2,6(l,l)=0.028

dR2,6R3^(l,l) diag. ol.

doN(2,2)=0 doN(2,3)=0.383

dpN(2,2)=0 docN(l,2)=0.012

dap(2A  

OĤ ivcnt ol. 

dpp(2,2)=3.073

doN(3,3) dpN(3,3) doN(3,4)=0.425(RE)

ol. £=0.335

dNN(3,4)=0.109 (< th.)

dap(33) diag. ol

dYH3P=1.148 dYHaN(3,4) < th.

dVH3a=0.726

daN(4,4)=0.43(RE) daN(3,4)=0.425(RE)

dp^a(6,3)=0.121 

(< th.)

dPBa(6,3)=0.048 

doN(3,6) < th. 

dPN(3,6) < th.

dPa(7,4>=0208 (0.060)
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Lys(5)

Gln(6)

doN(4,5)=0.238 

daP(4,4) CH3  ol. dNN(3,4)=0.109 (< th.)

dNN(5,4)=0.176 (0.014) 

dYHaN(3,4) < th. 

doN(5,5)=0.67(RE) doN(4,5)=0.238

docN(4,7) < th. 

dNN(4,6) < th.

d p a ( 5 , 8 ) = 0 . 1 2 5

(0.193)

dp2N(5,5)=1.164

dYxN=0.023

dVBN=̂ .013

docN(5,6) docN(6 ,6 ) ol. 

dNN(4,5)=0.176 (0.014) 

dp2N(5,6)=0.305(RE)

dPa(5,5)=1.60 (1.170) 

dÔH2a=0.172 (0.159)

dYH2a=0.7

dcxN(6,6)=0.667

dpA«(6,6)=0.544

dpAN=0.40

dPBN=0.587

dVAN=0.044

dYBN=0.088

dNN(6,5)=0.47(RE) (0.062)

docN(5,6) doN(6 ,6 ) ol. daP(3,6) dap(9,9)

docN(6,7)=0.190

dNN(6,5)=0.47(RE)

dNN(6,7) diag. ol.

dM(6,7)=0.4

dPBN(6,7)=0.587

dPN(5,6)=0.305(RE)

ol.

dpN(3,6) < th. 

dNN(4,6) < th. 

doN(3,6) < th. 

daPA(3,6) < th. 

dapg(3,6)=0.048

dNN(6,8) < th.

dYN̂ YNB=3.649 (st) dYAN(6,7) < th. 

dYAVNB=0.113

Phe(7) doN(7,7)=0.323 

dPN(7,7)=0.383

dcxN(6,7)^. 190 

dNN(6,7) diag. ol.

doN(7,10)=0.045

d P a(10 ,7 )= 0 .703



Glu(8)

Ser(9)

dPa(7,7)=0.746 dNN(8,7)=0.471(R^

d<m,6(7,7)=0.069 (0.155)

dpR2,6(7,7)=0.011 dP*N(6,7)=0.4

dR2,6R34(7,7)=1.148 dPgN(6,7)=0.587 

dVAN(6,7) < th. 

dpN(7,8)=0.061 

doN(7,8) docN(18,19) oL

daN(8,8)-0.683

(doN(19,19) ol.)

davA=0.224(0.014)

dOYB=0.817(0.060)

dap*=0.302(0.535)

daPB=0.083(0.274)

dYAN=0.079

dY»N=0.109

dp*N(8,8)=0.35

dP,N(6,7)M).69

do(N(9,9)=1.133

dPjN(9,9)=0.364

dcxN(7,8) 

d0N(18,19) ol.

do(N(8,9)=0.058

dNN(8,7)=0.471(RE)

dNN(9,8)=0.546

(0.219)

dpN(7,8)=0.061

dPN(8,9)=0.360

doN(9,10)=0.378

doN(8,9)=0.058
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dPa(7,4)=0.208^.060)

doN(4,7) < th.

dNN(9,7) < th.

dPN(9,7) < th.

dYa(10,7)=0.02

dBH3AR3.5(l 1,7)=0.156

dÔ H 3^R4(ll,7)=0.092

dÔH5*R2.6(ll,7)=0.104

doN(8,ll)=0.093

dP A «(ll,8)=0.766

(0.165)

dpB«(5^215(p.l93) 

dNN(8,6) < th. 

dôH3a(ll,8)=0.258 

(0.047) 

dp/OHsolvent

dPo(9,9)=3.883 dNN(9,10)=0.623(0.181)

doiN(9,12)=0.072 

d o  N ( 9 , 1 1 ) / 

doN(15,18)?E=0.020 

dPa(9,12)=0.321



125

ne(10)

(2.282) (0.132)

dNN(8,9)=0.546(0.219) dNN(9,7) < th.

dp*N(8,9)=0.162(RE) dtlN(ll^<th.

dP,N(8,9)=0.198(RE) d0N(9,13)/ 

doN(15,13)? E < th. 

dpa(9,6) dpa(9,9) 4 

dpN(9,7) < th.

dotN(10,10)=0.276 daN(10,ll)=0.013 doN(7,10=0.045

dYAN(10,10)=0.184 dNN(ll,10)=0.337 d O N ( 1 0 ,  1 3 ) 

=0.024(RE)

dYBN(10,10)=0.7 daN(9,10,)=0.378 daN(10,14)=0.008

d6 H3 N(2 0 ,2 0 ) ol. dNN(9,10)=0.623(0.181) doN(1 0 , 1 2 ) < th.

dPa(10,10)=0.571 dYH3N(10,ll)=0.070 dNN(1 0 ,1 2 ) < th.

dBH3a=0.466(RE) dPN(10,ll)=0.544 dpa(13,10)

dPN(10,10)=0.7 =0.659(RE) (0.329)

dYH3a(10,10)=0.703(RE)dYH3a(10,ll)=0.12 dPa(10,7)=0.703

(0.339)

dYa(10,10)=0.558 d(6H3+YH3)a(10,7)

=0.45(0.068)

dVb(10,10)=0.679 dBH3YH(10,14)=0.25

d5H3Ya(10,10)=0.824(R^ 

dVH3Ya(10,10)=0.26(RE) dYbN(10,ll) < th. 

dYH3Yb(10,10)=0.149(RE) 

dÔH5Yb(10,10)=0.889(RE) 

d5H5b(10,10)=0.765(RE)
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Leu(ll)

dYH3b(10,10)=1.675(RE)

dYAYB(10,10)=2.255

dYAP(10,10)=0.003(RE)

dYBp(10,10)=0.29

d5H,N(10,10)=0.073(RE)

dYH,N(10,10)=0.146(RE)

daN(ll,ll)=0.216

d(PA+Y)a=0.909

dPBa(ll,ll)=0.529(0^59)

doN(10,ll)=0.0I3

doN(ll,12)=0.043

dNN(ll,10)=0.337(0.028)

dôH3AO(ll,ll)=0.048

(0.03)

dNN(ll,12)=0.45(KE)

d5H3Ba(ll,ll)=0.289

d(0Hj)^(ll,ll)=0.01

doN(ll,14) 

=0.162(RE) 

do(N(8,llHS3 

doiN(9,ll)/ 

daN(15,18)

r=0.02

dPAa(14,ll) 

=0.083 (0.173) 

dPBa(14,ll) 

=0.455

dPAN(ll,12)=0.209 dPA«(ll,8) 

=0.766 

(0.165) 

dPBO(ll,8) 

=0.425

dPBN(ll,12)

dPN(12,12) ol. dBH,a(ll,8)=0.258

dpAN(ll,ll)=0.876 dYH3N(10,ll)=0.070 (0.047)

dYNol? dpN(10,ll)“0.544

dpp(ll,10)=1.244?



dpBN(ll,ll)=0.611 dYBN(1 0 , l l )  < th. 

dÔH3B(P+Y)(ll,ll)=0.4
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dNN(9,ll) < th.

dBH,AR4(ll,7)=0.092

d5H34R3.5(ll,7)

=0.156

d&^R2 .6 (l 1,7H).104

d6H,^(P+Y)(ll,ll)=0.36 

dôH3BPB(ll,ll)=0.003 

dBH3APB(ll,ll) < th. 

d(5H3)2a(ll,ll)=0.433 

Lys(12) daN(12,12)=0.620 daN(ll,12)=0.043

daN(12,13)=0.027 

dap(12,12)=2.001 dNN(ll,12)=0.45(RE)

(0.383,0.856) (0.030)

dYH2N(12,12)=0.209 d6H;a(12,13) < th.

dNN(12,13)=0.565(0.063) 

dBHja(12,12)=0.327 dpN(12,13)=0.144 

(0.103) dP*N(ll,12)=0.209?

dpN(12,12)=1.298 dpBN(ll,12) 

dBHjN(12,12)=0.498 dpN(12,12) ol. 

dYHja(12,13)=0.024

doiN(9,12)=0.072

doN(12,14)=0.04g(Q

doN(10,12)<th.

doN(12,16)=0.024

dpo(12,9)=0.321

(0.132)

dNN(10,12)< th. 

dNN(12,14)< th.

He(13) doN(13,13)=0.538 doN(12,13)=0.027 doN(13,16)=0.013

do(N(13,14)=0.071 doN(9,13)/

d5H3N(13,13)=0.023 dNN(12,13)=0.565(0.063) dciN(15,13) < th.



Gln(14)

dYAN(13,13)=0.174 dNN(13,14)=0.551(0.080)

dYBN(13,13)=0.505 dYH^(13,14)=0.813(RE)

dYH,N(13,13)=0.057 dPN(13,14)=0.813(RE)

dPN(13,13)=0.845 dPN(12,13)=0.144

dPa(13,13)=0.448 dYH3a(13,12)=0.024

dôH3a(13,13)=0.077 dBH3a(13,12) < th.

dYH3O(13,13)=0.389 dYAN(13,14) < th.

dYAa(13,13)=0.411 dYBN(13,14) < th.

dYBa(13,13)=0.563

dBH3dYH3(13,13)=0.112

dBH3YA(13,13)=0.82

dBH3YB(13,13)=0.49

dYHjYA(13,13)=0.226

dYH3YB(13,13)=0.290

dBH3p(13,13)=0.275

dYH3P(13,13)=0.547

dYAYB(13,13)=1.826

dYAP(13,13) < th.

dYBP(13,13)=0.346

doN(14,14)=0.516 doN(13,14)=0.071

dYN(14,14)=0.19 doN(14,15)=0.245

dpAN(14,14)=0.271 dNN(13,14)=0.551

(0.341)
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daN(10,13)=0.a24(RE)

dab(13,16)=0.199

(0.111)

dNN(13,15) < th.

dpa(13,10)

=0.659(RE)

d0N(13,15)/

d o N ( 1 3 , 1 7 ) ?

E<th.

doN(ll,14)

=0.162(RE)

doN(12,14)

=0.04(RE)

dPAO(14,ll)=0.083

dPBa(14,ll)=0.455



dNN(15,14)=0.572

(0.080)

dVH3N(13,14)=0.049

dpN(13,14)=0.813(RE)

d p B N = 1 .0 8 6  

day(14,14)=0.514 

dv%a(14,14)=0.141 

dVHA(14,14)=0.064 

dÔH3YNB=0.009

dVH2PB(14,14)=0.0 dP^N(14,15)=0.063

dVH2VH2(14,14)

=8.317
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(0.173)

doN(10,14)=0.008 

dNN(14,16) < th.

^PbVNb̂ -081 

dYH2VNB=0-067 

Lys(15) dcxN(15,15)=0.552

sidechain/ocN 

(15,15) (22,22) ol. 

dPa(15,15)=1.945 

(1.441)

dôH2a(15,15)=0.526

dyH2a(15,15)=0.35

(0.098)

Thr(16) doN(16,16)=0.382

dPa(16,16)=0.157 

dPN(16,16)=0.216 

dVH3a(16,16)=0.927 

(0.329)

dPBN(14,15)=0.226

dVAN(13,14) < th. 

dVBN(13,14) < th. 

doN(14,15)=0.245 

doN(15,16)=0.119 

dNN(14,15)=0.572 

(0.080)

dNN(16,15)/(16/17)?

D=(0.074)

dVH3N(16,15)=0.076

dp^N(14,15)=0.063

dpBN(14,15)=0.226

dÔH2N(15,16) < th.

dotN(15,16)=0.119

doN(16,17)=0.434

dNN(16,17)/16,15)?

dyH3N(16,15)=0.074

dpN(15,16)=0.247

dNN(12,14) < th. 

doN(14,16) < th.

docN(14,18) < th.

docN(13,15)/ 

doN(13/17)? £<th. 

doN(15,18)/(9,ll)? 

E < th.

dpa(18,15)=0.393

d(XN(13,16)=0.013

doN(12,16)=0.024

daP(13,16)=0.199

(0.11)

dVH3a(16,17)=0.21



Gly(17)

Lys(18)

Gly(19)

Lys(20)

dVH3P(16,16)=1.519 dpN(16,17)

(0.913) doN(22,22> ol.

dNN(16,16)=7.952

doN(17,17)=1.940 doN(17,18)=0.669

daN(16,17)=0.434 

dNN(16/17)/(16/15) ol. 

dNN(18,17)=0.309(0.066) 

davHj(17,16)=0.21 

daP(17,16)=0.234 

daN(18,18)=0.620 daN(17,18)=0.669

doN(18,19) doN(7,8) ol.dpAN=0.478 

dPgN=0.232 

dP^a(18,18)=0.85 

(0.426) 

dPsa(18,18)

=0.84(0.2)

dBHja(18,18)=0.125 (0.027) 

dVHjO(18,18)=0.283 (0.134)

dNN(19,18)=0.193(RE)

(0.108)

dcxN(19,19) 

doN(8,8) ol.

d0N(18,19) d0 N(7 ,8 ) ol.
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dPa(16,17)=0.234 

dNN(14,16) < th. 

dNN(16,18) < th. 

doN(13,17)/(13/15)7

dNN(16,18) < th. 

doN(15,18)/

dNN(18,17)=0.309(0.066) doN(9,ll)?

doN(14,18) < th.

dPo(18,15)=0.393

doN(19,20) dpN(9,10) oL E=0.800 

dNN(19,18)=0.193(R^(0.108) 

dNN(20,19)=0.183(R^(0.113) 

doN(20,20)=0.246 doN(20,21) doN(18,20) < th.

dYHjN(20,20)=0.069 (21.21) ol.
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dp^N=0.5(RE) doN(19,20) dPN(9,10) ol. E=0.800

dpBN(20,20)=0. dNN(20,19)=0.183(RE) (0.113)

dNN(20,21)=0.252 (0.062)

Lys(21) dcxN(20,21) ol. doN(21,22) (22,22) ol. doN(19,21)

dP^N(21,21)=0.329 dNN(20,21)=0.252(0.062) < th(RE)

dPsN(21,21)=0.104 

Lys(22) doN(21,22) ol. doN(22,23)=0.179

dpNg(22,22)=0.201 doN(21,22) doN(22,22) ol.

dpN^(22,22)=0.156 

dp^a(22,22)=O.082 

Gly(23) docN(23,23)=0.163 doN(22,23)=0.179

dNN(23,23)=13 

dPea(23,23)=0.107 

daa=3.426 partial diag. ol.

Fig. 3.37 shows the oNH/ocH crosspeak region of a NOES Y spectrum. Sequential and 

medium range crosspeaks observed in this region may be used for the delineation of 

secondary structure elements (Wûthrich et al, 1984). A network of dcxN(i,i+3) were 

observed from His(4) to Thr(16). Weak doN(i,i+2) and doN(i,i+4) were also observed 

for a number of residues in the centre and C-terminus of the domain peptide. Table 3.4 

categorises the sequential and medium-range oH/oNH crosspeaks into observed (p), 

absent (x) and not observed (ol) because coincident with a stronger crosspeak. Fig.3.38 

shows the oNH/ccNH region of a NOES Y spectrum. dNN(i,i+2) peaks were all below 

the threshold level set for volume integration. The NOES Y spectral regions in which 

daP(i4+3) crosspeaks occurred are shown in Fig. 3.39. Table 3.5 categorises sequential
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and medium range oNH/ocNH NOESY crosspeaks and ccH/pH NOESY crosspeaks into 

present, absent and obscured as before. As can be seen a network of sequential dNN 

was observed from residues (3) to (20). dNN(i,i+2) were prevalent from His(4) to 

Thr(16) and dap(i,i+3) were observed between residues (3) and (13) with the possibility 

of a crosspeak between Lys(15) and Lys(18). However this crosspeak could also have 

arisen from cross-relaxation between Ser(9) and Leu(l 1).

The intraresidue doN crosspeak intensities are plotted in Fig. 3.40, pl41. An 

exceptionally high value was observed for Gly(lT). Sequential and medium-range doN 

crosspeak intensities have been plotted vs sequence in Fig. 3.41. The sequential 

crosspeak intensities were weakest in the centre of the domain and for the first and last 

residues of the peptide. Medium-range crosspeaks were always much weaker than the 

sequential crosspeaks but built in intensity towards the centre of the domain. Sequential 

dNN and doN crosspeak intensities observed in the top half of the spectrum have been 

plotted vs sequence in Fig. 3.42 for comparison. The doN crosspeak intensities tended 

to decline from the peripheries to the centre whilst the dNN crosspeak intensities 

generally increased. dNN(i,i+2) were much weaker but were more prevalent in the 

centre of the domain. dap(i,i+3) and dNN crosspeak intensities taken from the bottom 

half of a NOESY spectrum have been plotted vs sequence in Fig. 3.43. The intensities 

of the dap(i,i+3) and dNN crosspeaks were comparable. Like the dNN crosspeaks the 

dap(i,i+3) crosspeaks were stronger in the centre of IEA23 and decreased to zero at the 

termini.

Fig. 3.44 shows the oNH/sidechain region of a NOESY spectrum. Most intraresidue 

crosspeaks were observed as well as sequential and medium-range crosspeaks. NOESY
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crosspeaks were also observed between the Phe(7) ring protons and He(10) ÔH3 as well 

as between Gln(14) and yNHg and Ile(13) ÔH3  (see Fig. 3.21). NOESY

crosspeaks were not seen for Phe(l) pĤ /NĤ , Ser(2) PH/NHj or His(4) pĤ /NĤ . Weak 

pH/NHi were observed for Lys(22) whilst intraresidue ÔHj/NH and yHj/NH crosspeaks 

were absent. Lys(21) exhibited slightly stronger pH/NHj crosspeaks but intraresidue 

ÔH2 /NH and yHj/NH crosspeaks were again absent whilst all Lys(20) intraresidue 

crosspeaks were present excepting for intraresidue eHj/NH which were not observed for 

any lysine residues. The gradation in NOESY crosspeak intensities at the C-tenninus 

was attributed to motion. At the N-terminus the results appeared to be due to a 

combination of ’bleaching’ and motion.
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Table 3.4 Summary of NOESY crosspeaks associated with ccH/oNH dipolar coupling

i doN doNa.i+2) doNa.i+3) daNfi.i+4)

1 P X X X

2 P X X X

3 ol(4,4) 01(4,5) P X

4 P ol(3,6) P 01(5,5)

5 ol(6,6) ol(6,7) ol(i,i) ol(9,9)

6 P ol(5,5) ol(9,9) ol(9,10)

7 01(18,19) X P 01(18,18)

8 01(23,23) X P P?

9 P p? 01(15,18) P P

10 P P P P?

11 P X P P

12 P P 01(17,17) P

13 P p? 01(13,17) P p? 01(13,15)

14 P P 01(14,15) P

15 P ol(i,i) P? 01(9,11) 01(5,5)

16 P 01(18,18) 01(18,19) 01(7,10)

17 P 01(19,19) 01(19,20) X

18 P P X X

19 P P X 01(23,23)

20 01(21,21) 01(22,22) X

21 01(22,22) X
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22 p

p = present 

X = not seen

ol = if present would be obscured by stronger peak

Table 3.5 Summary of NOESY crosspeaks associated with oNH and ap dipolar 

coupling

i dNN(i.i+2) daP(i.i+3)

1 X X X

2 X X X

3 p X p

4 p p p

5 p ol(7,8) p

6 ol(diag) p ol(9,9)

7 p p p

8 p ol(19^0) p

9 p p P

10 p p p

11 ol(diag) t, noise P

12 p p 01(15,15)

13 p p p



136

14 P P Gly(17)

15 01(16/17) ol(diag.) P?

16 01(16/15) P Gly(19)

17 P ?[ROESY] X

18 P ?[ROESY] X

19 P 01(17,18) X

20 P X Gly(23)

21 [ROESY] X

22 [ROESY] X

p = present 

X = not seen

ol = if present would be obscured by a stronger crosspeak 

[ROESY] = observed in ROBSY spectra but not NOESY spectra 

diag. = if present would be obscured by a stronger diagonal peak
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Fig. 3.36 IEA23 in 90% methanol/water : trends in ratios

(a) (a/oNH^/(a/aNHj+i) reflecting changes in

(b) (a/aNHi)/(ai/aNHi.i) reflecting changes in
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Fig. 3.37 aH/oNH crosspeak region of a 600 MHz NOESY (t ^=250 ms) of IEA23 

in 90% methanol/water at 20° C.

acquisition and processing parameters as detailed in Fig. 3.18, p89
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Fig. 3.38 aNH/aNH crosspeak region of a 600 MHz NOESY of 1 mM IBA23 in 

90% methanol/water at 20° C.

acquisition and processing parameters as detailed in Fig. 3.18, p89
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Fig. 3.39 ap crosspeak region of a 600 MHz NOESY spectrum of 1 mM EEA23 

in 90% methanol/water showing ap(i,i+3) crosspeaks.

acquisition and processing parameters as detailed in Fig. 3.18, p89
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Fig. 3.40 Trends in intraresidue ocH/ocNH NOESY crosspeak intensities in

90% methanol/water.
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Fig. 3.41 Sequential and medium range (xH/otNH NOESY crosspeak 

intensities vs sequence in IEA23 in 90% methanol/water.
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Scalar Coupling Constants ĴoN

Although the resolution obtained in phase-sensitive DQF-COSY experiments and COSY 

experiments should have been sufficient to obtain J couplings there was a marked 

disparity between the coupling constants extracted from 1-D spectra and from the COSY 

experiments (Table 3.6). A rough relationship appeared to exist between the ratio of the 

1-D Ĵ o n  to the amide proton bandwidth and the difference between ĴoN

measured from 1-D and COSY experiments (AJ) viz. that for ĴoN̂ '̂ /Av̂ ŷ  < 1, AJ was 

large and for ĴoN̂ '̂ /Av̂ ŷ l̂ AJ was small indicating that the discrepancy between the 

coupHng constants measured from 1-D and COSY experiments could largely be 

attributed to a combination of small coupling constants and line-broadening. 

Discrepancies like this have been documented in systems where small couplings are 

combined with line-broadening (Stefan Freund, pers. comm.) and accurate values will 

only be obtained for J < 4 Hz if the linewidths are sharp (Gronenbom and Clore, 1990). 

Computer based programs have been used to extract ’true’ values of ĴocN from COSY 

spectra (Ludvigsen, 1991) using a combination of COSY and NOESY peaks and Bystrov 

(1976) gave corrections for observed J values in circumstances of couplet overlap based 

on height of peak to centre of doublet and linewidths. However, most of the ocH/ocNH 

coupling constants could be extracted from the one dimensional spectra obtained at 

different temperatures in 90% methanol/water. These are summarised in Table 3.6. 

Unbracketed values were obtained at 20 degrees celcius, bracketed values at higher 

temperatures.
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for IEA23 in 90% methanol/water measured from 1 and 2-D 

experiments

J(x) the bracketed term refers to the type o f experiment the vicinal coupling constant

was obtained from 

Av,y2 bandwidth at half height

AJ difference between the two measured J  values

bracketed I  values were obtained above 2 0  degrees celcius

Residue Jfl-Dl/Hz J(COSY)/Hz ĴON̂ -°/AVia AJ/Hz

Ser(2) 7 9.4 1.0 2.4

Thr(3) 9.5

ffis(4) (<4) 6.4 (0.69) 2.8

Lys(5) 4.6 6.3

Gln(6) 6.3

Phe(7) < 4 6.4 0.52 3.5

Glu(8) (<4) 6.3

Ser(9) < 4 6.3 0.26 4.2

Ile(10) (4.8) 6.4

Leu(ll) (<4) 6.4

Lys(12) < 4 6.4 0.78 2.9

Ile(13) 4.4 6.4 0.85 2

Gln(14) (<4) 6.3

Lys(15) (5.6) 6.4

Thr(16) 7.0 6.6 1.27 -0.4

Gly(lT) 4.8

Lys(18) (6.7) 9.5

Gly(19) (5.5) 6.4
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Lys(20) (5.7) 9.4

Lys(21) (6.7) 6.4

Lys(22) (7.1) 6.4

Gly(23) (5.7) 6.4 1.63 0.65

Sidechain states : ^Ja6 and NOESY crosspeak intensities

P proton states were elucidated using ^Jap coupling constants and NOESY crosspeak 

intensities whilst sidechain proton states were inferred from NOESY data and 

temperature dependencies. ĴaP coupling constants are related to the dihedral angle 0. 

The value of the coupling constant depends not only on the dihedral angle but also on 

the orientation and nature of substituents as well as valence angles and bond lengths 

(Bystrov, 1976). There are three minimum energy rotamers in which the three 

substituents on the two carbon atoms are staggered. The rotamers are defined below.

R1

,C0NH
NHNH

Ca CaCa

p3

(c)
g2g3

(b)
g 2 t 3

(a)
t2 g3
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Barrier heights to interconversion are of the order of 3 kcal/mol so that interconversion 

between these will be rapid unless the sidechains are locked into fixed conformations. 

In larger molecules a fixed conformation with a dihedral angle other than ± 60 degrees 

or 180 degrees is possible but to date Xi angles in most proteins have been found to be 

within ±15 degrees of staggered conformations (Gronenbom and Clore, 1990). Pachler 

(1972) proposed the values ^Jap = 13.6 Hz for 8 = 180 degrees and 2.6 Hz for 8 = ±60 

degrees for the methylene protons of amino acids. For p protons in peptides the 

observed vicinal couplings are usually assumed to be averaged over the constants of the 

individual rotamers. Providing that stereochemical assignments are available estimates 

of approximate rotamer populations can be made. The calculations assume all gauche 

constants equal and aU trans constants equal and ignore the orientation effect of 

substituent electronegativity. If only ^Jap has been measured (as here) then for the two 

proton case only the population of rotamer c (ĝ ĝ ) can be estimated unequivocally and 

for the one proton case only the population of rotamer b (g^ )̂. The equations

c = 1.47 - 8.09E^Jap (2 proton case) 3.1

b = 0.09 ̂ Jap - 0.24 (1 proton case) 3.2

were used to estimate rotamer populations (Table 3.7). In the case of chemical shift 

equivalent protons LJaP was taken as the measured value. The listed coupling constants 

have uncertainties of ±1 Hz. NOESY crosspeak intensities for intraresidue pH/NH and 

ap are also summarised in Table 3.7. The first listed value for both the scalar coupling 

constants and the NOESY crosspeaks always refers to P̂  and the second to pg. NOESY 

crosspeaks can be used in conjunction with measured coupling constants for 

stereochemical assignment (Zuiderweg et al, 1985). Contradictory scalar coupling
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constants and NOESY crosspeak intensities and intermediate J values were taken as 

indicators that more than one conformation was adopted.

For Phe(l) a fractional population of 0.77 in the configuration was estimated. No 

intraresidue pH/NH NOESY crosspeak was observed presumably because of a 

combination of fast exchange of the NH protons and motional quenching. Ser(2) was 

estimated to populate the ĝ ĝ  configuration 44% of the time so that if only one other 

rotamer were significantly populated significant mixing between rotamers was 

implicated. This was supported by the through space information obtained. Although 

solvent ’bleaching* probably contributed, the fact that intraresidue pH/NH crosspeaks 

were observed in ROESY spectra but not NOESY spectra implied that the gV and t̂ ĝ  

must have been populated. The ĝ g’ configuration was estimated to be 84% populated 

for Lys(5) but chemical shift degeneracy of the methylene protons precluded 

stereospecific assignment. Similarly Lys(12), Phe(7) and to a lesser extent Lys(15) 

populated predominantly the ĝ ĝ  conformer but could not be stereospecifically assigned. 

Glu(8) was estimated to populate the ĝ ĝ  rotamer to 84% but strong and medium rather 

than medium and weak pHj/NHi crosspeaks were observed indicating that more than one 

conformation was adopted. The single methylene proton of Ile(10) in the predominant 

g4  ̂rotamer would have exhibited a medium-strong (g^ or strong (t̂ ) pH /̂NHi crosspeak 

and was tentatively assigned to g?. The estimate of ĝ ĝ  population (64%) indicated that 

more than one conformer was populated for Leu(ll) and this was supported by the 

NOESY crosspeak intensities. The single p proton of He(13) was estimated to populate 

gV 98%. The NOESY data indicated a gauche orientation. Although spectral overlap 

meant that stereospecific assignments were in most cases not possible the estimates of 

rotamer populations indicated that the methylene protons of Phe(l), Lys(5), Phe(7),
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Glu(8), ne(lO), Lys(12) and He(13) adopted predominantly one conformation. Together 

the data summarised in Table 3.7 pointed to most of the p protons being bound into a 

particular conformation for at least some of the time. In the centre of the domain the 

decreased predominance of a particular rotamer at Ser(9) was consistent with the 

anomalously large amide proton temperature coefficient of this residue. A number of 

authors (Jardetzky, 1980; Wûthrich, 1986; Neuhaus and Williamson, 1991) have warned 

that for linear peptides an equilibrium situation with multiple conformers is typically 

encountered with a single observed spectrum corresponding to the average of the spectra 

of the individual conformers. Structural analysis of any NOESY data could then be 

misleading because a small population of conformers with short distances could have 

a dominant effect on the observed average spectrum. In practice the NOE’s are usually 

quenched by the pronounced flexibility of such systems (Wuthrich, 1986). For BEA23 

in 90% methanol/water the Ĥ- NOE’s were negative so that high frequency 

intramolecular motions would act to reduce the magnitude of the NOESY crosspeaks. 

The observation of intraresidue sidechain/oNH NOESY crosspeaks and o/p crosspeaks 

has become accepted as a qualitative criterion for sidechains being locked into a 

particular spatial arrangement for at least some of the time (Gierasch, 1992) and 

quantification of the data has been attempted by molecular modelling and simulation of 

the NOESY data (Andersen et al, 1991). The observation of both intraresidue and inter

residue crosspeaks in the sidechain/oNH and ap regions of the NOESY spectrum 

provided support for the sidechain protons of IEA23 participating in a particular 

conformation some of the time rather than simply populating all rotamers in accordance 

with their free energies.
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Table 3.7 Estimates of rotamer populations for IEA23 in 90% methanol/water from

Sag  

6 protons dag dgN Fractional

Rotamer Population

(DPH^ 7.8 <th c = 0.77

(2)PH^ 5.7;5.7 ol c = 0.44

(3)pH diag. ol diag. ol

(4)PH2 10.2 ol c = 0.55

(5)PH, 7.0 1.164 c = 0.84

(6)PH^3 ol(14) 0.4;0.587

(7)PH, 7.7 0.746 0.383;0.746 c = 0.78

(8)PH^3 4.0;3.0 0.302;0.083 0.35;0.69 c = 0.84

(9)PH2 9.5 2.912 ol b = 0.62

(lO)PH 13.0 0.571 ol b = 0.93

4.5;4.7 ol;0.529 0.876;0.611 c = 0.64

(12)pH2 6.5 1.5 1.298 c = 0.89

(13)PH 13.5 0.448 0.845 b = 0.98

(14)PH^3 ol(6) 0.271;1.086

(15)pH, 9.0 1.458 c = 0.66

(16)PH 7.8 0.157 0.216 b = 0.46

(18)PH^3 ol 0.48;0.232

(20)PH^3 ol 0.5;0.0

(21)PH^3 ol 0.329;0.104

(22)PHa3 ol 0.201;0.156
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nmr estimates of toisional angle variation

Like the value of ĴcxN the intensities of the NOESY crosspeaks arising from Oi/ocNHi 

crossrelaxation depend on the torsional angle ^ whilst the intensities of a/ocNHi+i 

NOESY crosspeaks depend on the torsional angle ip. The ratio of the NOESY crosspeak 

intensities thus reflects changes in the ratio of The ratio of Oj/aNHi to ô /(xNH;_i 

similarly reflects changes in Plots of the nmr observables (Fig. 3.36) revealed

considerable variation in the torsional angle ratios indicating distortion from regular 

structure. Using computer simulations to investigate changes in the ratios and 

Andersen et al (1991) found that weak intraresidue oH/oNH crosspeaks 

implicated a significant amplitude of high fiiequency (|) motion. The lower values 

observed at the termini could thus be due to fast variations in (|) relative to ip.

nmr estimates of secondary structure content

Using a simple two state model of ideal extended and helical conformations the 

fractional helicity at a proton pair could be calculated from the ratio of the intensities 

of the doN and dNN crosspeaks (Neuhaus and Williams, 1990). Each state would 

contribute to the experimental crosspeak intensity ratio R according to equation (3.3).

^  “ N̂N ~ 4bc'̂ o êxt̂ c ext(l̂ N̂N̂ ext

_   :______________________  (3.3)

loN  fhbc'ti; hk(^/^(xN ^hlx ^ext'^c extC^^^oN^ext

where I = crosspeak intensity 

fhix = fraction of helix 

fgxi = fraction of extended
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Tchk = rotational correlation time in helix state 

Tghk = rotational correlation time in extended state 

Using + fgxt = 1 and assuming equal correlation times in both states

ĥlx “ (1/̂ NN̂ ext ■ ^  (l̂ ôN̂ hlx

___________________  (3.4)

(1/̂ oN̂ hlx “ (1/̂ oN̂ ext (1/̂ NN̂ ext “ (1/̂ NN̂ ifalx

Helical population estimates were derived for each proton pair for which dNN and doN 

were available using the interproton distances for ideal helix and ideal extended forms 

(Wûthrich et al, 1984) and the experimental ratios. A constant helicity estimate of 86% 

was obtained in the centre of the domain which tailed off to 80% helicity at the 

dipeptide Thr(3)/His(4) at the N-terminus. The last observed value at the C-terminal end 

of the peptide was 85% for Gly(19)/Lys(20) which may have been artificially low 

because dcxN(GX) may adopt values < 3 A for aU secondary structures (Wûthrich et al, 

1984). Bradley et û/(1988) integrated the space where crosspeaks which were not 

observed should have been observed to obtain helicity estimates but this was not carried 

out here because of the difficulty of deciding the correct volume of integration.

As measured coupling constants are population weighted averages an estimate of 

fjjj could also be obtained from the scalar coupling constants. A two state model 

between ideal helix and ideal extended was again assumed where 

^M E A S U R E D  “ 4hJhbc fexJext (3.5)

The ideal alpha helix and extended coupling constants of 3.9 Hz and 9.7 Hz (Wûthrich,
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1986) were then used together with the experimental coupling constants to obtain 

estimates of at each residue (Table 3.8). Bracketed values were obtained from 

coupling constants measured at temperatures above 20 degrees celcius. Slightly higher 

results were obtained when an estimated random coil coupling constant value of 7.2 Hz 

(Bradley et al, 1988) or when an ideal polyproline(n) coupling constant (6.4 Hz) was 

substituted for The polyproline(n) value was used as an approximation to LHE.

The population estimates obtained from and intensity ratios were in good overall 

agreement (given that the error associated with the calculations was of the order of 20%) 

although the estimates obtained from J values were generally higher. If aU of the 

values of < 4 Hz were taken as 4 Hz then better agreement was obtained between the 

helical estimates derived from the two nmr parameters. The overall helicity estimate 

was more than 20% higher than that estimated from the UV CD spectrum. A simple 

model like the above would give valid results only if a two state system was a good 

approximation (see later).
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Table 3.8 Estimates of helicity from NOESY crosspeak intensity ratios and

ol.=overlap bracketed values obtained from J measured above 20  degrees celcius

oN

Proton Pair Residue f,„(NOESY) LixîD. W J)

2/3 2 0.47

3/4 3 0.80

4/5 4 0.84 1.12 1.05

5/6 5 ol. (0.88)

6/7 6 diag.

7/8 7 ol. 1.17

8/9 8 0.86 (0.88) 0.91

9/10 9 0.86 1.31 1.02

10/11 10 0.86 0.84 0.88

11/12 11 0.86 (0.88)

12/13 12 0.86 1.07 1.00

13/14 13 0.86 0.91

14/15 14 0.86 (0.88)

15/16 15 ol. 0.71 0.52

16/17 16 ol. 0.46

17/18 17 0.83

18/19 18 ol. 0.52

19/20 19 0.85 0.72

20/21 20 ol. 0.69 0.45

21/22 21 0.52

22/23 22 0.45 0.40

23 0.69 0.71
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3.3^ BEA23 IN ’EXTENDED STATE’

Spectral Assignment

Spin system assignments were made from Hohaha spectra acquired on samples in 90% 

HjO/DjO and DjO (Fig. 3.45). As there were relatively few sequential doN and dNN 

NOESY crosspeaks the amino acids were assigned sequentially where possible by 

’walking along the peptide backbone’ in NOESY and ROESY spectra (Figs. 3.46 and 

3.47) and comparing the assignments to the sequence. COSY experiments were used to 

assign the amino acid sidechains (Fig. 3.48) and a 2-D JRES experiment was used to 

confirm the COSY assignments.

Chemical Shift Information

As with IEA23 in 90% methanol/water the chemical shift values of the residues all 

occurred within their normal regions but many deviated from ’random coil’ values again 

indicating conformational and/or ring current effects. The observed chemical shifts and 

residual shifts are listed in Table 3.9.
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Fig. 3.45 Sidechain/oNH region of a 5(X) MHz TOCSY experiment used to assign 

the spin systems of IEA23 in water at pH 3.0 and 20° C.

The spectrum was acquired with a spin lock time o f  100 ms, a spectral width o f  50CX) Hz 

in both dimensions, 4096 tj data points and 256 t, increments with 16Dtransients per 

increment. The spectrum was zero-filled to give 4096 x 1024 data points along f̂  and f, 

respectively and processed with shifted sine-bell weighting functions in both dimensions.



159

fi'ij/aoj

NHj-Pb^-S^r-rnir-Hi^-LyB-Oln -Pb* -Olu -S*r-IU -L»u -Ly»-IW -Oln -Ly*-Thr-Oly-Ly»-Oly-Ly»-Ly»-Lyi-Oly-OH

FI
(ppm):

4 . Ol 

4.1":

4 . 4- 

4.  8—

n
n)|W

ool K.c><j)l W/^rn^(i 0 KZ},
U ) I U )  ( «  Ü  nx)

(u) iQ.

(U j ( i j / ( i o )

ik)
< 1

“1—I—r
8.7

1—i—I—I—r-
8.6 8.5

1— I— I— !— 1— I 1 r 1—r / > r r r f r r ./r ;^

8.4 8.3
F2 (ppm)

8 . 2 8 . 1

Fig. 3.46 oH/oNH region of a 600 MHz NOESY (t„=250 ms) of IEA23 in water 

at pH 3.0 and 20*̂  C.

The spectrum was acquired with a spectral width o f  5000 Hz in both dimensions, 4096 data 

points in t̂ , 2 5 6 1, increments and 16 transients per increment. The spectrum was zeio-filled  

to give 4096 x 1024 data points in f̂  and f, respectively and processed with shifted sine-bell 

weighting functions in both dimensions.
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Fig. 3.47 oH/ocNH area of a 600 MHz ROESY (t„=150 ms) of ffiA23 in water 

at 20° C and pH 3.0.

The spectrum was acquired with a spectral width o f  4499.8 H z in both dimensions, 4096  

data points in t̂  and 256 t, increments with 16 transients per increment. The spectrum was 

zero-filled to give 4096 x 1024 data points along and f, respectively and processed with 

shifted sine-bell weighting functions in both dimensions
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Fig. 3.48 Regions of a 600 MHz DQF-COSY used to assign sidechain resonances 

of IEA23 in water at pH 3.0 and 20° C.

The spectrum was acquired with a spectral width o f  4499.8 Hz in both dimensions, 2048  

points along t ,̂ 1024 t, increments, with 16 transients per increment. The spectrum was 

zero-filled to give 4096 x 2048 data points along fj and f, respectively and processed with 

shifted sine-bell weighting functions in both dimensions.
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Table 3.9 Observed(ô) and residual shift (ÔA) values for IEA23 in water

bracketed values indicate a degree o f  uncertainty in the listed value 

(e.g. a broad peak from a number o f  contributing protons)

Residue Proton 0/oom ÔA/oon

Phe(l) ONH

OH 4.338 -0.325

PH b 3.27 0.047

PHa 3.19 0.199

R2.6H 7.273 -0.027

3 ^ H 7.385 -0.005

4H (7.385) 0.045

Ser(2) ONH 8.603 0.223

OH 4.753 0.082

PH j 3.80 -0.085

Thr(3) OCNH 8.341 0.105

OH 4.319 -0.027

pH 4.219 -0.001

VH3 1.2 -0.032

ffis(4) ONH 8.546 0.131

OH 4.700 0.07

PH b 3.25 -0.013

PHa 3.14 -0.058

R2H 8.580

R4H 7.276 0.136

Lys(5) ONH 8.42 0.012
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Gln(6)

Phe(7)

Glu(8)

OH 4.24 -0.118

PHb 1.7 -0.17

PHa 1.67 -0.077

YH2 (1.34) -0.131

ÔH2 (1.67) -0.038

eHj 2.95 -0.073

CNH3+ (7.538) 0.019

CXNH 8.452 0.042

OH 4.27 -0.1

PHb 1.98 -0.15

PHa 1.93 -0.08

YH2 2.26 -0.12

ÔNH2 6.876;7.493 0.006;-0.0097

ONH 8.396 0.168

OH 4.600 -0.063

PHb 3.11 -0.113

PHa 3.03 0.039

R2,6H 7.24 -0.06

R3̂ H 7.34 -0.05

R4H 7.284 -0.056

ONH 8.230 -0.138

OH 4.342 0.047

PHb 2.04 -0.052

PHa 1.91 -0.059

YH 2.36 0.046
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Ser(9)

Ile(10)

Leu(ll)

Lys(12)

YH 2.36 0.077

CXNH 8.320 -0.06

CXH 4.292 -0.206

pHj 3.840 -0.045

CXNH 8.174 -0.021

OCH 4.160 -0.064

Ph 1.88 -0.014

VHb 1.44 -0.038

VHa 1.185 -0.005

VH3 0.898 -0.045

ÔH3 (0.854) -0.031

CXNH 8.188 -0.235

CXH 4.160 -0.064

pH 1.615 -0.034

Ph 1.615 -0.034

YH 1.588 -0.061

BHjb 0.91 -0.033

5H3A 0.854 -0.045

CXNH 8.288 -0.12

<XH 4.306 -0.052

PHb 1.789 -0.081

PHa 1.74 -0.007

v% 1.443;1.358 -0.028;-0.113

ÔH2 1.677 -0.031

eHg 2.98 -0.043
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Ile(13)

Gln(14)

Lys(15)

Thr(16)

8NH3+ (7.538) 0.019

ONH 8.076 -0.119

OH 4.107 -0.117

PH 1.838 -0.056

VHb 1.468 -0 . 0 1

YHa 1.18 -0 . 0 1

VH3 0 . 8 8 -0.063

ÔH3 (0.854) -0.031

ONH 8.495 0.085

OCH 4.387 0.017

PH 2.07 -0.06

PH 1.978 -0.032

VH2 2.363 -0.017

ÔNH2 6.882;7.555 0.012;-0.035

OCNH 8.395 -0.013

OCH 4.294 -0.064

PHb 1.800 -0.07

PHa 1.763 0.016

VHj 1.424 -0.047

ÔH2 1.664 -0.044

cHj 3.00 -0.023

8NH3+ (7.538)

OCNH 8.193 -0.043

OCH 4.478 0.132

PH 4.224 0.004
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1.214 -0.018

Gly(17) ONH 8.460 0.069

OHa 3.95 0.018

(XHq 4.03 0.058

Lys(18) ONH 8.320 -0.088

OH 4.331 -0.027

PHb 1.858 -0.012

PHa 1.74 -0.007

VHj 1.409 -0.062

ÔH2 1.664 -0.044

8 H2 3.00 -0.023

8 NH3 + (7.538)

Gly(19) OCNH 8.487 0.096

CCHj 3.940 -0.032

Lys(20) OCNH 8.204 -0.204

OCH 4.309 -0.049

PHb 1.809 -0.061

PHa 1.74 -0.007

VH2 1.409 -0.062

ÔH2 1.67 -0.038

8 H2 3.00 -0.019

8 NH3 + (7.538)

Lys(21) OCNH 8.452 0.044

OCH 4.31 -0.048

PHb 1.84 -0.03
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Lys(22)

Gly(23)

PHa 1.764 0.017

VH2 1.449 -0.022

ÔH2 1.68 -0.028

eHj 3.00 -0.023

8 NH3+ (7.538)

ONH (8.496) 0.088

OH 4.365 0.007

PHb 1.860 -0.01

PHa 1.764 0.017

VHa 1.413 -0.058

VHb 1.469 -0.002

ÔH2 1.68 -0.023

eHj 2.98 -0.043

eNHg+ (7.538)

OCNH 8.205 -0.186

CXH2 3.840 -0.132

Plots of the experimental shifts for the oNH and oH (Fig. 3.49) as weU as plots of 

residual shifts vs sequence (Fig. 3.50) showed no defined trends although the residual 

shifts in the centre of the domain were generally negative whilst those at the C- and N- 

terminus were generally positive. The sidechain protons of residues (4) to (9) exhibited 

noticeably larger negative residual shifts (Fig. 3.51). The residual shift range was 

approximately the same for both oNH and oH protons. However the ranges observed 

in water were smaller than those observed in 90% methanol/water. The use of the seven 

Lys residue chemical shifts as ’peepholes’ onto the peptide’s structure (Fig. 3.52) offered
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no useful information because large local fluctuations masked any overall trends which 

may have been present.

Hvdrogen/Deuterium Exchange

The oNH regions of spectra acquired during an H/D exchange experiment on a 1 mM 

sample at pH 3.0 and 20° C were obtained at discrete intervals from five minutes after 

DjO was added to the sample. Ser(2), His(4), Thr(3) and Phe(7) oNH peaks could not 

be distinguished. Lys(12) and a peak which could have been due to either Ser(9) or 

Lys(18) in the 8.25-8.35 ppm region were not yet fiiUy exchanged. The ocNH resonance 

at approximately 8.10 ppm was due to De(13) whilst that at approximately 8.39 ppm was 

due to Lys(15) with the possibility of a low field contribution from Lys(5). All other 

observed resonances could not be assigned uniquely because they occurred in regions 

of spectral overlap. The peak at approximately 8.51 ppm could have been due to 

Gly(19), Gln(14) or Lys(22) or to any combination of these. The peak at approximately 

8.47 ppm may have been due to any combination of Gly(17), Gln(6) or Lys(21) whilst 

the large clump at 8.20 ppm could have contained contributions from Glu(8), Ile(10), 

Leu(ll), Thr(16) or Lys(20). After 23 min only the resonances due to Ile(13) and the 

large clump at 8.20 ppm remained. These were still present after seventy-eight minutes. 

A plot of ln{peak height} vs time yielded a straight line for (14)/(19)/(22), indicating 

an apparent first order reaction. As before -m then gave k, the apparent first order rate 

constant for NH/ND exchange and the intercept ln{peak height}^, k for (14)/(19)/(22) 

was 8.3x10'  ̂min"\ The correlation coefficient was 0.90. The observation of a straight 

line indicated that the peak was due to either a single proton or to a set of protons which 

exchanged at the same rate, k for (17)/(6)/(21) was 1.3x10'̂  min'̂  and the correlation 

coefficient was 0.96.
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Fig. 3.49 IEA23 experimental shifts (Ô) vs sequence in water at pH 3.0 and 20° C 

(a) ocH (b) oNH
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IEA23 residual chemical shifts (AÔ) vs sequence in water at 

pH 3.0 and 20° C 
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Fig. 3.51 IEA23 sidechain proton residual shifts (AÔ) vs sequence in water.
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Fig. 3.52 Lysine residue experimental shifts (6) in water 

at pH 3.0 and 20" C 
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Fig. 3.53 Sidechain region of a 600 MHz ROESY of TE A 23 in water 

at pH 3.0 and 20 degrees celcius.

The spectrum was acquired and processed as detailed in Fig. 3.47, p l60
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Again the observed decay may have been that of a single amide proton or a set of 

proton signals decaying at the same rate. Ser(9), Lys(12), De (13) and Lys(15) had k 

values for NH/ND exchange of 1.4xlO'\ 8.9x10'^ 3.4x10'  ̂ and 1.2x10'  ̂ min'̂  with 

correlation coefficients of 0.96, 0.92, 0.95 and 0.96 respectively. The plots are shown 

in Fig. 3.54. ln{peak height} was plotted vs time for chemical shift values 

corresponding to the centres of each doublet which might be contributing to the set of 

overlapping signals at approximately 8.22 ppm. The k values obtained were aU between 

2x10'  ̂and 8x10"̂  min'\ However the plot for 8.20 ppm was not linear indicating that 

protons exchanging at different rates were contributing to this portion of the overlapping 

resonances. These were most likely to be Thr(16), Leu(ll) and De(10). The clustering 

of the k values which could be assigned between residues (12) and (15) and the fast 

exchange of residues at the N-terminus made it likely that Lys(22) was not contributing 

to (14)/(17)/(22) and that (17)/(6)/(21) was due to Gly(lT) or Gln(6) but was more 

likely to be due to Gln(6) (W.A. Gibbons, pers. comm.). An experiment performed on 

a more concentrated sample at 25° C gave similar results. Twenty-five minutes after 

addition of deuterium to a peptide sample in NH form only peaks due to De(13) and 

L eu(ll) remained. The better signal/noise ratio and the increased temperature allowed 

for the assignment of Leu(ll). The slowly exchanging component contributing to the 

overlapping resonances at 8.02 ppm with k=3xlO'  ̂min'̂  in the exchange experiment at 

20° C was thus probably Leu(ll). A k value of 5x10^ min"̂  was obtained for Leu(ll) 

at 25° C. The rate constant for De(13) at 25° C was 6.8x10 ̂  min"\ approximately double 

that at 20° C but altered concentrations and smaU pH variations may also have 

contributed to the different rates.
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Fig. 3.54 Plots of ln{peak height} vs time from the H/D exchange experiment on 

IEA23 in water at pH 3.0 and 20° C.
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Amide Proton Temperature Coefficients

A temperature perturbation study was carried out to determine the temperature 

coefficients of the amide protons. 1-D spectra were obtained over a temperature range 

of 41° C. Linear plots were obtained for 14 protons (Fig.3.55). The temperature 

coefficients (in ppb/K) are plotted vs sequence in Fig. 3.56. They aU varied between 6  

and 9 ppb/K and no trends were discernable. Sidechain proton temperature coefficients 

were obtained for Phe(l)R3,5H, Phe(7)R2,6H, Phe(l) pHg, His(4) Gln(6 )yH2 , 

Thr(16) yHs, Thr(3) Leu(ll) ÔH3 , üe(13) yHg, Gln(14) yNHg and Gln(6 ) yNH. 

Phe(l)R3,5H exhibited an approximately linear dependence on temperature from 298K 

to 330K but shifted sharply to low field between 328K and 335K. The chemical shift 

of Phe(7)R2,6H altered sharply between 298 and 303K following which it was virtually 

unchanged. The positive AÔ/AT values have been indicated on the plots. Leu(l 1) ÔH3  

and He(13)YH3 temperature dependencies could be fitted to straight lines with calculated 

AÔ/AT values of -1.6x10'  ̂ and -3.8x10'^ ppb/K respectively. Similarly the plots of 5 vs 

T for Thr(3) and Thr(16) YH3  were linear yielding A5/AT of -6.3x10  ̂ and -2.9x10'  ̂

ppb/K respectively. His(4) was linearly dependent on temperature with a 

temperature coefficient of -2.8x10'  ̂ppb/K whilst the chemical shift value of Phe(l) PHg 

changed co-operatively between 298K and 313K, was unchanged between 313 and 328K 

then began to change more sharply, AÔ/AT always being positive. Gln(6 ) yHj underwent 

a sharp co-operative change between 303 and 313 K following which AÔ increased 

slowly with increasing temperature. The glutamine ÔNH temperature coefficients (see 

Fig. 3.57) were of the same order of magnitude as the oNH temperature coefficients.



178

8.6

D Ser(2)

•  His(4) 

■ Thr(3)

•  Lys(5)

8 .5 -

E
O

8.2 -

8.1
2 8 5 3 0 0 3 0 5 3  1 0 3 1 5 3 2 0 3 2 5 3 3 0

o  lle(IO)

•  Glu(B)? 

■ Ser(9)

•  Phe(7)

2 9 5  3 0 0  3 0 5  3 1 0  3 1 5  3 2 0  3 2 5  3 3 0  3 3 5  3 4 0
T / K

□ lle(13)

•  Thr(16)

■ Lys{12)

•  Lys(15)

2 9 5  3 0 0  3 0 5  3 1 0  3 1 5  3 2 0  3 2 5  3 3 0  3 3 5  3 4 0

T / K

o  Lys(l8)

3 0 0

Fig. 3.55 Plots of EEA23 ocNH chemical shifts (Ô) vs temperature (T) in water 

obtained from a set of one dimensional spectra at 500 MHz.

Spectra were acquired with a spectral width of 5000 Hz and 500-1000 scans per spectrum 

and a relaxation delay of 2 s. The water resonance was presaturatedduring the relaxation 

delay to suppress the solvent signal.
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Fig. 3.56 Amide proton temperature coefficients of IEA23 in 

water at pH 3.0 and 20 degrees celcius.
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Through Space Connectivities

Phase sensitive NOESY with mixing times ranging from 70 ms to 300 ms and ROESY 

with mixing times ranging from 80 to 300 ms were acquired. A phase sensitive NOESY 

acquired at 20° C with a mixing time of 250 ms (Fig. 3.58) and a phase sensitive 

ROESY experiment acquired at the same temperature and with a mixing time of 150 ms 

were analysed for secondary structure information. A ROESY experiment with a mixing 

time of 150 ms acquired at 25° C was also analysed. In the NOESY diagonal and 

crosspeaks again had the same sign indicating that wt  ̂ > 1.12. Although the ROESY 

experiment was more sensitive than the NOESY experiment strong dispersive diagonal 

components made it more difficult to distinguish the weak dNN NOE’s. The crosspeak 

intensities obtained by volume integration of the NOESY experiment are summarised 

in Table 3.10. Crosspeaks which were seen in ROESY experiments but not NOESY 

experiments are bracketed. Crosspeaks which were seen in both the ROESY and 

NOESY experiments but below the threshold set for integration of the NOESY 

experiment have been listed as < th. The criterion for a crosspeak was again 

observation on both sides of the diagonal. Complementary crosspeaks had similar 

intensities but one complementary region usually suffered more from solvent peak 

interference than the other (the distribution of noise associated with the solvent signal 

was strongly dependent on the amount of zero-filling) so that the same crosspeaks from 

noise free spectral regions have often been listed for two residues.
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Fig. 3.58 A 600 MHz NOESY spectrum (T^=250ms) of ffiA23 at pH 3.0 

and 20® C used to quantitate crosspeak volumes.

The spectrum was acquired and processed under the conditions listed for Fig. 3.46, p l59
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Table 3.10 NOESY crosspeak intensities (T) in water at 20° C

I=intensity diag.=diagonal ol=overlap R£=resolution enhanced th=threshold

crosspeak intensities w ere obtained by volum e integration using vmnrsys on a Sun workstation and have not

been referenced or corrected for the number o f  contributing protons.

square bracketed values indicate ROESY but not NO ESY  crosspeaks w ere observed.

Residue Kintraresidue) I(sequential)

Phe(l)

Ser(2)

Thr(3)

dR2,6R3^^.252 daN(l,2)=0.124

dR3̂ E4 diag. ol

dpp dpP(4,4) ol

daPg=0.04

daP*=4).03

[dOCE2,6]

[dP*R2,6]

[dPgR2,6]

doN=0.07 doN(l,2)=0.124

[dPN] doN(2,3)=0.160

dPaPB=0.124 [dPN(23)]

[dap]

doN=0.011 doN(3,4)=0.257

dPN=0.003 daN(2,3)=0.160

[dVHjN] dNN(3,4)=0.083

[daPl [dPN(3,4)l

[davHj [dpN(23>]

dpVH, dpVH;(16,16) ol
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His(4) dpAN=0.053

<1PbN=0.001 

doN=0.038 

dPP dpp(l,l) ol 

[dR2,6R4]

Lys(5) dP2NM).14

doN=O.086 

daPj=0.553

[dVBjN]

[d a B H j

[davHj

Gln(6) dP*3N=0.129

dVNĤ YNHg

=2.689

[davHj

dop*=0.203

daPg=0.114

dPg diag. ol

dP*YH2=0.050

dPgVi^=0.035

[dYNgVHj

Phe(7) dP^N=0.122

dPgN=0.062 

dpĵ R2,6=0.110 

dPgR2,6=0.054

doN(4^=0.131

[dPgN((4,5)]

[dPN(4^]

doN(3,4)=0.257

daN(4,5)=0.131

dp*N(6,7) < th. 

d(XN(6,7)=0.684

dPAN(7,8)=0.006

dPgN(7,8)=0.004

daN(7,8)=0.654

d(XN(6,7)=0.684



185

docN= .̂134

dR2,6R3^=0.456

[dCXR2,6]

dPP=1.236

[doM

dopB < th.

Glu(8) dpAN=0.086

dpBN=0.027 

dVH2N .̂038 

do[N=0.147

daVHj davH2(14,14) ol

daPB=0.081

daP*=0.02

dpp=0.705

dPAVHz^'l^

dPBVH2=0.102

Ser(9) doN doN(18,18) ol

d(P*+PB)N=0.255 

dPP=0.099 

dop=0.424‘

He(10) dY*N=0.12

dYBNM).015 

dPN=0.329 

doN doN(10,ll) ol 

1=0.889

dP*N(6,7) < th. 

doN(6,7)M).684 

dNN(8,7)=0.033

dP*N(8,9) < th 

dpgN(8,9) < th 

dP^N(7,8)=0.006 

dPgN(7,8) =0.004 

dNN(8,7)=0.033 

dotN(7,8)=0.654

dpN(9,10)=0.045 

dp*N(8,9) < th. 

dpgN(8,9 < th. 

dNN(10,9)=0.022 

dpN(9,10)=0.045 

dNN(9,10)=0.006
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dap=0.207

da(ôH3+YH3)=0.446

dyH3p=0.74

dÔH3p=0.042

[docYj

[ d a y j

Leu(ll) dP̂ N dpeN dvN ol 

E=0.443

doN docN(20,20) ol 

£=0.352 

dapA=0.179  ̂

dapB=0.192^

d(5Hj)2(PA,PB+YH)=0.263’

do0H3A=0-104

[dOÔHjJ

Lys(12) doN=1.028

dp*N=0.27 

dPgNM).059 

[<1YaN]

[dYflN]

He(13) dVHjN < th

dYAN=0.035 

dYBN=0.051 

dPN=0315 

docN=0.139

dpN(ll,12) < th 

doN(10, l l )  doN(10,10) ol

doN(12,13)=0.841 

dPBN(12,13)=0.006 

dpN(ll,12) < th

dNN(13,12)=0.089

dYHjN(13,14)=0.054 

dp*N(12,13) =0.006 

doN(12,13)=0.841 

doN(13,l4)=1.013 

dNN(13,14)=0.084
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daÔH;=K).131 

daya, < th 

[day*]

[dayj

dNN(12,13)=0.065

Gln(14) dp^N=0.168

dPgNM).042 

dyH2N=0.019

doN doN(22,22) ol 1=1.306 

dyN*yNg=2.637 

dayH2  dayH2 (8 ,8 ) ol 

daPB=0 . 1 1 2  

daPA=0.057 

dpp=0 . 8  

dPAyHj=0.145 

dPgyH2=0.213 

[dyNsyNj 

Lys(15) dP2N=0.006

daN^.043 

[dyHjN]

Thi(16) dyHjN < th

dPN=0.021 

daP=0.129^ 

dayH5=O.046 

dpya, dpya, ol

doN(13,14)=1.013

dyH,N(13,14)=0.054

dNN(14,13)=0.069

dNN(14,16)=0.103?

daN(16,17)=0.476

dNN(16,14)=0.188?
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Gly(17)

Lys(18)

Gly(19)

Lys(20)

Lys(21)

Lys(22)

daAN=0.184 dOAN(17,18)=0.139

dotBNM).163 dOBN(17,18)=0.122

[daa] doN(16,17)=0.476

dpAN=0.093 daAN(17,18)=0.139

doN^.965 daBN(17,18)=0.122

[dPfiN]

[dyHjN]

d(XN=^343 doN(19,20)=0.295

daa=3.314’ dNN(18,19)=0.0227

dP,JN:=0.161 doN(19,20)=0395

do(N=0.053(RE)

WPaN]

[dPgN]

[dVHjN]

dPAN=0.037

docN daN(6,6) ol

(dPflN]

[dSH^]

dVHjN]

dya^ < th

dPAN=4).231

dPBN=0.129

daPB=0.156

d«p*=0.126

daBHj=0.041
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dayHA=0.02 

[daYHj 

[dVHA, dVHj 

Gly(23) doN=0.201

 ̂ noise interference 

 ̂major contribution likely to be from pH 

 ̂major contribution likely to be from yH 

 ̂tj noise interference

 ̂close to diagonal therefore difficult to quantitate accurately

Sequential dcxN crosspeaks were observed for 11 proton pairs. Of the nine doN 

crosspeaks not observed seven would have overlapped intraresidue crosspeaks (Table 

3.11). The doN crosspeaks appeared to be strongest in the centre of the domain peptide, 

tapering off in intensity towards the termini. Few sequential dNN were observed and 

these were always much weaker than the corresponding doN crosspeaks (Fig. 3.59). Of 

the 16 dNN crosspeaks not seen only four would have been obscured by diagonal peaks
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Fig. 3.59 Comparison of the doN and dNN NOESY crosspeak

intensities in water at 20° C.
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Fig. 3.60 IEA23 intraresidue ocH/cxNH NOESY crosspeak intensities

in water.
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if they were present (Table 3.13). Only one medium-range NOESY crosspeak was 

observed which could not be assigned unambiguously but was due to either a close 

approach between oNH(14) and ocNH(16) or ocNH(14) and cxNH(ll). Only 14 intra 

residue oH/cxNH crosspeaks were observed due to overlap. Of these Lys(12) and 

Gly(lT) had anomalously high values (Fig. 3.60). Although the ROESY experiment at 

25° C was acquired with double the number of scans of the experiment at 20° C 

sidechain/oNH crosspeaks were generally weaker and a number of sidechain/ccH 

crosspeaks were missing possibly indicating greater sidechain motion (Gierasch, 1992). 

No oNH/ocNH crosspeaks were observed and Ser(2) and His(4) cxH/ocNH intraresidue 

crosspeaks were absent.

Scalar Coupling Constants

^JoN obtained from 1-D spectra, DQF-COSY and 2-D JRES experiments are listed in 

Table 3.11. There was agreement within 0.5 Hz for all 2-D J and one dimensional 

values with the single exception of Lys(5) where a difference of 1 Hz was observed. 

The 2-D JRES values were generally larger than the 1-D values. There was agreement 

within 1 Hz between the available 1-D values and the DQF-COSY values with the 

exception of Phe(7) and Lys(12). The differences between the 1-D and 2-D values were 

attributed to the difficulty of locating multiplet centres for the DQF-COSY experiments 

and to a combination of this and the tilting process in the 2-D JRES experiment (Prof. 

Ian Sadler, pers. comm.). The 2-D JRES values were thought to be more accurate than 

the COSY values because they agreed better with the values obtained from 1-D spectra. 

However the scalar coupling constants alone offered little information on the states 

populated by IEA23 in water because they could have been due to averaging between 

a variety of conformers.



193

Table 3.11 ^JoN for IEA23 in water at pH 3.0 and 20° C

J(x) X  refers to the type o f  experiment from which the vicinal coupling constant value was obtained.

Residue J(l-D)/Hz Jf2-D Jl/Hz JfCOST)/Hz

2 7.1 6.4

3 7.1 6.8 6.3

4 7.1 7.4 6.4

5 6.4 7.5 6.3

6 6.8 6.4

7 7.1 6.8 9.5

8 7.1 7.6 6.4

9 6.4

10 7.3 9.5

11 7.1 6.3

12 7.2 7.2 9.5

13 7.2 7.3 6.4

14

15 6.7 6.4

16 7.6 6.3

17 5.5 4.7

18 6.3

19 6.5 6.4

20 7.0 6.4

21 6.3 6.3

22

23 6.0 6.3
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nmr estimates of sidechain conformations : ^Ja6 and NOESY crosspeak intensities 

The values of the vicinal scalar coupling constants ^Jap were used to estimate rotamer 

populations of the sidechain p protons (Table 3.12). As before the first coupling 

constant and NOESY crosspeak intensity where two have been listed refers to the most 

shielded beta proton (a ). A s the population of c (ĝ ĝ ) was <50% and no information 

was available for rotamers a (t̂ g  ̂ or b (g^^ the conformation(s) adopted by the 

methylene protons of Phe(l) and could not be assessed. The ^Jap data indicated that 

Ser(2) adopted predominantly the ĝ g® configuration but the absence of NOESY data for 

the residue and the proximity of Ser(2) oH to the solvent resonance indicated that the 

low L^Jap value was likely to have arisen from partial decoupling of Ser(2) oH during 

presaturation of the solvent resonance. Although the population of rotamer b ((gV) was 

low for Thr(3) the methylene protons may have populated both t̂ ĝ  and ĝ g® equally or 

one rotamer predominantly. The weak intraresidue oH/pH and oH/oNH crosspeaks 

together with the low Ĵap value were not consistent with predominant population of 

either ĝ ĝ  or t̂ ĝ  because whilst the NOESY crosspeak intensities were consistent with 

the single methylene proton adopting the p̂  position in t̂ ĝ  this would have resulted in 

a large rather than a small ^Jap. The possibility of segmental motion acting to decrease 

the intensities of the NOESY crosspeaks from their true values could not be excluded. 

The data available for His(4) indicated population of all rotamers to some extent. Ĵap 

indicated that Lys(5) and Gln(6) populated predominantly the ĝ g® conformer. As the 

intraresidue NOESY crosspeaks for Gln(6) pN were not fully resolved the methylene 

protons of Gln(6) could not be stereospecifically assigned but the data indicated that p̂  

may have been p̂  i.e. trans to Gln(6) oNH. The Ĵap data for Phe(7) indicated that 

more than one rotamer was significantly populated. The ĝ ĝ  rotamer was estimated to 

be 34% populated. The ^Jap data for Ser(9) and Ile(10) indicated predominant
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population of a single rotamer viz. for Ser(9) and gV for He(10). The estimate for 

Ser(9) seemed unusually high. The estimate that rotamer c was 40% populated by 

Leu(l 1) PH made it unlikely that a single rotamer predominated. Ile(13) was estimated 

to populate predominantly the gV rotamer (65%). The value of the ^Jap coupling 

constant and the NOESY crosspeak intensities were inconsistent with a single 

conformation. The vicinal coupling constant and NOESY crosspeaks were consistent 

with Thr(16) PH in the p̂  position of the ĝ ĝ  rotamer. rotamer. Due to overlap no 

rotamer population estimates could be made for residues (8), (12), (14), (15), (18), (20), 

(21) and (22).

The presence/absence of intraresidue NOESY crosspeaks in the sidechain/oNH and 

sidechain/ocH regions again offered qualitative information on the conformational status 

of the sidechains of IEA23, the presence of crosspeaks indicating some ordering, the 

absence that rapid intramolecular motion had acted to quench crosspeaks i.e. that the 

system was flexible. The qualitative information obtained is primarily useful for 

indicating regions of relative order/flexibility within the domain. The presence of 

intraresidue o/p and p/ocNH for most residues indicated a degree of ordering of the 

methylene protons of IEA23 in water. In contrast with the data in 90% methanol/water 

there was no evidence of a decrease in intraresidue NOESY crosspeak intensities from 

the centre to the C-terminus indicating that the C-terminus was no more flexible than 

the centre of the domain in water. The NOESY crosspeak intensities for Phe(l) and 

His(4) would have resulted from a combination of bleaching, conformation and motion 

because of the proximity of the oH resonances to the preirradiated solvent signal. Only 

a few weak intraresidue crosspeaks arising from dipolar coupling between a and 

sidechain protons other than p were observed. No crosspeaks were expected for Ser(2),
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Ser(9), His(4), Gly(lT) and Gly(19). An o/R2,6 crosspeak was observed for Phe(l) and 

an cx/yHg was observed for Thr(3) in ROESY but not NOESY spectra. Lys(5) a/ÔHj 

and o/yHj crosspeaks were similarly present in ROESY but not NOESY spectra. An 

o/yHi crosspeak was observed for Gln(6 ) and an cx/R2,6 crosspeak for Phe(7) in 

ROESY spectra only. Sidechain/a crosspeaks were observed for Glu(8 ), Ile(10), 

Leu(ll), He(13), Gln(14), Thr(16) and Lys(22). Intraresidue sidechain/oNH crosspeaks 

were observed in ROESY but not NOESY spectra for Tbr(3), Lys(5), Lys(12), Lys(15), 

Lys(18), Lys(20) and Lys(21). Intraresidue sidechain/oNH NOESY crosspeaks were 

observed for Glu(8 ), Ile(lO), He(13), Gln(14), Thr(16) and Lys(22). Those residues for 

which NOESY crosspeaks were observed were taken to have more ordered sidechains 

than those for which only ROESY crosspeaks were observed and those in turn were 

assumed to be more ordered than residues for which no intraresidue crosspeaks were 

observed in the sidechain/backbone proton regions. Sidechain protons beyond p 

appeared to be more ordered in the centre of the domain than the N-terminus. The 

observation of sequential crosspeaks between the yH3 sidechain protons of Ile(13) and 

Gln(14) ocNH supported this interpretation. Although a trend of decreasing crosspeak 

intensity was observed from residues(16) to (22) the sidechain protons of Lys(22) 

appeared to be relatively more ordered, possibly through an ion-dipole interaction 

between Lys 8 NH3 + and the C-terminal -COOH group. Overall the low 

intensity/absence of ROES Y/NOES Y crosspeaks indicated that although some structure 

was preset the sidechain protons of IEA23 in water were mobile. The sidechain 

temperature dependencies which also offered information on sidechain states were 

detailed earlier. The complexity of the Phe sidechain region again indicated that neither 

Phe ring rotated freely.
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Table 3.12 Rotamer population estimates from ^JaP for IEA23 in HjO

at pH 3.0 and 20 degrees celcius

Protons "JaP daP(i,i) dPN(i,i) Rotamer

Population

7.3;6.8 0.03;0.04 [dPN] c = 0 . 2 0

(2)pH, 5.3 [daP] [dPN] c = 0.99

(3)P 4.0 [daP] 0.003 b = 0 . 1 2

(4)PH^3 8.4;5.5 solvent ol. 0.053;0 c = 0 . 2 2

(5)PH, 4.8 0.553 0;0.14 c = 0.99

(6)PHa3 4.0;3.9 0.203;0.114 0.129 c = 0.76

(7)PH^3 7.8;6.6 [dap];dap<th. 0.122;0.062 c = 0.34

(8)PH^3 ol. 0.02;0.081 0.086;0.027

(9)PH2 5.6 0.424 0.255 c = 0.97

(10)P 9.1 0.207 0.329 b = 0 . 6

(11)PH^3 4.37;7.0 0.179;0.192 c = 0.4

( 1 2 )PH; , 3 ol. 0.27;0.059

(13)P 9.9 0.07 0.315 b = 0.65

(14)PH;,3 ol. 0.057;0.112 0.168;0.042

(15)PH2 ol. 0.006

(16)P 4.0 0.129 0 . 0 2 1 b = 0 . 1 2

(18)PH^ ol. 0.093;[dpN]

(2 0 )PH^ 3 ol. 0.161;[dPN]

(21)PH^3 ol. 0.037;[dPN]

(2 2 )PH^ 3 8.0;weak 0.126;0.156 0.231;0.129

ol.=overlap [x] indicates ROESY but not NOESY crosspeaks observed th.=threshold
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NMR Estimates of Helical Content

Assuming a two state model of ideal extended and helical structure in which the 

correlation times of the two secondary structures were the same and using the doN and 

dNN distances for ideal helix and extended structures (Wûthrich, 1984) the helical 

population at proton pairs for which both doN and dNN crosspeaks were available was 

estimated as before (Table 3.13). The helicity at residues 12, 13 and 14 was estimated 

to be approximately 70% whilst the helicity at the proton pair Phe(7)/Glu(8) was 

estimated to be 56%. The helicity at the dipeptide Ser(9)/Ile(10) could not be estimated 

because dcxN(9,10) overlapped docN(16,16). Although the presence of isolated oNH/oNH 

crosspeaks was not a good indicator of helical presence a two state model between helix 

and extended structure was felt to be the best approximation available for those 

dipeptides exhibiting dNN crosspeaks because of the difficulty of locating them to a 

particular position in a beta turn and because the distances in helix-like turns would be 

similar to those in helices.

As before the scalar coupling constants were also used to estimate the helical 

population at each residue. In a two state model between ideal helix and ideal extended 

structure the estimated helical percentages varied between 40 and 50% with higher 

values being recorded for Lys(5), Lys(15) and Lys(21) as well as all glycines and a 

slightly lower value for Thr(16). The agreement between the helicity estimates from the 

coupling constants and from the NOESY crosspeak intensity ratios was good but there 

was insufficient experimental evidence for the presence of helical conformers in water 

for the two state model to be valid. If the coupling constant for polyproline(II) (LHE) 

were substituted for extended structure in the model then negative percentages of helix 

were predicted. If ’random coil’ were substituted for extended structure then the
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percentage of helix predicted was < 1 0 %, in better agreement with the low value 

predicted by CD. However there are a number of reasons why CD and nmr might give 

different estimates of helicity (Dyson and Wright, 1991).

Table 3.13 Summary of doN and dNN NOESY crosspeaks and estimated helical 

populations from available scalar(J) and dipolar(I) data using a 

two state model.

i doN dNN W J)' W J):

1 0.124 X 0.45 0.09

2 0.160 X 0.45 0.08

3 0.257 X 0.45 0.08

4 0.131 diag. ol 0.45 0.31

5 ol(6,6) diag. ol 0.57 0.20

6 0.684 X 0.5 0.08

7 0.654 0.033 0.56 0.45 0.08

8 01(18,18) X 0.45

9 01(16,16) 0.022 0.06

10 ol(10,10) diag. ol 0.41 0.08

11 01(12,12) X 0.45 0.09

12 0.841 0.089 0.43 0.09

13 1.013 0.084 0.72 0.43 0.09

14 partial ol X 0.68

15 01(11,11) X 0.52 0.23

16 0.476 X 0.36 0

17 0.139 X 0.72 0.54
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18 01(14,14),

(2 2 ,2 2 )

0 . 0 2 2

19 0.295 X 0.55 0.26

2 0 0 1 (2 1 ,2 1 ) X 0.46 0 . 1 1

2 1 partial ol diag. ol 0.59 0.31

2 2 0 1 (1 1 ,1 1 ) X

23 0.64 0.4

ideal extended and ideal helix

^  ’xandom coil' and ideal helix

ol.=overIap diag.=diagonal x=not seen  

^ (I)= fractional helicity from N O ESY  crosi^eak ratios 

fux(0 =fractional helicity from data

nmr estimates of torsional angle variation

Compared to the values observed in 90% methanol/water the ratios of the crosspeak 

intensities oNHi/cxHi to (<t/Vi-i) and cxNH/ocHi to ocNHi+j/oHi (cjVtp) were low

(Fig. 3.61). The ratios were not constant across the pq)tide (although far less variation 

was observed than in 90% methanol/water) indicating that a single regular conformer 

was not present. Any periodicity would have been difficult to detect because only 9 

ratios were available. The smallest values for the ratios were observed for i = Thr(3) 

and the largest for i = Gly(lT).
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IEA23 in water : NOESY crosspeak intensity ratios

(a) (a/oNHi)/(a/(xNHi+i) reflecting changes in

(b) (a/aNHJ/(a^/oNHj.i) reflecting changes in
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3.4 FTm , CD and NMR STUDIES OF THE PATH FROM THE ’HELIX’ 

STATE TO THE ’EXTENDED’ STATE

Pertuibation FUR

From methanol to 90% methanol/water a conformational equilibrium between beta sheet 

and the peptide in ’helix’ state existed (Appendix 2). From 90% methanol/water to 

water single bands occurred in the Amide I' region with band maxima in the region of 

1650 cm'̂  and bandwidths of between 30 and 50 cm'\ The Amide I' band parameters 

in 90% methanol/water have already been listed (see 3.2). In 80% methanol/water an 

Amide I’ band with an absoibance maximum at 1653 cm"̂  and a bandwidth of 43 cm'̂  

gave a main deconvolution band at 1650 cm'̂  with shoulders at 1632 cm'\ 1640 cm'̂  

and 1669 cm'\ In 75% methanol/water the Amide I’ band exhibited an absorbance 

maximum at 1650 cm'̂  and a bandwidth of 45 cm'\ Deconvolution yielded a main band 

at 1651 cm'̂  and shoulders at 1673 cm'̂  and 1631 cm'\ In 50% methanol/water the 

Amide I' band deconvoluted to a main band at 1651 cm"̂  and shoulders at 1672 cm'̂  

and 1633 cm'\ In 25% methanol/water an Amide I’ band with an absorbance 

maximum at 1648 cm'̂  and a bandwidth of 40 cm'̂  deconvoluted to bands at 1632 cm"\ 

1644 cm'\ 1657 cm"̂  and 1670 cm'\ In water the Amide I’ band deconvoluted to a 

main band at 1643 cm*̂  and a smaller band at 1666 cm'\ The spectral band parameters 

and deconvolution band parameters are summarised in Table 3.14.
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Table 3.14 Summary of spectral parameters of the Amide T band obtained during 

a methanol/water titration

% Methanol Xmax/cm'̂ Deconvolution Bands 

v ^ c m ’ 

(integrated intensity)

90 1653 33 1667 1655 1638 1627

(0.16) (0.53) (0.16) (0.15)

80 1653 43 1669 1650 1640 1632

(0.18) (0.49) (0.20) (0.13)

75 1650 45 1673 1651 1633

(0.24) (0.53) (0.23)

50 1651 37 1672 1651 1633

(0.21) (0.55) (0.24)

25 1648 40 1670 1657 1644 1632

(0.2) (0.27) (0.34) (0.19)

0 1643 42 1666 1643

(0.3) (0.73)

Bands above 1660 cm'̂  were assigned to beta turns, bands between 1650 cm'̂  and 1660 

cm"̂  to alpha helix and bands between 1640 cm'̂  and 1650 cm'̂  to LHE or 310 

helix/Type IQ turns. The origin of the band at approximately 1630 cm'̂  was not clear 

but it was tentatively assigned to some type of extended structure (discussed later).
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Simulation of CD Spectra Using Jh ilR  Band Assignments

The experimental CD spectra were simulated as outlined in 2.3 using weighted 

combinations of a set of reference spectra (shown in Fig. 1.2.). Spectra from the 

methanol/water titration (Section 3.1) for which analogous FUR spectra had been 

obtained were simulated using the secondary structure components identified by FilR. 

As the FUR results could not be used to distinguish with certainty between the various 

types of beta turn (and the same type of beta turn might give rise to different CD 

spectra) the final criterion for inclusion of a component in the simulated spectrum was 

’goodness of fit*.

The CD spectrum in methanol could not be simulated using the FTIR data in methanol 

because the FTIR spectra had to be obtained at concentrations where the peptide 

aggregated if they were to be deconvolved. The starting value for alpha helix was taken 

from Ae225 as usual but the starting values for the other components were taken from 

the FTIR spectrum obtained in 90% methanol/water where the peptide no longer formed 

beta sheets (Appendix 2). A good fit between the simulated and experimental data was 

obtained with 17% LHE, 34% alpha helix and 49% beta Turn Class C (Fig. 3.62). The 

final values used gave rough quantitative agreement with the FTIR values and good 

agreement with the value for alpha helix calculated from the CD spectrum. The 

spectrum could also be simulated using 30% alpha helix and 70% beta turn Class C 

(Fig. 3.62). This gave better agreement with the experimental spectrum below 200 nm 

but failed to duplicate the double minimum. In 90% methanol/water where the fraction 

of alpha helix calculated from the CD spectrum was 32% and FTIR predicted 53% alpha 

helix, 16% beta turn, 16% Type m  turn and 15% extended structure good agreement 

between the experimental and simulated curves was obtained using 34% alpha helix, 

49% beta turn
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Fig. 3.62 Comparison of the CD spectrum of 0.95 mM IEA23 in methanol with 

calculated spectra.
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Fig. 3.64 Comparison of calculated spectra with the CD spectrum of 0.95 mM

IEA23 obtained in 80% methanol/water.
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Class C and 17% LHE. However good fits could also be obtained using other 

combinations of the reference spectra (Fig. 3.63). If the percentage of alpha helix was 

increased to 50% whilst decreasing the fraction of Class C tum and holding the 

percentage of LHE constant at 17% better agreement was obtained below 200 nm but 

the experimental and simulated spectra began to deviate more above 200 nm. Use of 

Class B tum and combinations of both classes of tum gave no improvement in the 

simulated spectra. As before a good fit could also be obtained using 30% alpha helix 

and 70% beta tum Class C (Fig. 3.63). In 80% methanol/water where the fraction of 

alpha helix calculated from the CD data was 28% good agreement between the 

experimental and simulated curves was again obtained with a number of combinations 

of the reference spectra. Good agreement was obtained with LHE varying between 17% 

and 23%, alpha heUx varying between the values calculated from the CD data and the 

FTIR data and Class C tum varying between 30% and 51%. The fits obtained using (a) 

30% alpha helix, 50% Tum Class C and 20% Tum Class B, (b) 30% alpha helix, 17% 

LHE, 25% tum Class B, and 28% tum Class C (c) 28% alpha helix, 55% beta tum Class 

C and 0.17% LHE (d) 26% alpha helix, 51% tum Class C and 23% LHE (e) 35% alpha 

helix, 48% tum Class C and 17% LHE are shown in Fig. 3.64. In 75% methanol/water 

’best fit’ CD spectra were obtained using 27% a helix, 23% LHE and 50% of Class C 

tum and 27% alpha helix, 20% LHE, 40% Class C tum and 13% Class B tum and a fair 

fit was obtained using 27% alpha helix, 17% LHE, 30% Class B tum and 20% Class 

C tum (Fig. 3.65). The percentages of a  helix in the simulated spectra were in good 

agreement with that calculated from the CD spectmm as were the percentages of LHE 

in the simulated spectra with the FTIR integrated absorbances. The CD spectrum of 

IEA23 in 50% methanol/water could be simulated using 16±2% alpha helix, 30±%5 

LHE and 50±5% beta tum Class C but a better fit was obtained using 17% alpha helix.
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35% LHE, 38% beta turn Class C and 10% beta tum Class B (Fig. 3.66). The best fit 

simulated values of 16-18% were in good agreement with the value of 15% obtained 

from the CD spectrum but the simulated values for LHE were always approximately 

10% higher than those calculated from the FTIR spectrum. It is possible that the 

discrepancy was due to extended conformers which could not be resolved in the FTIR 

spectrum when substantial amounts of helix were present. A ’best fit’ CD spectmm for 

IEA23 in 25% methanol/water was obtained using 10% alpha helix, 50% LHE, 20% 

beta tum Class B and 20% beta tum class C (Fig. 3.67). The simulated and 

experimental CD values for alpha helix agreed well and the simulated value for LHE 

was 9% less than the sum of the FTIR values for LHE and extended stmcture. The 

percentage of alpha helix in water was calculated from the CD spectmm to be 2%. A 

’best fit’ to the CD spectmm was obtained using 2% alpha helix, 40% beta tum Class 

C and 58% LHE although a reasonable fit was also obtained using (a) 55% LHE, 15% 

beta tum class B and 30% beta tum class C and (b) 55% LHE and 45% beta tum Class 

C (Fig. 3.68).

To summarise the CD spectra obtained during a methanol/water perturbation study could 

be simulated using the secondary stmcture components identified by FTIR. The 

fractions of secondary stmcture predicted by the simulations are compared with the 

fractions obtained from the FITR deconvolution spectra in Table 3.15. The fractions of 

alpha helix calculated using Ae2 2 s are bracketed against the ’best fit’ alpha helix for 

comparison. The fractions of secondary stmcture for each reasonable fit are compared 

in Table 3.16.
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Table 3.15 Comparison of the fractions of secondary structure obtained from FTIR 

deconvolution spectra, CD and ’best fit’ calculations.

% Source a a  + turn Type E/m Type I/m Etum 

LHE/SE*

CD,OD P tum P tum

100

90

80

75

50

25

0

FTIR

SIM

FTIR

SIM

FTIR

SIM

FTIR

SIM

FTIR

SIM

FTIR

SIM

FTIR

SIM

0.53

0.34(0.33)

0.53

0.34(0.32)

0.49

0.28(0.28)

0.53

0.27(0.26)

0.55

0.17(0.15)

0.27

0.10(0.05)

0.0

0.02(0.02)

0.16

0.16

0.18

0.24

0.21

0.20

0.16

0.16

0.20

0.32

0.49

0.32

0.49

0.38

0.55

0.50

0.48

0.40

0.30

0.40

0.15»

0.17

0.15»

0.17

0.13»

0.17

0.23»

0.23

0.24»

0.35
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Table 3.16 Summary of ’best fit* spectra to experimental CD spectra from a 

methanol/water titration.

% methanol Helix Class B Class C LHE

100 34 0 49 17

30 0 70 0

90 34 0 49 17

50 0 33 17

30 0 70 0

80 30 20 50 0

30 25 28 17

28 0 55 17

26 0 51 23

35 0 48 17

75 27 0 50 23

27 13 40 20

30 30 20 20

50 16±2 0 50±5 30±5

17 10 38 35

25 4 30 20 46

10 20 20 50

0 0 55 45

0 2 0 40 58

0 0 45 55

0 15 30 55
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nmr

A methanol/water titration was monitored by nmr. The concentration of peptide was 

kept constant and the percentage of methanol incremented by 5 over the range 0-100% 

v/v. This titration was carried out prior to FITR studies which defined the helix/sheet 

equilibrium so that spectra obtained between methanol and 90% methanol/water would 

have arisen from a conformational equilibrium between aggregated (p sheet) and non

aggregated peptide. Below 90% methanol/water the data obtained pertained to the states 

monitored during the FITR and CD titrations. Limited information could be extracted 

from the 1-D spectra due to a combination of spectral overlap and too large solvent 

changes but it appeared that the path from the room temperature state in methanol to the 

room temperature state in water might (a) not be co-operative for the domain (b) involve 

intermediate states for some residues. TOCS Y and ROES Y experiments were obtained 

for IEA23 in 50% methanol/water and the resonances assigned. The residual shift 

values for the oNH and oH residues are shown in Fig. 3.69. As before the oNH values 

showed greater local periodicity but for both sets of backbone protons the negative 

residual shifts in the centre of the domain indicated the presence of helical or helix-like 

tum conformers. The large positive residual shift value for Phe(7) cxH indicated that its 

orientation w.r.t. the aromatic ring resulted in deshielding. Those ĴcxN which could be 

obtained from the one dimensional spectrum are compared with the values for IEA23 

in water and 90% methanol/water in Fig. 3.70. The values towards the centre of the 

domain were intermediate between those observed in 90% methanol/water and water, 

the values in both these solvents reflecting a trend towards extended conformers between 

residues (16) and (23). Although most intraresidue and sequential oNH/oH ROESY 

crosspeaks were observed no oNH/oNH crosspeaks were observed. The failure to 

observe these may have been due to a combination of T,,, peptide concentration and
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limited experimental time.

The data obtained for the peptide in 86% methanol/water indicated that the same 

conformational state was populated as in 90% methanol/water in agreement with the CD 

and FTIR data. The periodicity of the strength of hydrogen bonding to the amide 

protons in the H/D exchange experiments was the same in both 90% methanol/water and 

86% methanol/water and the same NOESY crosspeak patterns were observed for 

backbone protons. However sidechain proton resonances reflected small changes in the 

conformational manifold e.g. where only one resonance was observed for Phe(7) pH in 

90% methanol/water two signals were observed in 86% methanol/water.

Preliminary CD and nmr experiments on the peptides IgEl, IgE3 and IERA50 (for 

sequences see Appendix 1) indicated that IgEl populated a similar set of conformers to 

IEA38 and that the transmembrane segments of IgE3 and IERA50 increased the 

population of helical conformers.
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DISCUSSION

Three techniques offering complementary information on secondary structure were 

employed in the study of IEA23. The results obtained from each technique will be 

interpreted and compared in this section.

4.1 ELECTRONIC CD

Although the CD spectra obtained in TFE, ethanediol and methanol were alpha helix-like 

their intensities were only a fraction of those exhibited by the reference chosen for alpha 

helix, poly-L-lysine in 67% ethanediol/water at pH 11.0*. Chain length dependence 

(Manning et al, 1988; Woody and Tinoco, 1967; Chen et a/, 1974), distortion of regular 

secondary structure (Manning et aly 1988) and solvent effects may have contributed to 

the diminished intensities observed but they were also consistent with the presence of 

more than one conformer. The similarity of the CD spectra obtained in these solvents 

at room temperature indicated that the same conformers were present in each. The small 

increase in observed helix content as the temperature of a TFE solution of peptide was 

decreased in an attempt to ’freeze out* a thermodynamically preferred state indicated 

that the helical component(s) of the room temperature spectrum were thermodynamically 

preferred. The magnitude of the change indicated that in the main, stable states 

contributed to the room temperature spectrum in TFE and 90% methanol/water.

Drake et al (1988) reassessed the room temperature spectrum of poly-L-lysine in water 

at pH 6.0 in terms of a two state equilibrium between a high temperature state and a low
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temperature state and this assessment has recently received support (Woody, 1991). The 

low temperature state was characterised as an ordered state analogous to the left handed 

polyproline(n) helix but with blue shifted CD bands because of the replacement of 

tertiary nitrogens with secondary nitrogens. The room temperature spectrum of poly-Lr 

lysine was calculated to be approximately 50% left handed extended helix (LHE). The 

characteristic features of LHE were a weak positive band at 218 nm and a strong 

negative band at 195 nm. Although the room temperature spectrum of IEA23 in water 

displayed a negative band at 195 run the reduced intensity of this relative to poly-L- 

lysine in 67% ethanediol/water at -1(X)° C and the absence of a positive band at 218 nm 

indicated that more than one conformer was present. The temperature perturbation study 

in water indicated that LHE was a thermodynamically preferred room temperature 

conformer. The changes in the CD spectrum on increasing the temperature were 

consistent with a slight stabilisation of alpha helix relative to LHE, the presence of an 

isodichroic point at 205 nm indicating that two components were changing. The results 

of the wavelength analysis were consistent with a system in which co-operative 

conformational transitions involving LHE and alpha helix occurred. The plots of Ae at 

one wavelength vs Ae at a second wavelength which indicated that more than one 

conformer was present did not contradict this interpretation. The observation of two co

operative transitions at high and low temperatures were consistent with a three state 

equilibrium or three stable conformers rather than a two state equilibrium. Together 

with the FITR and simulation results the data pointed to an equilibrium in which at least 

three conformers participated. The results of the pH titration were also consistent with 

a stabilisation of alpha helix relative to LHE as the pH was increased from acid to 

neutral values. HeHx stabilisation may have been due to titration of the -OH group of 

Glu(8) and His(4) -NH+. The small increases in observed helicity at higher ionic
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strengths were consistent with the extended helix model proposed by Tiffany and Kiimm 

in which low ionic strengths favoured the LHE conformer.

The room temperature spectrum of IEA23 in 67% ethanediol/water appeared to be a 

combination of the room temperature CD spectra in TFE and water. Upon temperature 

perturbation the ratios of the two minima remained approximately constant but the 

maximal helicity displayed was less than that attained in TFE at -20° C. This was 

consistent with a stabilisation of both LHE and alpha helix relative to a third conformer 

at low temperatures. The third conformer was identified as a Class C beta tum by 

wavelength analysis. The drawbacks to the wavelength analyses performed were that 

(a) they assumed that the crossover points in the CD spectra were the same for the 

references used and the experimental system i.e. solvent, length and sidechain effects 

were assumed to be negligible (b) they could only indicate if a secondary structure 

element was undergoing a cooperative conformational change i.e. a negative result 

indicated that a conformer was either present and invariant or changing linearly or 

absent. Surprisingly the results of the wavelength analyses were consistent with both 

the FTIR data and the calculated CD spectra.

The observation of an isodichroic point in a TFE/water titration indicated a two state 

equilibrium. However the occurrence of small cooperative transitions when either room 

temperature states in TFE and water were perturbed indicated that more than one 

conformer was contributing to each state. The methanol/water perturbation study was 

noticeable for an approximately constant region between methanol and 85% 

methanol/water and for the lack of cooperative conformational transitions, a broad 

’melting’ curve being observed.
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Overall the CD results were interpreted as being consistent with three major 

conformational components, alpha helix, left handed extended helix and beta tum, each 

of whose stability was dependent on the mode of perturbation. However the results 

could not really distinguish between three conformers on one molecule or three 

interconverting molecules whose percentages depended on solvent, temperature and pH, 

with each mode of perturbation resulting in changes in the conformational preferences 

within the applicable conformational equilibria. Organic solvents such as TFE, methanol 

and ethanediol favoured the state characterised by a helical CD spectrum whilst aqueous 

systems favoured the state characterised by an extended helical CD spectrum. The 

equilibrium was driven to opposite extremes in TFE/methanol and water. The room 

temperature state of IEA23 in TFE contained less than 5% LHE (if the stabilisation of 

helix at low temperatures was assumed to be relative to LHE) and the room temperature 

state in water contained less than 2% helix (as calculated from Acjis)» the estimated 

helical content increasing to 6% at higher temperatures in good agreement with 

conformational energy calculations. The presence of the same conformers in each state 

(albeit differently populated) was implied by the isodichroic points observed. The other 

conformers contributing to each state were characterised by wavelength analysis as Class 

C beta turns and were not thermodynamically preferred conformers. Simulated spectra 

incorporating Class C beta turns gave good fits to the experimental data. The 

contribution of more than one secondary structure to each state was thought to be 

responsible for the observation (sometimes) of more than one co-operative transition on 

perturbing the system.

The conformational equilibria suggested by the chiroptical results are summarised below.
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4.2 SYNTHESIS OF FTIR AND CD RESULTS

The assignment of the deconvolution bands of the Amide T band of IEA23 in 90% 

methanol/water and decreasing percentages of methanol often involved a choice between 

two or more secondary structures. The assignments shown in Table 3.14 were reached 

as follows:

The bands between 1665 cm*̂  and 1675 cm'̂  observed in all methanol/water mixtures 

and water were assigned to beta turns, probably Type n. Susi and Byler (1986) found 

that beta turns gave Amide T bands at 1663±3 and 1671 ±3 cm*̂  whilst Bandekar and 

Krimm (1979) calculated that a band near 1665 cm'̂  was characteristic of Type n  turns 

in good agreement with the experimental spectrum of a Type n  beta turn in CHg-O-CO- 

Gly-(Ala)2-Gly-0-CH3.

The bands between 1655 and 1657 cm'̂  were assigned to alpha helix. Amide I' helical 

band positions ranging between 1637 and 1658 cm’' have been described (Chirgadzé and 

Brazhnikov, 1974). The shift of these bands to lower wave numbers in deuterated water 

was ascribed to helix destabilisation. The shift of the 1650 cm"' band to higher 

wavenumbers as the percentage of water was increased was thus interpreted as being due 

to an unresolved high frequency component such as a turn in order to resolve the 

discrepancies between the CD and FUR helicity values. This was thought to be 

populated increasingly as the alpha helical and 3jo helical conformers were depopulated. 

An alternative explanation for the discrepancy in alpha helix contents obtained from the 

two techniques was a decrease in the intensity of the CD signal due to distortion of the 

secondary structure. However this should have been reflected in a concomitant low
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wavenumber shift of the 1650 cm'̂  band which was not observed.

The bands at 1638 cm'̂  and 1640 cm'̂  in 90% and 80% methanol/water were assigned 

to 31 0  helix/Type HI turns ( Miicke et al, 1992; Kennedy et al, 1990). Although bands 

were observed at similar positions in 25% methanol/water and water these were 

attributed to LHE rather than Type m  turns or 3̂ 0 helix because (a) the spectrum of 

aqueous poly-L-lysine with a strong band at 1643 cm'̂  and a weak band above 1670 cm" 

 ̂ previously assigned to ’random coil’ (Chirgadze and Brazhnikov, 1974) had been 

reassessed as containing approximately 50% LHE (b) the CD spectra in water and 25% 

methanol/water were Characteristic of LHE rather than 3jo helix which has an alpha 

helix-like CD spectrum (Sudha et al, 1983).

The assignment of the bands observed between 1626 cm"̂  and 1632 cm'̂  was 

ambiguous. Although the sidechains of Glu and Gin can have significant absorbances 

in the 1630 cm*̂  range in heavy water (Chirgadze, Fedorov and Trushina, 1975) their 

contribution would have always been less than 10% of the total integrated intensity and 

approximately constant. The Amide I' band of parallel beta sheet has typically been 

seen at 1630 cm"̂  (ScheUman and Schellman, 1962) but bands in this region have also 

been assigned to short extended structure (Susi and Byler, 1986). As parallel beta sheets 

have not been commonly observed in peptides and usually require helices on either side 

for stabilisation in globular proteins the band was assigned to short extended structure.

The FTIR and CD data together suggested the conformational events summarised below. 

At high percentages of methanol Type m  tum/3io helix. Type U turn and alpha helix
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were present. As the percentage of methanol was decreased the conformational 

equilibrium shifted in favour of unassigned turn conformers (high frequency component 

of 1650 cm'̂  band) over Type m  tum/Sjo helix. Below 50% a previously undetected 

conformer (LHE) was favoured relative to the unassigned turn. The fractional intensity 

of the Amide I' band of the unassigned turn decreased and that of LHE increased until 

in 25% methanol/water both conformers were present in approximately equal amounts. 

The conformational equilibrium continued to shift in favour of LHE until in water only 

LHE and beta turn Type n/m  conformers remained. As short extended structure was 

observed in all FTIR spectra excepting those obtained in water it may (a) have 

represented destabilised LHE (b) been obscured by the larger LHE peak in water (c) 

been incorporated into the LHE conformer.

Although the fraction of Type n/HI turn remained approximately the same throughout 

the titration it could not be ascribed to an invariant localised secondary structure element 

because of the global nature of FTIR. The conformational equilibrium suggested by the 

FUR results is depicted below:
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4.3 SIMULATION OF CD SPECTRA USING CD AND FITR DATA

A number of reference spectra for secondary structures were considered for the CD 

simulations. The use of poly-L-lysine in 67% ethanediol/water at -1000 C rather than 

polyproline(n) for LHE was clearly based on the differences in the spectra due to the 

presence of tertiary/secondary nitrogens. The use of poly-L-lysine in 67% 

ethanediol/water at pH 11 as 100% alpha helix may have resulted in an underestimation 

of helical content in IEA23 due to a possible length dependence of the spectmm of 

IEA23. The length dependence of alpha helices is still being debated. Although length 

dependence has been demonstrated up to 40 residues in some systems length 

independence has been demonstrated in other systems. For short peptides whose CD 

spectra have reduced intensities relative to ’infinite’ helices such as poly-L-lysine a 

reasonable explanation may be that a conformational equilibrium is present. The use 

of a spectrum of the peptide itself in TFB at low temperatures has been suggested 

(Bradley, 1988) but this assumes that only alpha helical secondary structure is formed 

in TFE and it is becoming clear that other conformers may also be present (Wright et 

al, 1992; Gierasch, 1992). The Class B and C spectra calculated by Woody (1974) were 

used as references for beta turns rather than any experimental CD spectra, because the 

latter were necessarily from small cyclic peptides which contained residues which may 

have contributed to the observed spectrum. The use of LHE as a reference for short 

extended structure arose from the local nature of the LHE conformation (Krimm and 

Mark,1968) and from the improvement in fit if LHE was included. A possible 

alternative explanation for the inclusion of LHE was that it was always present but 

obscured by the larger 1650 cm‘̂  band at higher percentages of methanol and that the 

1630 cm'̂  band was associated with beta turn structure. However the nmr results
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indicated that some extended structure other than LHE was present in water. The 

conformational equilibria suggested by the simulations were in good agreement with 

those suggested by the CD and FTIR data alone.
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4.4 ‘H NMR

ocNH proton exchange rates and temperature coefficients, vicinal coupling constants, 

NOESY crosspeak patterns and volumes and residual shifts were used to derive 

conformational information from nmr spectra. Although residual shifts and NOESY 

crosspeak volumes are not routinely used to obtain conformational information for this 

class of biomolecule the agreement between these and the more generally accepted 

analysis parameters indicated that they could be used here with some measure of 

confidence.

4.4.1 Hydrogen/Deuterium Exchange

The main determinant of amide proton exchange rates is the strength of hydrogen 

bonding to the amide proton although solvent accessibility of both oNH and amide 

caibonyls may contribute (Perrin and LoUo, 1984). The H/D exchange experiments in 

deuterated methanol and water at room temperature provided information on hydrogen 

bonding patterns within the centre of the domain. As the pseudo first order rate constant 

for exchange obtained (see 3.3 and 3.4) is dependent upon a variety of factors which 

differ for the two solvents the rates of exchange in 90% methanol/water and water were 

not directly comparable so that faster exchange rates in water did not necessarily reflect 

weaker hydrogen bonding. In 90% methanol/water slow exchange values for residues 

(8) to (16) relative to the remainder of the domain peptide indicated that these oNH 

protons were hydrogen bonded. As all of the backbone amide protons in a helix are 

hydrogen bonded except for the first four (alpha helix) or three (3̂ 0 helix) the results
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indicated that residues (8) to (16) were participating in helical structure. The trends in 

the exchange rates (Fig. 3.32) was consistent with a locus of strong hydrogen bonding 

to the amide protons between residues (11) and (13). Decreased solvent accessibility 

due to the aliphatic sidechains of Leu(l 1) and He(13) may have contributed to helix 

stabilisation (Finkelstein, 1991). The slightly higher exchange rate of Lys(12) relative 

to its neighbours may have been due to the helix destabilising effect of the repulsive 

interaction between the terminal eNH3+ groups of Lys(12) and Lys(15) although 

potential attractive interactions between both Glu(8) and Ser(9) and Lys(12) may have 

compensated for this. The H/D exchange experiment in 90% methanol/water was 

consistent with helical structure in the centre of the domain and decreased strength of 

hydrogen bonding towards each terminus. The observed trends may have been due to 

(a) participation of the peptide ends in non hydrogen bonded conformers for at least 

some of the time either because of intrinsic propensities or ’fraying* or a combination 

of both (b) attenuated hydrogen bonds within helical conformers due to the insertion of 

solvent molecules between hydrogen bonded pairs. Increased flexibility or ’fraying’ 

toward the peptide termini must have played a role (Chakrabartty et al, 1991). Although 

lowering the temperature may have yielded the start and end points of the helix and 

allowed for discrimination between a and 3io helical conformers the NOESY cxosspeak 

patterns indicated that the helix initiated close to the N-terminus so that increased 

flexibility of N-terminal residues may have obfuscated the results, p sheet formation 

at lower temperatures was also a possibility. The pattern of hydrogen bonding observed 

was not consistent with that of the hydrophobic repeat for the coiled coil motif 

(Goodman and Kim, 1991). In water an overall hydrogen bonding pattern was not 

identified due to a combination of spectral overlap and fast exchange. Leu(ll) and 

Ile(13) exhibited the slowest exchange rates. Lys(12) exchanged slightly faster followed
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by Ser(9)/Lys(18) and Lys(15). From the trends in the assigned resonances there again 

appeared to be a locus of hydrogen bonded structure which was stabilised relative to the 

remainder of the peptide between residues (11) and (13). The strength of hydrogen 

bonding again decreased from the centre to the ends of the domain.

4.4.2 Amide Proton Temperature Coefficients

High values of amide proton temperature coefficients reflect exposure to solvent whilst 

low values indicate shielding either because of intramolecular hydrogen bonding or 

sequestering in hydrophobic pockets. Basu et al (1991) proposed that AÔ/AT reflected 

not only solvent shielding but the relative strengths of intramolecular H bonds within 

hydrogen bonded structures. An absolute value of 3 ppb/K has been accepted as an 

arbitrary cutoff between solvent exposed and solvent shielded amide protons. Here a 

difference of 2 ppb/K between observed values has been taken to indicate significant 

differences in solvent shielding.

All of the AÔ/AT plots obtained for the amide protons when the temperature of a 90% 

methanol/water peptide solution was varied between 20°C and 60°C were linear. This 

together with the temperature invariance of ĴocN values offered support for an absence 

of conformational change. The amide proton temperature coefficients for IEA23 in 90% 

methanol/water ranged between 2.8 ppb/K ( Ile(13) ) and 9.5 ppb/K ( Thr(3) ) indicating 

that there were significant differences in solvent exposure within the peptide. Although 

residues in the centre of the domain were shielded relative to residues at the termini N- 

terminus residues were more solvent exposed than C-terminus residues. The deshielding 

of residues (9) and (14) relative to neighbours was not reflected in decreased strength
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of hydrogen bonding indicating that whilst Ser(9) and Gln(14) participated in hydrogen 

bonded secondary structure (H/D experiment) they occupied relatively solvent exposed 

positions. The low amide temperature coefficients of (5), (7) and (8) were not reflected 

in the strength of hydrogen bonding to the amide protons indicating that these amide 

protons were solvent shielded by a hydrophobic pocket. The bulky sidechain groups of 

His(4) and Phe(7) may have contributed in forming this. The amide proton temperature 

coefficients in water varied between 5 ppb/K and 9 ppb/K indicating significant 

differences in solvent shielding within the domain. The lowest value was obtained for 

Lys(12) and the highest for Ile(13). The trends in the temperature coefficients in no 

way reflected the trends in the amide proton hydrogen/deuterium exchange rate constants 

indicating that factors other than strength of hydrogen bonding were the main 

determinant of solvent exposure. In the centre of the domain the amide protons of the 

polar residues (8), (12) and (16) were solvent shielded relative to Ser(9) (polar), He(10) 

(non-polar), Leu(ll) (non-polar), Ile(13) (non-polar) and Lys(15) (polar) indicating that 

hydrophobic pocket formation was not a predominant determinant of solvent shielding. 

Specific ion-pair, nearest neighbour or ion-dipole interactions were thus implicated. All 

of the amide proton temperature coefficients in water were significantly above the 

arbitrary cutoff for solvent shielded protons indicating participation in relatively open 

secondary structure with little/no hydrogen bonding or with a conformational equilibrium 

between a number of conformers. The amide proton temperature coefficients indicated 

that degrees of structure were present in both 90% methanol/water and water and offered 

a means of distinguishing regions where hydrophobic forces and salt bridges might 

stabilise conformers but could not be used for characterisation of conformers present.
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4.43 Residual Chemical Shifts

A variety of effects contribute to observed chemical shift values including aromatic ring 

current effects, conformation(s) adopted and environment (solvent). Studies on solvent 

composition dependence of chemical shift values were originally introduced to determine 

the degree of solvent shielding at the amide proton (Pitner and Uny, 1972). Invariance 

of nmr parameters to solvent changes has been listed as one criterion for the assumption 

of a single conformation (Kessler, 1982). For linear peptides, nonglobular proteins and 

the surface area of globular proteins where solvent exposure means that environment 

necessarily plays an important role this carmot be a criterion. However the invariance 

of chemical shift values in many cyclic peptides to solvent change indicated that there 

is no large intrinsic solvent effect on chemical shifts so that ’random coil* shift values 

obtained in aqueous solutions could be used to estimate residual shifts (Wuthrich, 1986). 

Further support for this assumption was obtained from (a) different residual shifts for 

the same amino acid at different points in the peptide in 90% methanol/water (b) a 

difference plot of chemical shift values in 90% methanol/water and water in which 

constant offsets were not observed.

The high field shifts of the oH and ccNH signals in 90% methanol/water were consistent 

with helical/helix-like conformers (Williamson, 1990) although the trends in the oNH 

shifts were predictably subject to greater local fluctuations which were not readily 

interprétable in terms of conformation and probably arose from the greater sensitivity 

of the oNH protons to environment. For this reason only the oH residual shifts will be 

discussed in detail. Aromatic ring current effects may have contributed to the shift 

values at the N-terminus this being reflected in the reversal of the documented trend for
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oH signals to resonate to higher field at the N-terminus than the C-terminus in helices. 

The trend in oH residual shifts mirrored the trends in the observed H/D exchange rate 

constants indicating that hydrogen bonding had a predominant influence on the chemical 

shift values. Large negative residual shifts in the centre of the domain and steady 

increases in residual shift values towards zero from Gln(6) to Ser(2) and Lys(15) to 

Lys(22) were consistent with a move from helical to extended conformers. As residual 

shifts have only been examined for differences arising from participation in beta sheet 

or alpha hehx ’extended’ implies that the peptide increasingly sampled extended 

conformers in the beta sheet conformational minimum of the (|),tp potential energy map 

but did not rule out extended helical (polyproline(II) minimum area) conformers. Beta 

sheet structure was ruled out by both the FITR studies and the absence of ccH/ocH 

NOESY crosspeaks. Anomalously small residual shifts were observed for the oH and 

oNH of the termini. The decreased residual shift of Phe(l) relative to Ser(2) was 

attributed to aromatic ring current shielding of Phe(l) ccH. The smaller shielding effects 

observed at the backbone protons of Gly(23) were possibly due to increased electron 

density from the -COOH group. The greater local fluctuations in the oNH residual 

shifts could have resulted from a variety of factors the most likely being that the 

’random cod’ values were more approximate because of the sensitivity of ccNH chemical 

shifts to environmental influences. However the oNH residual shifts in 90% 

methanol/water were in the main consistent with a helical conformation. In water both 

the ocH and ocNH residual shifts exhibited large local fluctuations. The negative 

residuals for the ocH of residues (5), (6) and (7) may have been due to either 

participation in helical conformers or shielding effects associated with the aromatic ring 

currents of His(4) and Phe(7). The positive residuals indicating deshielding of Ser(2), 

His(4) and Glu(8) may also have been due to aromatic ring current effects. The
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negative residuals for the segment from Ser(9) to He(13) indicated participation of these 

residues in helical or helix-like conformers in agreement with the H/D data. The smaller 

range of the residual shifts relative to those in 90% methanol/water together with larger 

local fluctuations indicated that conformational influences were weaker and localised. 

Alternatively conformations with opposing influences may have been present There 

was no correspondence between the trends in the amide proton chemical shifts and 

temperature coefficients. The trends in the H/D exchange rate constants and the oH 

residual shifts localised helical conformers to the segment between residues (9) and (16).

4.4.4 NOE Crosspeak Patterns

In appropriate circumstances NOESY crosspeaks yield distance information and Ĥ NOB 

crosspeak patterns (Kuo and Gibbons, 1980; Wuthrich, 1984) are commonly used for 

the identification of polypeptide secondary structure in linear peptides in solution (see 

e.g. Williamson et al, 1986; Osterhout et al, 1989; Mammi and Peggion, 1990; 

Lancaster et al, 1991). The NOESY data for IEA23 were analysed in two ways. First 

the data-based approach was employed to identify regular conformers present by virtue 

of their characteristic crosspeak patterns. NOESY crosspeak volume periodicities were 

then analysed in an attempt to obtain information on mobility within the peptide and 

conformational equilibria.

The observation of NOESY crosspeaks corresponding to short dcxN(i,i+3) from residues 

(3) to (13), short dNN from residues (3) to (20) and short dap(i,i+3) from residues (3) 

to (13) indicated that the segment from Thr(3) to He(13) participated in helical 

secondary structure. The observation of the segment of sequential ctNH/oNH crosspeaks
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increased the probability that residues (15) to (20) were participating in helical structure 

(Wuthrich et al, 1984) and that the NOESY crosspeaks which could have arisen from 

either docN(15,18) or doN(9,ll) were attributable to dipolar coupling between Lys(15) 

and Lys(18). Weak crosspeaks associated with dNN arise from beta sheet structure so 

that participation of the C-terminus in sheet structure was not precluded by the nmr data. 

Similarly the observation of sequential dNN crosspeaks for (21)/(22) and (22)/(23) in 

ROESY spectra but not NOESY spectra indicated that these residues may have 

populated helical conformers some of the time but did not exclude the possibilty of beta 

sheet type conformers. As the offset dependence of the observed ROESY peaks was not 

tested they may have been artefactual (Neuhaus and Williamson, 1991). Although 

dap(i,i+3) should be shorter in a helices than 3io helices the possible spread of values 

(3.5 - 5 Â albeit with a bias towards lower values) makes it difficult to use this as a 

reliable criterion for distinguishing between the two conformers. Stronger crosspeaks 

have been observed for a helices (Wuthrich et al, 1984) so that the data in 90% 

methanol/water indicated that a helical rather than 3io helical conformers were 

populated. However NOESY crosspeaks corresponding to short docN(i4+2) and 

dccN(i,i+4) were observed in the peptide, sometimes for the same residue (see Table 3.4). 

Observable dcxN(i,i+2) crosspeaks are characteristic of 3̂ 0 helix, beta turns and random 

COÜ segments of globular proteins and polypeptides whilst observable doN(i,i+4) are 

characteiisitc of a-helix (Wüthrich et al, 1984). The weakness of NOESY crosspeaks 

arising from docN(i,i+4) and dcxN(i,i+2) and the extent to which they are observed makes 

it difficult to use these for characterisation and this was exacerbated by the low 

concentrations of IEA23 necessary to avoid aggregation in 90% methanol/water. The 

observation of both these medium range crosspeaks for IEA23 in 90% methanol/water 

was consistent with (a) a conformational equilibrium between alpha helix and random
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coil (b) a conformational equilibrium between alpha helix and beta turns (c) distorted 

a-helical conformers due to the insertion of solvent (water) molecules between hydrogen 

bonded pairs. The 3jo helix is energetically less favoured than the alpha helix and it has 

been proposed that 3io helical conformers (which have only been observed as short 

segments at the ends of alpha helices in naturally occurring proteins and peptides) 

represent distorted a-helical conformers (Nemethy et al, 1967). The non co-operative 

insertion of water molecules into helices resulting in kinks in the regular secondary 

structure present or disruption of regular secondary structure with the disrupted residues 

sampling all contiguous conformational space but most frequently beta turns has been 

shown to occur (Satyshur et al, 1988; Sundaralingam and Sekharudu, 1989). The 

NOESY crosspeak pattern observed would be satisfactorily explained by IEA23 adopting 

a primarily helical conformation with water penetration of the helix, flexibility of the 

peptide ends together with amino acid sequence propensities acting together to aid 

disruption of the helical conformer at the peptide ends. Although intraresidue 

crosspeaks between backbone protons should be observed for all conformers the 

distances vary over a similar range so that intraresidue doN crosspeak intensities are 

usually not diagnostic. However doN(3,3) is extremely short for Type n  beta turns and 

so can be of use in characterising these. The noticeably higher intraresidue crosspeak 

value for Gly(lT) was consistent with its participation at least some of the time in a 

Type n  beta turn. However doN(16,17) should then be stronger than doN(17,18) and 

sequential dNN should be observed between R3 and R4 of the turn i.e. Gly(17) and 

Lys(18). As neither of these conditions was fulfilled and sequential dNN were observed 

for residues (17) to (20) it was possible that residues (15) to (18) participated in a 

conformational equilibrium between helical and Type II beta turn conformers. The ĴoN 

coupling constant of 7 Hz for Thr(16) could then be explained by a long interconversion
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time in which these residues were extended. However it is also possible that these 

residues participated in a non-standard turn, a number of which have been documented 

(Crawford et al, 1973). IEA23 exhibited far fewer crosspeaks in water than in 90% 

methanol/water with only one possible medium range crosspeak whose assignment was 

ambiguous. In the centre of the domain the observation of a set of sequential dNN was 

consistent with the residual shift and amide exchange periodicities which indicated 

participation of the centre of the domain in helical/helix-like turn conformers. The 

absence of other crosspeaks characteristic of either helical or turn conformers was 

consistent with a conformational equilibrium between these and some type of extended 

structure for which these NOESY crosspeaks were not characteristic. Both extended 

conformers of the beta type and extended conformers of the polyproline(n) type fitted 

this condition. The intensities of the intraresidue oH/ctNH crosspeaks of Lys(15) and 

Gly(19) were consistent with these residues forming R3 of a Type n  beta turn. 

However the third residue of this type of turn is almost always a glycine and other data 

(see below) indicated that intraresidue mobility may have contributed to the trends in 

the intraresidue crosspeak intensities. The absence of long range contacts in both 90% 

methanol/water and water was consistent with a linear molecule.

4.4.5 Trends in NOE Crosspeak Intensities

The periodicities of the NOESY crosspeak intensities offered potentially both 

conformational and motional information as these differ only in timescale. 

Inconsistencies within a set of NOESY crosspeak intensities characteristic of a particular 

conformer or between NOESY and other nmr parameters could indicate a 

conformational equilibrium or motional effects within a set of similar conformers and
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distinguishing between the most likely was only really possible if all information was 

taken into account.

Short sequential doN in extended conformers result in strong NOE’s (Kuo and Gibbons, 

1980). The coiresponding crosspeaks are weaker in helical conformers and this is the 

basis of the estimate of helicity between dipeptide pairs from NOESY crosspeak ratios 

(Bradley et al, 1988). The increasing strength of the oNH/oNHi+i and corresponding 

decrease of the oH/oNHi+i NOESY crosspeaks from the termini to the centre of IEA23 

pointed to increasing participation in helical conformers in the middle of the domain in 

agreement with the residual shift, amide proton temperature coefficients and H/D 

exchange data for IEA23 in 90% methanol/water. If both the (xNĤ /aNĤ +i and 

oH/ocNHi+i crosspeak intensities had increased from the termini to the centre of the 

domain flexibility of the peptide ends would have been implicated as a dominant 

influence on NOESY crosspeak intensities. The trends in the (xH/oNH^+i crosspeaks 

indicated that only the first residue of the N-terminus was appreciably more mobile than 

the remainder of the peptide. The decreased intensity of dcxN(22,23) relative to 

d(XN(16,17) implied increased mobility of the C-terminus relative to the domain centre 

but the absence of data for the proton pairs (17)7(18) - (21)7(22) together with large local 

fluctuations in the data set precluded any definite conclusions. To summarise the 

periodicities of the NOESY crosspeak intensities gave excellent agreement with the other 

parameters used. In 90% methanol/water the decreased intensities of the doN NOESY 

crosspeaks in the centre of the peptide relative to the peripheries were consistent with 

stabilisation of helical structure in the centre of the domain and participation in more 

extended conformers at the peptide ends because doN is shorter for extended structure 

than helices (Wüthrich et al, 1984). The anomalously weak doN values for the proton
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pairs (l)/(2) and (22)/(23) suggested that these residues might have different mobilities 

from the remainder of IEA23. The increased intensities of the dNN crosspeaks in the 

centre of IEA23 were also consistent with stabilisation of helical structure in the centre 

of the domain relative to the peripheries. This was supported by a concomitant increase 

in the intensities of the dap(i,i+3) and dccN(i,i+3) NOESY crosspeaks in the middle of 

the molecule. Although stronger doN are associated with extended structure the trends 

in the dccN crosspeak intensities in water (increasing intensities towards the middle of 

the domain) was attributed to increased flexibility of the peptide ends resulting in 

attenuation of crosspeak intensities as simultaneous increases in doN and dNN crosspeak 

intensities were inconsistent with a single conformer.

The differences in the ratios dNN/doN for extended and helical conformers provided the 

basis for the estimation of helical populations from NOESY data which indicated that 

residues (8 ) to (15) were predominantly (8 6 %) helical with helicity decreasing slightly 

at the termini (80% at Thr(3) ). According to Bradley and co-workers the calculation 

has an associated error of 20%. The calculated helicity values seemed high for the 

peptide ends in view of the faster H/D exchange rates observed. The discrepancy could 

be explained by a conformational equilibrium in which helical and helix-like turn 

conformers predominated. The latter would have similar distances to helical conformers 

but interconversion between conformers and the lesser role of hydrogen bonding in turns 

together with greater exposure of some residues to solvent would result in faster 

exchange rates. The two state model between ideal helix and extended conformers thus 

provided a good approximation for the room temperature state of IEA23 in 90% 

methanol/water but was clearly invalid for the room temperature state of IEA23 in water 

at the level of individual residues. However it did provide a rough approximation for
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an equilibrium between beta turn and extended structure for the protons exhibiting 

NOESY crosspeaks associated with short dNN.

The ratios of intraresidue to sequential dccN crosspeak intensities reflect changes in the 

ratios of the intraresidue torsional angles whilst the the ratios of intraresidue doN to 

doN(i,i-l) NOESY crosspeak intensities reflect changes in the ratios (jVtpj.!. The huge 

variation in the ratios in 90% methanol/water reflected large changes in (|) relative to ip 

which could have arisen from either or both conformational variations or segmental 

mobility. Taken together with the trends in NOESY crosspeaks associated with helical 

structure and the H/D data and residual shifts the trend in the ratios was interpreted as 

reflecting motional variations of both (J) and rp within a helical conformational manifold 

in the centre of the domain. The lower ratios as each terminus was approached were 

interpreted as reflecting changes in the torsional angles associated with conformational 

averaging. The ratios at each terminus were consistent with high frequency <J) motion. 

The fluctuations of the ratios in water between 0 and 1.5 were consistent with high 

frequency fluctuations in both torsional angles acting to quench observed NOESY 

crosspeak intensities i.e. with fast exchange between a number of conformers. A recent 

study of long molecular dynamics trajectories by statistical clustering techniques 

indicated that most conformational changes in a turn unfolding event (in which the final 

extended structure was a polyproHne helix) involved the rotation of a single dihedral 

angle but concerted angle changes were also found (Karpen et a l , 1993).
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4.4.6

The vicinal coupling constants ĴoN are directly related to (|) through the dihedral angle, 

0. Values < 4 Hz observed in 90% methanol/water may not have been the true values 

because of a combination of line-broadening and small coupling constants (Bystrov, 

1976; Gronenbom and Clore, 1991). Segments of sequential ĴoN < 6  Hz are a reliable 

indication of population of helical conformers (Wagner et al, 1986). The measured 

scalar coupling constants for IEA23 in 90% methanol/water were thus consistent with 

participation in helical conformers of residues (4) to (15) with residues (16) to (23) 

populating conformers associated with higher coupling constants at least some of the 

time. This interpretation of the data gave good agreement with the NOESY data and 

localised non-helical conformers to residues (15) to (23) of the C-terminus. The 

broadened oNH resonances of Ser(2) and Thr(3) were attributed to partial decoupling 

because of the proximity of their oH protons to the irradiated solvent resonance although 

conformational averaging contributions were also implicated by the residual shifts and 

exchange rate constants. Taking into account the limited validity and accuracy of the 

helicity estimates within the two state model good agreement was obtained between the 

helicity estimates from the NOESY and J data. The NOESY parameters used in the 

calculation reflected changes in both ^ and tp (dNN) and (|) (doN) whilst the J data 

reflected only changes in <]). This may have been one source of discrepancies between 

the two estimates. The ĴoN for IEA23 in water at pH 3.0 and 20 degrees celcius were 

the strongest evidence for a conformational equilibrium which included extended 

structure of the beta type (J > 8  Hz) as aU of the measured J values fell between 6  and 

8  Hz. If the conformational equilibrium had included only LHE, helix and turns then 

isolated small and large J should have been observed where turns were significantly
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populated and J values < 6.5 Hz should have been observed where LHE predominated. 

Estimations of helicity from the J data using a two state model between ideal extended 

and helical structures gave fair agreement with the NOESY estimates. As for the data 

in 90% methanol/water the helicity estimates were far higher than those obtained from 

either CD or FTIR data. This together with the other parameters used indicated that the 

two conformer model was inappropriate, although as noted before the differences 

between CD and NMR could explain the disparities.

4.4.7 Conformational Status of Sidechains

The conformational states of the sidechains of IEA23 could be deduced from a 

combination of ^Jap, intraresidue NOESY crosspeak intensities arising from coupling 

between backbone and sidechain protons, temperature dependencies and residual shift 

data. Although the ^Jap values could only be used to obtain estimates of rotamer ĝ ĝ  

(Xi = 60 degrees) population for the two proton case and g4  ̂ for the one proton case 

(Bystrov, 1976) the estimates indicated predominant population of ĝ ĝ  for Phe(l), 

His(4), Lys(5), Phe(7), Glu(8 ), Ser(9), Leu(ll), Lys(12) and Lys(15) and predominant 

population of ĝ  ̂ for He(lO) and Ile(13) in 90% methanol/water. Rotamer population 

estimates fell between 40 and 50% at Ser(2) and Thr(16) only. Single rotamer 

populations of >80% were estimated for most residues in the centre of the domain. 

Estimates of rotamer populations in water from ^Jap also indicated a degree of ordering 

of the beta protons which was surprising because most of the data for the backbone 

protons indicated significant conformational averaging and mobility. However salt 

bridges, sidechain hydrogen bonding, hydrophobic interactions and ion-dipole 

interactions have been proposed to stabilise secondary structures such as helices in linear
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peptides in aqueous solution thus providing folding nucléation centres.

A complete set of sidechain temperature coefficients could not be obtained in 90% 

methanol/water or water due to spectral overlap. In 90% methanol/water broad ’melting 

curves’ were observed for Gln(6 ) and Gln(14) sidechain NH protons as well as Ile(lO) 

and ne(13) ÔCH3 resonances which were consistent with some of the sidechain protons 

being held in a particular position to population of all rotamers as the temperature of the 

sample was increased. The observation of a biphasic curve for a Phe(l) p proton was 

consistent with two influences and indicated a transition between conformational states. 

The temperature coefficients of approximately 7 ppb/K of the sidechain NH of both 

Gln(14) and Gln(6 ) were within the range observed for the backbone amides albeit on 

the solvent exposed side. The linear temperature dependencies observed for most 

sidechain protons were taken to indicate that either the sidechain was bound into a 

particular conformation and remained so for small temperature coefficients (Thr(16) 

YHj, Phe(7) pHg) or that the proton was already populating all available conformational 

space to some extent at room temperature for large temperature coefficients (Thr(3) yHg, 

Phe(l) pHj). The simplification of the multiplets in the aromatic region at higher 

temperatures indicated that both Phe rings were oriented in the room temperature state. 

Chemical exchange peaks were not observed in ROESY spectra but would probably 

have been obscured by the diagonal. The observation of medium range NOE’s in 90% 

methanol/water between Phe(7) ring protons and Leu (11) sidechain protons was 

consistent with an alpha helical structure. In a classical alpha helix the sidechains of 

the ith and (i+4)th residues occupy approximately the same azimuthal positions. In water 

order of magnitude differences between sidechain temperature coefficients together with 

the shapes of the chemical shift vs temperature plots indicated that sidechains were
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bound to greater/lesser extents into defined positions and that some of these interactions 

were easily disrupted whilst others were not.

Sidechain residual shifts in both 90% methanol/water and water were also consistent 

with a degree of ordering of the sidechains although the water residuals may have been 

largely due to ring current rather than conformational effects. In 90% methanol/water 

the residuals were mainly large and positive although some large negative residuals also 

occurred indicating that the shifts were not due to an intrinsic solvent effect. In water 

the residuals were mostly negative and a smaller range was observed again indicating 

less ordering of the sidechains in water than in 90% methanol/water. The magnitudes 

of the residual shifts in both water and 90% methanol/water were much larger than those 

observed by Williamson in his globular protein data set where sidechain residuals in 

both alpha helical and beta sheet conformers were small and negative. Although 

correction for ring current effects probably contributed to this discrepancy ring current 

effects would only have been significant in the N-terminal half of the molecule.
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4.5 OVERALL INTERPRETATION

Ab initio predictions of secondary structure together with theoretical conformational 

energy maps taking solvent effects into account provided a useful framework for 

interpretation of the experimental data. A combination of statistical and clustering 

methods indicated that the N-terminal region of the peptide was likely to form a loop 

whilst the centre of the molecule possessed a propensity for helix, residues (15) to (18) 

were likely to form a beta turn and the C-terminus beta sheet structures. Helical wheels 

indicated that Phe(7) to Ile(13) could form an amphiphathic helical segment with the 

hydrophobic residues clustered on one face of the helix and the hydrophilic residues on 

the other. Conformational energy calculations have been carried out by a number of 

authors for small peptides in vacuo. The earlier calculations neglected solvent and used 

fixed bond angles and bond lengths. For N-acetyl-N'-methylamides conformational 

energy minima were observed in the beta, a% and regions of the map in order of 

decreasing depth and breadth. Scott and Scheraga (Woody, 1991) predicted the global 

minimum to be near the C?"̂  (<t>=-80;\p=+80) conformer whilst Brant et al (1967) found 

a global minimum near the polyproline(II) conformer. A number of recent 

conformational energy calculations incorporating solvent effects and allowing for bond 

length and bond angle changes again indicated that Cy®̂ was the lowest energy 

conformer in vacuo and that Cy” , Or, polyprohne(n) and Cg (p) conformers would be 

present but in lesser amounts. The results of conformational energy calculations 

including hydration effects differed. Rae et al (1981) found that including specific and 

nonspecific hydration effects led to a minimum in the polyproline(n) area and a global 

minimum corresponding to the classical p region. They calculated the fraction of 

dipeptide in the polyproline(II) conformer
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for all 20 amino acids. This varied considerably. The conformer was maximally 

populated by AcProNHMe at 0.54. Overall hydration was predicted to favour % and 

polyproline(n) conformers at the expense of the conformer. Mezei and co-workers 

also predicted that and polyproline(n) conformers were stabilised relative to the 

conformer and Cg was destabilised significantly. By partitioning the differential 

stabilisations into solute-water and solute-solute interactions they found that solute-water 

interactions favoured the polyproline(II) conformer relative to % whilst reorganisation 

of water resulted in a relative stabilisation of but a destabilisation of polyproline(II) 

relative to Overall the results from studies of hydrated systems indicated that in 

aqueous solution the Cr, polyproline(EI) and Cg conformers should be stabilised relative 

to € 7 ®̂. Madison and Kopple (1980) used a solvated dipole model and predicted that 

water would affect peptide conformation in several ways. Intrapeptide hydrogen bonds 

and other electrostatic interactions would be weakened because water molecules compete 

effectively for hydrogen bonding sites. Polar groups would become hydrated and 

clustering of nonpolar sidechain groups would increase. The peptides were predicted 

to populate Or and polyprolinefH) conformers with the Œr conformer favoured relative 

to polyproline(n) in nonpolar solvents. In solution organic solvents such as chloroform, 

DMF, a-chloroethanol, trifluoroethanol and other alcohols have been observed to favour 

helical conformers relative to extended conformers in linear peptide systems whilst 

solvents which form strong hydrogen bonds such as DMSO and water favour extended 

over helical conformers (Dill, 1990). Transient secondary structure (helices, beta turns) 

observed in water have been stabilised by the addition of small amounts of nonpolar 

solvents (Dyson etal, 1988; Williamson, 1986; Bradley etal, 1988). The conformational 

energy calculations provided a rationale for the presence of polyproline(II) conformers 

in systems which lacked the original factors proposed to stabilise polyproline(II)
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secondary structure viz. the steric constraints of poly(Pro) and the electrostatic repulsions 

between the sidechains of charged poly(Lys) and poly(Glu). They also provided an 

explanation for the stabilisation of hydrogen bonded secondary structure in nonpolar 

solvents relative to water and indicated sets of conformers which were most likely to be 

populated. The experimental observations indicated that context effects would be as 

important as intrinsic properties in determining the conformational manifold. Context 

(solvent) and intrinsic propensities (peptide sequence) can be invoked to explain the 

experimental results for IEA23.

In water the perturbation CD studies, FTIR Amide I' bands, simulations and nmr data 

provided strong support for a conformational equilibrium between turn and extended 

conformers. The evidence for turn conformers was provided by the 1665 cm'̂  Amide 

r  FTIR band, wavelength analysis of the perturbation CD data and the observation of 

some weak oNH/ocNHi+1 NOES Y crosspeaks. Support for turn conformers was also 

provided by the H/D exchange experiments in which the centre residues were observed 

to exchange more slowly than the termini and the helix/helix-like turn residual shifts in 

the centre of the domain. The evidence for significant population of polyproline(II) type 

conformers (LHB) was provided principally by the CD temperature perturbation study 

in which a positive band around 212 nm was accentuated at lower temperatures. 

Simulation of the CD spectrum of IEA23 in water using LHE as one reference spectrum 

provided indirect support for the presence of extended helical conformers. The presence 

of other extended conformers (beta type) in water was supplied by the observed 3J o n  

which were in the main larger than those expected for polyproline(l 1) conformers. 90% 

methanol/water would favour helix formation. The context would thus act to increase 

population of helical conformers even where intrinsic propensities would favour
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alternative conformers. In the centre of the domain both context and propensity would 

favour helical conformers which would explain the relative stabilisation of helical 

conformers in the centre of the domain. At residues (15)-(18) the amino acid sequence 

would act to populate turn conformers whilst the solvent would act to populate helical 

conformers possibly providing an explanation for the conformational averaging observed 

in this segment of the peptide. The propensity for the C-terminus to populate 

conformers of the extended type would oppose the solvent effect and this conflict would 

be exacerbated by increasing mobility toward the peptide ends. Similarly the propensity 

for loop formation at the N-tenninus of IEA23 together with end flexibility would 

counteract the helix forming tendencies of the envirorunent. Previous studies and the 

theoretical predictions indicated that water would act along the peptide chain to solvate 

polar groups and promote clumping of nonpolar side-groups and would insert where 

possible along the chain between peptide hydrogen bonds acting to attenuate and distort 

secondary structure. The room temperature states in water and 90% methanol/water 

could be interpreted in terms of ’nascent helix* with significant population of alpha 

helical space in water by the residues in the centre of the peptide only, the influences 

of envirorunent, propensity and mobility explaining the conformational equilibria 

observed.

The concentration dependent p sheet formation and possible intermolecular contacts 

between IEA23 molecules in both water and 90% methanol/water (as evinced by slight 

changes in CD spectra) provided support for the involvement of the cytoplasmic domain 

of the a subunit in aggregation of receptors. However these observations may simply 

have been a reflection of the availability of the cytoplasmic domain for intermolecular 

contacts. The amphipathicity of the helix in the centre of the domain suggested that this
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segment of DEA23 might be involved in recognition at a molecular level via ’sticky 

patches’. Similarly the C-terminus of IEA23 could participate in sheet formation. 

Neither the in vivo conformation(s) or function(s) of the receptor cytoplasmic 

components are known. The experimental data for IEA23 suggest that the cytoplasmic 

component of the alpha subunit is a rod sticking below the surface which may be 

involved in either self-aggregation or hetero-aggregation e.g. interaction with cytoskeletal 

components. Formation of alpha helix in TFE has been correlated with peptide 

antigenicity (Gierasch, 1992) and functional signal sequences in signal peptides were 

found to be significantly richer in alpha helix in aqueous TFE than a nontunctional 

mutant signal sequence (Gierasch, 1985) so that the room temperature state in 90% 

methanol/water (and TFE) which displayed significant helix formation may be analogous 

to a functional conformer. The conformational equilibria defined here may have some 

resemblance to the conformational equilibria in vivo, with one of the predominant states 

representing the functional state and the other a resting state cf. Monod, Wyman and 

Changeux’s two state hypothesis to explain allosteric regulation of soluble regulatory 

proteins in which the proteins existed either in a relaxed (R) or a tense (T) state, R and 

T corresponding to two distinct conformational states. This hypothesis was recently 

extend to transmembrane signalling (Stock et al, 1991). Linear peptides are unlikely 

to be rigid unless involved in specific receptor complexation and much larger polymers 

than IEA23 have been found to have no regular structure. However as shown above 

distinct conformational preferences can exist and can be altered by envirorunent. The 

use of organic solvents has been likened to ’freezing out’ a particular conformer or set 

of conformers. When the same conformers are trapped by a variety of media (as for 

IEA23) it may be possible that they represent physiologically active forms.
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APPENDIX 1.

PEPTIDE SYNTHESIS, PURIFICATION AND PURITY CHECKS

The amino acid sequences of the peptides synthesised and the coupling efficiencies 

obtained from the quantitative ninhydiin assays performed during the syntheses of the 

peptides are shown in Fig. A l.l. The second set of coupling efficiencies shown in Fig. 

A l.l(a) were from resin peptide sampled after the capping reaction. As can be seen the 

capping step generally reduced the efficiency of coupling rather than increasing it. No 

real problems were encountered during the syntheses although there were reduced 

coupling efficiencies for each synthesis at particular residues. As these differed between 

syntheses they could not be ascribed to a particular sequence effect For IgEl the lowest 

coupling efficiency was obtained for Lys(204). The overall coupling efficiency for the 

synthesis was 82%. Only 125 mg of resin peptide were obtained (because of the double 

sampling procedure) which yielded 37 mg of crude peptide after HF cleavage. For IgeS 

(Fig. A1.2(b)) a low coupling efficiency occurred for Ile(190) which was being coupled 

to Leu(189). The overall coupling efficiency for the synthesis was 83%. From 230 mg 

of resin peptide 125 mg of peptide were recovered after sidechain deblocking and HF 

cleavage. The coupling efficiencies for the synthesis of IERA50 (Fig.A1.2(c)) were 

generally lower than for IgEl and IgE3. The lowest coupling efficiency was observed 

for Ala(193). The overall coupling efficiency of the synthesis could not be calculated 

because some resin peptide samples were lost but it would have been less than 70%. 

101 mg of peptide were isolated from 180 mg of resin peptide. The low yield of crude 

peptide was probably due to delivery of a larger amount of resin peptide to the fraction 

collector than usual during the sampling step because of the use of tubing with a large 

diameter. Syntheses of larger peptides on a small scale have been known to result in
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Fig. Al . l  Coupling efficiencies of the syntheses measured by quantitative 

ninhydrin assay.
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reduced yields because of ’crowding’ on the solid support (Gabor Toth, personal 

communication). The medium scale synthesis of IEA23 (Fig. A 1.2(d)) with double 

coupling resulted in overall coupling efficiencies above 99.7% for all amino acids 

excepting Gln(6) after the first coupling. The overall coupling efficiency for the 

reaction was 95.5% and 348 mg of crude peptide were recovered from the resin peptide 

after deblocking and HF cleavage.

Both IEA23 and IgEl were separated using water/acetonitrile gradients at pH 2.0 on a 

Ci8 column. The asymmetric shapes of the main peptide peaks on the semi-preparative 

column were ascribed to adsorption of the peptides to the column. Conventional 

reverse-phase and ion-exchange separation routines failed to s^arate IgE3 and IERA50.

FAB+ mass spectra were obtained for IgEl and IEA23 (Fig. A1.2). The observed masses 

of 2147 and 2619 gmol'̂  agreed with the calculated masses of 2147.65 and 2619.67 

gmol'̂  and the fragmentation patterns confirmed the amino acid sequences. Capillary 

electropherograms were obtained for the two peptides (Fig. A1.3). Spectra obtained at 

the leading, middle and tail edges of the electropherogram peaks over the wavelength 

range 200-300 run indicated that the peaks were due to a single absorbing species.
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Fig. A1.2 A FAB  ̂mass spectrum of ffiA23 run by the School of Pharmacy Mass 

Spectrometry service.
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APPENDIX 2.

AGGREGATION PHENOMENA IN ORGANIC SOLVENTS

In both methanol and trifluoroethanol Amide I bands were obtained around 1620,1650 

and 1690 cm'̂  although the ratio of peak intensities in the two solvents varied. In TFE 

a cloudy white suspension was obtained which was unchanged by sonication or heating 

and the results were from the supernatant of a centrifuged solution.

The spectrum obtained in trifluoroethanol deconvoluted to bands at 1622 cm"\ 1655 cm"̂  

and 1695 cm'̂  and similar results were obtained from a second derivative spectrum. The 

strong absorbance at 1622 cm'̂  and the weak absorbance at 1695 cm'̂  fell within the 

range found by Venyaminov and Kalnin in 1990 for five polypeptides in antiparallel 

beta sheet form in water and agreed well with the values for silk fibroin in beta form 

in 50% methanol/water (Chirgadze, Shestopalov and Venyaminov, 1973) and were thus 

assigned to antiparallel beta sheet. Lee et al (1990) obtained a ’best fit’ beta sheet 

eigenspectrum with bands at 1634 cm' (̂major) and 1682 cm'\minor). However these 

were the average results from factor analysis of 18 globular proteins in aqueous solution 

where no attempt had been made to discriminate between the various types of beta 

sheet. The 1655 cm"̂  band was assigned to alpha helix. Various groups have obtained 

slightly different values for the alpha helix range of proteins/polypeptides in NH form. 

Lee et al obtained a major band at 1659 cm'̂  for their alpha helix eigenspectrum. 

Venyaminov and Kalnin (1990) obtained a wavenumber range of 1644-1649 cm‘‘ for 

polypeptides in helical form in water whilst Chirgadze and Brazhnikov (1974) found an 

absorbance maximum of 1651 cm'̂  for polypeptides in NH form in chloroform-d. The 

bandwidth of 35 cm‘̂  was closer to the values obtained for helices in water than organic
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solvents suggesting that either a destabilised helix was present or that the 1655 cm'̂  

band contained unresolved component(s) which shifted the absorbance maximum to a 

higher frequency. The poor S/N of the spectrum precluded further deconvolution. 

However a ’best fit’ simulated CD spectrum of IEA23 in trifluoroethanol was obtained 

using 30% alpha helix and 70% beta turn which suggested that the 1655 cm'̂  band was 

a sum of unresolved components rather than a destabilised helix band. The results 

obtained for the peptide in methanol (see below) supported this interpretation.

The FTIR spectrum of IEA23 in methanol-d4 exhibited three bands. The strong 

absorbance at 1623 cm'̂  with a bandwidth of 19 cm'̂  and the weak absorbance at 1693 

cm'̂  with a bandwidth of 16 cm'̂  were again assigned to antiparallel beta sheet. The 

1693 cm'̂  absorbance bandwidth was greater than the upper bound established by 

Venyaminov and Kalnin (1991) which could be due either to the difficulty of extracting 

a bandwidth for a weak absorbance band overlapping a strong band or to the smaU data 

set of two polypeptides employed by these authors. The 1654 cm'̂  band with a 

bandwidth of 33 cm'̂  deconvoluted to three bands at 1635 cm"\ 1652 cm'̂  and 1673 cm' 

\  The 1652 cm'̂  band was assigned to alpha helix as before. Bands between 1620 and 

1640 cm'̂  of proteins in ND form have been attributed to various secondary structure 

components. Surewicz and Mantsch (1988) assigned bands between 1620 and 1640 cm'̂  

to beta structure. However a band around 1630 cm'̂  has been consistently observed in 

proteins which contain no beta structure and it has been suggested that it could be due 

to short extended structures cormecting alpha helices (Susi and Byler, 1986) or to a beta 

turn (W.A. Gibbons, pers. comm.). Although the asymmetric deformation of Lys NH3+ 

has been shown to occur at approximately 1629 cm'̂  (Venyaminov and Kalnin, 1990) 

the minimum ratio of sheet/Lys NH3+ absorbance would be 23 so that the 1630 cm'̂



274

band could not be due to a Lys sidechain contribution. The 1673 cm'̂  band was 

assigned to a turn (Surewicz and Mantsch, 1988; Venyaminov and Kalnin, 1990). 

However bands in this region have also been assigned to beta structure (Susi and Byler, 

1988) and to distorted 3jo helix (Kermedy et a l , 1991). The weak overlapping bands 

above 17(X) cm'̂  were assigned to Glu(8) -COOH stretch and C-terminal -COOH stretch 

(Venyaminov and Kalnin, 1990).

An FTIR concentration study was carried out in methanol to ascertain whether the sheet 

structure was an aggregation phenomenon and if so if IEA23 disaggregated at a 

concentration where 2-D lunr studies were still feasible. Beta sheet formation was found 

to be concentration dependent (Fig. A2.1). However even at 0.38mM some beta 

structure remained. The F l’lR results obtained gave some insight into the pathway from 

aggregated to monomolecular state. Briefly, as the concentration of peptide was lowered 

from 2 mM to 0.4 mM the antiparallel beta sheet structure began to disappear with 

deconvolution bands appearing at approximately 1612 cm'̂  and 1687 cm"̂  attributed to 

destabilised sheet. In addition to the single band at 1655 cm'̂  assigned to alpha helix 

which increased as the peptide concentration decreased a deconvolution band appeared 

at approximately 1648 cm'̂  which was attributed to a destabilised helical intermediate. 

This first increased then decreased. A deconvolution band at 1630 cm"̂  could have been 

due to short extended structure or a turn. Deconvolution bands in the region of 1640 cm" 

 ̂ were assigned to turns. Bands at approximately 1670 cm'̂  and 1678 cm"̂  were also 

attributed to turns.
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Fig A2.1 Plots of (a) absorbance vs peptide concentration (b) absorbance vs solvent 

composition showing the transition from sheet to helix.
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In a titration from methanol to water monitored by FIIR two distinct events could be 

identified. From methanol to 90% methanol/water the peptide underwent a transition 

from an aggregated to a monomolecular state. Below 90% methanol/water the 

monomolecular peptide’s conformation altered as the solvent composition was altered. 

The data pertaining to the sheet to helix transition (disaggregation) is discussed below. 

The major difference between the perturbation of the aggregate/monomolecular 

equilibrium by varying solvent composition rather than peptide concentration was the 

transient appearance of a deconvolution band at 1659 cm"̂  rather than 1668 cm"\

Briefly the bands at 1623 and 1693 cm'̂  assigned to antiparallel beta sheet for the 

reasons given above decreased as the percentage of methanol was decreased (Fig. A2.1). 

The deconvolution bands at 1613 and 1688 cm"̂  assigned to destabilised sheet increased 

initially then decreased. The deconvolution bands at approximately 1649 cm"\ 1655 cm' 

 ̂ and 1659 cm'̂  aU fell within the alpha helix wavenumber range. AH three bands 

increased from 100% methanol to 95% methanol following which the 1655 cm'̂  band 

increased whilst the 1649 cm"̂  and 1659 cm'̂  bands decreased until a single band at 

1655 cm'̂  was obtained in 90% methanol/water. All other deconvolution bands were 

assigned to turns.

As F llk  yields a ’snapshot’ of the system the bands observed could have been due to 

a conformational equilibrium, to changing secondary structure elements within a single 

conformer or to a mixture of both. The transient deconvolution bands observed at 

approximately 1613 cm"\ 1649 cm'\ 1659 cm"\ 1680 cm'̂  and 1688 cm"' were possibly 

conformational intermediates between the aggregated and monomolecular states. 

Similarly the transient deconvolution bands observed at approximately 1612 cm'\ 1648
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cm'\ 1678 cm'̂  and 1687 cm‘̂  as the peptide concentration was altered were assigned 

to intermediates in the aggregate/monomolecular transition as the conformational 

equilibrium was perturbed in favour of the monomolecular state.

In 85% TFE/water and higher TFE concentrations the amide proton region of nmr 

spectra showed concentration dependent shifts over the range 10 mg/ml to 0.25 mg/ml 

indicating that monomolecularity had not been achieved despite the small coupling 

constants exhibited by most of the amide proton resonances in proton nmr spectra. A 

CD spectrum of a 2.5 mg/ml sample in 95% TFE/water demonstrated that aggregation 

resulted in conformational changes (Fig. A2.2).
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