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1.0: ABSTRACT

The level of intracellular calcium is strictly regulated in all cells. In a resting 

cell, the [Ca2+] is < 10'7 M and during its activation it rises to > 10'6 M. Calmodulin 

(CaM) is a highly conserved, ubiquitous secondary messenger protein that has to 

translate this rise in intracellular calcium into a physiological response in all 

eukaryotic cells. Upon binding 4 calcium ions, this small acidic protein (148 amino 

acids) interacts with high affinity and specificity with a multiplicity of structurally 

and functionally diverse enzymes such as myosin light chain kinase (skMLCK), CaM 

kinase n, NO synthase, etc. No single consensus sequence for recognition by CaM 

exists, yet the complexes formed are highly specific and of high affinity. Solved 

NMR and crystal structures of CaM in complex with peptides derived from several 

enzymes have revealed that both domains of Ca4CaM interact with portions of an 

essentially alpha helical target sequence. This basic model does not however account 

for the unique diversity of the target sequences recognised by CaM, which appears to 

reside in specific structural details of the interaction. Investigation of this question 

requires a detailed description of the processes of calcium dependent target 

recognition.

The aim of this project has been to explore the use of fluorescent labelling as 

a reporter for investigating the interaction with CaM of the CBP synthetic target 

peptides and peptides derived from the CaM-binding sequence of skMLCK. 

Fluorescence spectroscopy and circular dichroism are the main techniques used to 

characterise the interaction of fluorescent labelled peptides with CaM, and to address 

the existence of possible Ca2.CaM-peptide intermediate species by spectroscopic 

observation. A second part of this project, based on the results obtained from the 

above experiments has been the design of genetically engineered, cysteine containing 

hybrid CaM-peptide molecules as potential optical biosensors for calcium ions for in 

vivo applications. The characterisation of fluorescent labelled hybrids in terms of 

spectroscopic properties, Ca2+ binding affinity and dissociation kinetics has been
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thoroughly described. In vitro calibration experiments have shown that these
9 -1- 9  imolecules are useful as Ca indicators in the of physiological Ca concentrations. In 

vivo experiments on different cell types have revealed an even distribution of the 

indicator and a fluorescence response to changes in intracellular free [Ca2+], 

Comparisons of the properties of these hybrid-based indicators with the conventional 

Ca2+ biosensors are drawn and discussed throughout the work.

4



CONTENTS

DEDICATION 

1.0: ABSTRACT

CONTENTS 

LIST OF FIGURES 

LIST OF TABLES 

ABBREVIATIONS 

2.0: INTRODUCTION
2.1 Calcium

2.2 Calmodulin

2.2.1 The Structure of Calmodulin

2.2.2 Calcium Binding to Calmodulin

2.2.3 The Question of Specificity of Metal Binding to Calmodulin

2.2.4 Structural Changes in Calmodulin upon Calcium Binding

2.3 Target Recognition by Calmodulin

2.3.1 Models of the Calmodulin-Target Interactions

2.3.2 Structure of the Calmodulin-Target Peptide Complexes

2.3.3 Intra and Inter-Molecular Calcium Tuning by Calmodulin: A Differential 

Role for the Two Domains in Target Recognition and Regulation

2.3.4 The Pseudosubstrate Hypothesis of Calmodulin-Dependent Target Enzymes

2.3.5 Calcium Independent Calmodulin-Target Interactions

2.4 Fluorescent Analogues of Calmodulin

2.5 Measurement of Intracellular Calcium: Fluorescent Indicators

2.5.1 Photoproteins

2.5.2 Metallochromic Indicators

2.5.3 Fluorescent Indicators: Quin2, Fura-2 and Indo-1

2.5.4 Cameleons

2.6 AIMS OF THE PROJECT

5



3.0: MATERIALS AND METHODS
3.1 The Interaction of Fluorescent Labelled Peptides with CaM

3.1.1 Preparation of Drosophila Melanogaster Calmodulin

3.1.2 Preparation of Calcium Free Buffer

3.1.3 Prepration of Apo Calmodulin

3.1.4 Peptide Synthesis and Purification

3.1.5 Fluorescent Labelling and Purification of Labelled Peptides

3.1.6 Fluorescence Spectroscopy

3.1.7 Near UV Circular Dichroism

3.1.8 Stoichiometric Calcium Titrations of Calmodulin in the Presence of Fluorescent 

Labelled Peptides

3.2 Calcium Sensitive Fluorescent Indicators Based on a Calmodulin-Peptide 

Hybrid Protein

3.2.1 Cloning and Site Directed Mutagenesis of the HY2-Cysteine Mutants

3.2.2 Expression and Purification of HY2-Cysteine Mutants

3.2.3 Fluorescent Labelling of the HY2-Cysteine Mutants

3.2.4 Stoichiometric Calcium Binding Studies

3.2.5 Stopped-Flow Measurements

3.2.6 In vitro Calibration of the Fluorescence Response of Calcium Biosensors

3.2.7 Loading of the Indicators into Cells

3.2.8 Calibration of the Microscope for the Imaging of MDCC

3.2.9 The Puff-Perfusion Set Up

RESULTS (includes chapters 4, 5 and 6)

4.0 Studies of the Interaction of Calmodulin with Fluorescent Labelled Target 

Peptides

4.1 The CBP-Cysteine Peptides

4.1.1 Determination of the Concentration of Unlabelled CBP Peptides

4.1.2 Affinities of the Unlabelled CBP Peptides

6



4.1.3 The Interaction of the Labelled CBP Peptides with Calmodulin

4.1.4 The 2:1 Binding Ratio of the Labelled CBPCO to Calmodulin

4.2 The WFF-Cysteine Peptides

4.2.1 Interaction of the Native WFF Peptide with Calmodulin

4.2.2 Determination of the Unlabelled WFF-Cysteine Peptide Affinities

4.2.3 Interaction of the Labelled WFF-Cysteine Peptides with Calmodulin

4.2.4 Determination of the Labelled WFF-Cysteine Peptide Affinities

4.2.5 Near UV CD of the Complexes of Labelled WFF-Cysteine Peptides with 

Calmodulin

4.2.6 Titration of Apo Calmodulin with Calcium in Presence of the Labelled WFF- 

Cysteine Peptides

4.3 Conclusions

5.0 Calcium Sensitive Fluorescent Indicators based on a Calmodulin-Peptide 

Hybrid Protein

5.1 Design of HY2-Cysteine Mutants

5.2 Stoichiometric Calcium Titrations of the Dansyl Maleimide Labelled HY2- 

Cysteine Mutants

5.3 Measurement of Stoichiometric Calcium Binding Affinities of the Labelled HY2- 

Cysteine Mutants

5.4 Further Improvements in the Design of the Indicator

5.5 Stoichiometric Calcium Titrations of MDCC Labelled HY2C17 and E4QC17 

Mutants

5.6 Stoichiometric Calcium Binding Affinities of MDCC Labelled HY2C17 and 

E4QC17 Mutants

5.7 Kinetics of Calcium Dissociation from HY2C17MDCC and E4QC17MDCC

5.8 In Vitro Calibration of Fluorescence Signal of HY2C17MDCC

5.9 Conclusions

6.0 In Vivo Calcium Biosensor Experiments Using HY2C17MDCC

6.1 Preliminary Experiments using Rhodamine Labelled HY2C17 in 3T3 Fibroblasts

7



6.2 The Extent of Photobleaching of Coumarin Maleimide

6.3 HY2C17MDCC in Non-Excitable L929 Fibroblasts

6.4 HY2C17MDCC in Excitable Rat Dorsal Root Ganglion Neurones

6.5 End of Experiment In Situ Calibration of HY2C17MDCC in Loaded DRG’s

6.6 Histamine and ATP Stimulation of Non-Excitable Human Umbilical Vein 

Endothelial Cells

7.0 GENERAL DISCUSSIONS
7.1 Interaction of the Fluorescent Labelled Target Peptides with Calmodulin

7.1.1 The CBP Target Peptides

7.1.2 The 2:1 Stoichiometry of CBP Binding to Calmodulin

7.1.3 The WFF Target Peptides

7.1.4 Spectroscopic Characterisation of the Labelled WFF:Calmodulin Complexes

7.1.5 Conformation of the Labelled WFF Peptide: Calmodulin Complexes

7.1.6 Evidence for the Existence of a Ca2CaM.Peptide Intermediate Species

7.2 Generation of a New Ca2+ Biosensor based on the H2CaM Hybrid Protein

7.2.1 Properties Bearing on the Suitability of a Fluorescent Indicator For Intracellular

7.2.2 Design and Characterisation of Fluorescent Calcium Indicators

7.2.3 HY2C17 Transformation from Indicator to Biosensor

7.3 Conclusions 

ACKNOWLEDGEMENT

8.0 REFERENCES

9.0 APPENDICES
A. 1 Determination of Affinities of Target Peptides 

A. 1.1 By Direct Titration Method 

A. 1.2 By Peptide Competition Method 

A.2 Determination of the Stoichiometric Ca2+ Binding 

A.3 Relationship between Intrinsic and Stoichiometric 

A.4 The Ca2+-Induced Increase in the Affinity of CaM

Association Constants 

Association Constants 

for Targets



A.5 Calculation of Ca-EGTA Buffers

9



FIGURES
Figure

2.1

2 .2.1

2.3.2.A.B

2.3.2.C

2.3.2.D

2.3.3

2.3.4

3.1.1.a

3.1.1.b

3.1.1.c

3.1.5.A

3.1.5.B

3.2.1.A.B

3.2.2.A

3.2.2.B

Page

Schematic diagram of a cell depicting the mechanisms 23

involved in the regulation of the cytoplasmic Ca2+ levels 

X-ray crystal structure of Ca2+CaM determined at 2.2 A 26

Resolution

NMR solution structure of Ca2+-CaM complexed with the 39

sk-MLCK peptide

Schematic summary of the intermolecular interactions 40

between residue pairs in M 13 and Ca2+-CaM

X-ray crystal structure of CaM complexed with the sm- 41

MLCK peptide.

A general mechanism for calmodulin-target enzyme 46

interactions based on calmodulin-sk MLCK peptide

interactions

A general mode of regulation of a target enzyme by 48

intrasteric inhibition and activation by CaM

SDS-PAGE of calmodulin after purification by phenyl 67

sepharose affinity chromatography

SDS-PAGE of calmodulin after purification by G75 gel 67

filtration chromatography

Absorption spectra of apo and holo calmodulin 68

Reverse phase HPLC of the WFFCO peptide before and 73

after labelling with dansyl maleimide

Absorption spectra of the unlabelled and dansyl maleimide 73

labelled WFFCO

Construction of the HY2-cysteine hybrid mutants 79

SDS-PAGE of HY2C17 mutant hybrid protein 85

Reverse phase HPLC trace of HY2C17 85

10



104

107

107

110

112

115

117

123

127

130

135

140

143

147

147

Determination of the true concentration of the silent CBPC0 

Determination of the Kd for the unlabelled CBPC0 peptide 

by competition

Determination of the dissociation constant for the interaction 

of the unlabelled CBPC0 with CaM using a %2 minimisation 

procedure

Fluorescence spectroscopic changes of dansyl maleimide 

in CBPC0DM (1 jxM concentration) upon titration with CaM. 

The titration of CaM with the CBPC0DM peptide 

The solution structure of CaM with a 19 residue peptide derived 

from the NMR coordinates of the CaM.M13 structure by 

Ikura etal., 1992

Fluorescence changes associated with the interaction of WFFp 

with CaM

Fluorescence emission spectral changes of WFFC17DM upon 

titration with Ca^aM .

Determination of dissociation constant by direct 

titration of WFFC17DM with CaM 

Near-UV CD spectra for the native and the labelled WFF 

peptides bound to CaM

Fractional changes in integrated fluorescence as a function 

of R ( = [Ca2+]/[CaM]) for Ca2+ titration of apoCaM in the 

presence of each labelled WFF-cysteine peptide 

Schematic presentations of the HY2-cysteine mutants 

constructed

Fluorescence spectral changes of apoHY2C17DM upon 

titration with Ca2+

Typical experimental data for calcium titrations of BAPTA 

in the presence of HY2C17DM

Fractional saturation of HY2C17DM with Ca2+ as a function 

of log [Ca2+]free

11



5.5.a.b

5.5.c

5.6

5.7.a

5.7.b

5.8.a

5.8.b

6.1

6.2.A

6.2.B

6.3.A.B

6.4

6.6 

A.l

Fluorescence spectral changes of apo coumarin maleimide 152

labelled HY2C17 upon titration with Ca2+

Fractional fluorescence changes of apo coumarin maleimide 153

labelled E4QC17 as a function of R ( = [Ca2+]/[E4QC17MDCC])

The fractional saturation curve for E4QC17MDCC with Ca2+ 159

as a function of log [Ca2+]free

Typical stopped-flow trace for the EDTA-induced dissociation 164

of HY2C17MDCC at 37 °C.

The relationship between indicator (HY2C17MDCC) saturation 164 

and relaxation time as a function of [Ca2+]free

Ca2+-dependent changes in the HY2C17MDCC 167

fluorescence emission spectrum

The in vitro calibration curve for the fluorescence response 167

of HY2C17MDCC to changes in [Ca2+]free in the presence and 

absence of Mg2+

Phase and fluorescence pictures of a typical Swiss-3T3 cell 171

loaded with rhodamine maleimide labelled HY2C17 

Fluorescence image of a ‘seal-guard’ vesicle engulfing 173

HY2C17MDCC

The photobleaching profile of HY2C17MDCC 173

Images of L929 fibroblasts loaded with HY2C17MDCC before 176 

(A) and after (B) addition of the ionophore, A23187 

The fluorescence response of HY2C17MDCC to increases 179

in intracellular [Ca2+]free via membrane depolarisation in a dorsal 

root ganglion

The fluorescence response of a HY2C17MDCC loaded HUVEC 183

to histamine stimulation

Theoretical binding curves for the reaction of P + L PL 229

12



TABLES
Table

2.3

2.4 

2.5.3

3.2.1

3.2.6

4.1

4.1.2

4.2.2

4.2.3

4.2.6

5.2

5.3

5.5

5.6

Primary sequences of some known calmodulin binding 

domains of proteins

Comparison of the amino acid sequences of calmodulins 

The characteristics of some conventional fluorescent Ca2+ 

indicators

The primer sequences of oligonucleotides used for 

construction of the HY2-cysteine mutants 

Reciprocal dilutions used to arrive at different free [Ca2+] 

Primary sequences of FWF, FFF, WFF, CBP and cysteine 

containing variants of WFF and CBP peptides 

Dissociation constants for the interaction of CaM with the 

unlabelled and labelled CBP-cysteine variants 

Dissociation constants for the interaction of CaM with the 

unlabelled and labelled WFF-cysteine variants 

Fluorescence emission spectral changes for each labelled 

WFF-cysteine peptide upon complex formation with CaM 

Fluorescence emission spectral changes for Ca2+ titration of 

apoCaM in presence of the labelled WFF-cysteine peptides 

The fluorescence emission spectral changes corresponding to 

Ca2+ titration of all dansyl labelled HY2-cysteine mutants 

Stoichiometric Ca2+ binding constants for the labelled HY2- 

cysteine mutants and for CaM in the absence and presence of 

the WFF peptide

The fluorescence emission spectral changes corresponding 

to Ca2+ titration of Coumarin labelled HY2C17 and E4QC17 

mutants

Stoichiometric Ca2+ binding constants for the HY2C17MDCC

Page

34

53

61

82

92

101

108

120

124

134

144

148

154

158

13



5.7

7.1.3

and E4QC17MDCC mutants

The EDTA-induced Ca2+ dissociation rates for MDCC 163

labelled HY2C17 and E4QC17

Sequence alignments of M l3, RS20 and CBP peptides based 192

on the Afshar et al., 1994 model for CaM-target recognition

14



ABBREVIATIONS

ApoCaM calcium free calmodulin

AEDANS 5-[[[iodoacetyl)amino]ethyl]amino]-l

naphthalene sulfonic acid 

BAA Basic amphiphilic a-helix

5,5’-Br2BABTA 5,5’-dibromo ethylene gylcol l,2-bis(2-

aminophenyl)-ether-N,N,N’ ,N’-tetraacetic acid 

CaM calmodulin

CaMCC engineered calmodulin in which residues 9-75

have been replaced by the sequence of residues 

82-148.

CaMKH CaM kinase B

CaMNN engineered calmdulin in which residues 82-148

have been replaced by the sequence of residues 

9-75.

CBP calmodulin binding peptide

CD circular dichroism

DM 5-dimethy lamino-N-(2-maleimidoethyl)

naphthalene-1 -sulfonamide 

DNA deoxyribonucleic acid

DRG dorsal root ganglion

DMF dimethylformamide

DTT dithiothreitol

EDTA ehtylenediaminetetra-acetic acid

EGTA [ethylenebis(oxyethylenenitrilo)]tetra-acetic

acid

FPLC fast protein liquid chromatography

FRET fluorescence resonance energy transfer

GFP green fluorescent protein

15



Hepes

HoloCaM

HICaM

H2CaM

HY2C0

HY2C4

HY2C8

HY2C13

HY2C17

HY2C92

HUVEC

MARCKS

MDCC

MOPS

NMR

nNOS

NOE

N-(2-hydroxylethyl)piperazine-N’-2-ethane- 

sulfonic acid

calcium saturated calmodulin

xenopus laevis calmodulin linked to the M l3

peptide via a GlyGly linker

HICaM in which the linker was extended to

four glycines and the first two residues of the

M13 peptide were replaced by the amino acids

SR

H2CaM with a Gly —» Cys mutation for the 

third Gly of the linker

H2CaM with a Trp4 —» Cys mutation in the 

M l3 peptide

H2CaM with a Phe8 —» Cys mutation in the 

M13 peptide

H2CaM with a Ala 13 —» Cys mutation in the 

M13 peptide

H2CaM with a Phel7 —> Cys mutation in the 

M13 peptide

H2CaM with a Phe92 —> Cys mutation in the 

calmodulin

human umbilical vein endothelial cell 

myristoylated alanine-rich protein kinase C 

substrate peptide

[7-diethyamino-N-(2-maleimidoethyl)-2-oxo- 

2H-chromene-3-carboxamide] 

3-(N-morpholino)propanesulfonic acid 

nuclear magnetic resonance 

neuronal nitric oxide synthase 

nuclear Overhauser effect

16



PAGE polyacrylamide gel electrophoresis

PBS phosphate buffered saline

PCR polymerase chain reaction

PMSF phenyl methyl sulfonyl fluoride

Quin-2 2-[[2-bis(carboxymethyl)amino]-5-methyl-

phenoxy] methyl] -6-methoxy-8- [bis- 

carboxymethyl)-amino] quinoline 

RS20 a 20 residue peptide (ARRKWQKTG

HAVRAIGRKSS) derived from the calmodulin 

binding domain of smooth muscle myosin light 

chain kinase

SDS Sodium dodecyl sulphate

sk-MLCK skeletal muscle myosin light chain kinase

sm-MLCK smooth muscle myosin light chain kinase

TnC troponin C

Tri s tri s (hy droxymethy l)methy lamine

TR1C calmodulin residues 1-77

TR2C calmodulin residues 78-148

One and three letter codes for amino acid residues:

Ala (A) alanine

Cys (C) cysteine

Asp (D) aspartate

Glu (E) glutamate

Phe (F) phenylalanine

Gly (G) glycine

His (H) histidine

He (I) isoleucine

Lys (K) lysine

Leu (L) leucine

17



Met (M)

Asn (N)

Pro (P)

Gin (Q)

Arg (R)

Ser (S)

Thr (T)

Val (V)

Trp (W)

Tyr (Y)

methionine

asparagine

proline

glutamine

arginine

serine

threonine

valine

tryptophan

tyrosine

18



2.0: INTRODUCTION

19



Calcium is an important second-messenger molecule controlling a wide array of 

cellular processes. Binding of this ion to the ubiquitous protein, calmodulin, leads to 

the regulation of numerous biochemical pathways. In section 2.1, the importance of 

calcium as an intracellular regulatory molecule is briefly discussed. Section 2.2 is 

dedicated to a detailed description of calmodulin, its structure and conformational 

changes as a result of calcium binding. This is then followed by an overview of models 

of calmodulin-target interactions, proposed stmctural criteria for recognition of targets 

by calmodulin and the known structures of complexes in section 2.3.

Synthesis and use of fluorescent analogues of calmodulin has been an invaluable tool to 

researchers in gaining an understanding of the diversity of function and regulation by 

this protein. In recent years, fluorescent derivatives of calmodulin have been proposed 

as potential candidates for intracellular indicators of calcium ions (section 2.4). Hence, 

in the interests of this thesis work, the subject of calcium indicators with examples of 

calmodulin-based biosensors has been thoroughly explored in section 2.5. Finally in 

section 2.6, the aims of this thesis project and the means of reaching the set goals are 

discussed.
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2.1 Calcium

Of all the divalent cations in the periodic table, perhaps calcium plays the most 

important biological role. This ubiquitous signalling molecule controls a wide array of 

cellular processes, including secretion, contraction, and cell proliferation (Berridge, 

1997a; Clapham, 1995) in cells ranging from bacteria to specialised neurones. In 

resting cells, the intracellular Ca2+ concentration is maintained at 10'7-10"8 M, and 

during stimulation it can increase to 10"6-10'5 M, depending on the cell type. The 

extracellular Ca2+ concentration (103 M) is much higher than the intracellular one and 

this large membrane concentration gradient is maintained by Ca2+- ATPases, which 

pump Ca2+ into the extracellular environment or by specialised intracellular calcium 

storage compartments, such as the sarcoplasmic or endoplasmic reticulum. In addition 

to ATP-driven pumps, so-called Na+, K+ATPases also support Ca2+ extrusion at the 

expense of ATP (Berridge, 1995). These events are depicted schematically in Figure 

2 . 1.

The large membrane gradient creates unique opportunities for a trigger mechanism. 

Ca2+ can flow down its concentration gradient when calcium channels are open and 

transiently increase the Ca2+ concentration in the cell. There are different classes of 

Ca2+ channels in the plasma membrane, which are characterised by distinct activation 

mechanisms such CICR (calcium-induced calcium release)(Tsien and Tsien, 1990). 

Ca2+ is also released from the intracellular stores in the sarcoplasmic reticulum; this 

event is mediated through intracellular secondary messengers, such as inositol 

triphosphate (Berridge, 1997b).

To control Ca2+ within the cells, evolution has selected reversible complexation by 

specific Ca2+-binding proteins, which are either soluble and organized in non

membrane structures, or intrinsic to membranes. Large-capacity, low-affinity calcium
a ,

binding proteins such as calsequestrin and calreticulin aid in the sequestration of Ca 

in sarcoplasmic or endoplasmic reticulum (Yano and Zarain-Herzberg 1994). Ca2+
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sensor proteins such as calmodulin (CaM) and troponin C (TnC) enable the cell to 

detect a stimulatory flux of Ca2+ and thereby transduce this signal into a variety of 

cellular processes that often require a rapid response.

It is important to realise that unlike many other second-messenger molecules, Ca2+ is 

required for life, yet prolonged high intracellular levels lead to cell death. How does the 

activated healthy cell prevent the intracellular Ca concentration from becoming too 

high?

First of all, following Ca2+ release within the cell, the Ca2+ concentration is regulated by 

calcium buffering and transport proteins such as calbindin and parvalbumin (Kawasaki 

and Kretsinger, 1995, Kretsinger 1996). Second, Ca channels are equipped with 

feedback inhibition so that they close when the intracellular Ca2+ concentration reaches 

10‘6 M. Moreover, at this concentration the Ca2+-ATPases also become activated so that 

Ca2+ is pumped out of the cytoplasm, the intracellular Ca2+ concentration returns to its 

basal levels and the calcium signal is terminated (Berridge, 1997a).
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Figure 2.1:

Schematic diagram of a cell depicting the mechanisms involved in the regulation 

of the cytoplasmic Ca2+ levels. The bottom half of the figure shows the proteins that 

help deplete the cell of Ca2+ and the top half shows some of the mechanisms by 

which cytoplasmic Ca2+ can be increased. The Ca2+-efflux from the sarcoplasmic 

reticulum into the cellular cytoplasm can be triggered by Ca2+, inositol triphosphate, 

or ADP-ribose. The details of Ca2+ mobilisation differ between tissues. M, 

mitochondria; SR, sarcoplasmic reticulum; R and V, indicate the plasma membrane 

receptor and voltage-operated Ca2+-channels, respectively. (Adapted from Hiraoki 

and Vogel, 1987)
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2.2 Calmodulin

Calmodulin (calcium modulating protein = CaM) is a ubiquitous, highly conserved 

protein that is a modulator of many calcium-dependent processes in all eukaryotic 

cells. First discovered in 1970 (Cheung 1970), its central importance as an 

intracellular receptor for regulatory calcium signals has been underscored by the 

numerous essential physiological processes which it has been shown to regulate. 

These include energy and biosynthetic metabolism, cell motility, exocytosis, 

cytoskeletal assembly, muscle contraction, etc. Calcium binding to CaM induces a 

conformational change in CaM that enables Ca2+-CaM to recognise and bind target 

proteins with high affinity (Kd ~10'7 to 10'n M). Interaction of CaM with its targets 

further induces a conformational change in the target to yield an activated target
9 4 -protein complex. Many Ca -CaM dependent proteins are involved in cell signalling 

through phosphorylation or dephosphorylation of intracellular proteins, or participate 

in signal transduction by modulating levels of second messengers such as calcium, 

cAMP, cGMP, and nitric oxide. New cellular targets of CaM are continuously being 

identified (Crivici and Ikura, 1995; Rhoads and Friedberg, 1997). They mostly 

function via interaction with CaM through Ca2+-dependent pathways but some Ca2+- 

independent mechanisms are known (section 2.3.5).

2.2.1 The Structure of Calmodulin

CaM is a small acidic protein which comprises 148 amino acids. The amino acid 

sequence of the protein indicates that it has four characteristic helix-loop-helix calcium- 

binding sites (EF hands). The EF-hand structural motif was first defined from the 

crystal structure of parvalbumin, (Kretsinger and Nockolds, 1973) and it has been 

identified in many intracellular Ca2+-modulated proteins including CaM, calbindin and 

troponin C. The EF-hand consists of two perpendicularly oriented a-helices and an
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interhelical loop, which together form a single Ca2+-binding site (Ikura, 1996; 

Kretsinger, 1996).

Limited proteolysis studies of CaM showed that the protein could be readily cleaved 

in the middle, releasing two domains that contained two calcium binding sites each 

(Drabikowski et a l, 1982). These two domains are commonly termed the N-domain 

(or TR1C) which constitutes residues 1-74, 1-75 or 1-77, and the C-domain (or 

TR2C) which constitutes residues 78 to 148 of CaM. The calcium binding sites in the 

N-domain are denoted as sites I and II and in the C-domain as sites IE and IV (Thulin 

et a l, 1984). The two calcium binding sites within each domain are connected via a 

short strand of beta-sheet such that the calcium binding sites I and II (similarly HI and 

IV) are linked back to back.

In 1985 the first crystal structure of Ca2+-CaM was solved by Babu et al. (1985) at 2.2 

A resolution and subsequently by Kretsinger et al. (1986) at 1.9 A. These published 

structures provided a starting point for the development of a model of the Ca2+-CaM- 

target protein complex and for describing the conformational changes that must occur 

upon Ca2+ binding to CaM and upon target complexation. The crystal form of Ca2+- 

CaM was shown to be a dumbbell-shaped molecule, approximately 65 A long, with the 

N- and C- terminal globular domains or lobes separated by an interconnecting helix of 

approximately eight turns (Figure 2.2.1). The extreme ends of the interconnecting helix 

form part of the helix-loop-helix Ca2+ binding sites, and the central six residues (76-82) 

are solvent exposed. The NMR structures of Ca2+-CaM (Barbato et al., 1992; Ikura et 

a l, 1990; Spera et a l, 1991) were comparable to the crystal structure in most respects. 

However, they showed that in solution, residues 78-81 adopt a non-helical 

conformation with considerable flexibility allowing closer proximity of the two 

domains and hence a more compact average conformation in comparison with the 

elongated crystal structure. Subsequent CD studies by Bayley and Martin (1992) 

suggested that the central helix of CaM is stabilised in the solvent conditions that were 

used in the crystallisation of CaM; hence explaining the difference between the solution 

and crystal structures.
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Figure 2.2.1:

X-ray crystal structure of Ca2+CaM determined at 2.2 A resolution. The N-domain 

of CaM is shown in purple and the C- domain in blue. There are two helix-loop-helix 

Ca2+ binding sites in each domain filled with calcium ions (light blue). The figure was 

prepared (Dr. W. A. Findlay) using the program RasMol V2.6 and coordinates 

deposited by Babu et al., (1988), in the Brookhaven Protein Data Bank (Structure code 

2BBM).





2.2.2 Calcium Binding to Calmodulin

The function of CaM is to act as a cellular calcium sensor. The primary event is the 

interaction of CaM with calcium. In an EF hand the Ca2+ ion is co-ordinated by seven 

oxygen ligands in a pentagonal bipyramidal configuration. Five of these oxygens are 

provided by carboxylate side chains, one by a backbone carbonyl, and one by a water 

molecule. The calcium ligands provided by the protein are all within a 12-residue 

segment termed the loop, although the ends are actually within the helices. Positions 1, 

3, 5, 7, 9 and 12 form the calcium liganding anchors. Position 3 is most frequently an 

aspartate or asparagine (in all four EF hands) that contributes one side-chain oxygen to 

calcium co-ordination (Beckingham, 1991). Mutation studies on this residue have 

revealed differential effects on Ca2+ binding affinity and cooperativity in the N and C 

terminal Ca2+-binding sites (Waltersson et al., 1993). In all four EF hands, position 12 

is a glutamate residue. Mutation of this glutamate to glutamine or lysine has 

demonstrated an important structural role in the calcium induced conformational 

changes of CaM (Haiech et al., 1991; Martin et al., 1992; Maune et al., 1992).

The biological role of any EF-hand protein critically depends on its ion binding 

parameters; namely its ion binding affinity, cooperativity, specificity and kinetics. The 

stoichiometric (also called macroscopic) binding constants for CaM from a number of 

species have been determined by different methods e.g. flow-dialysis, (Porumb, 1994a) 

or by using a chromophoric calcium chelator, (Linse et al., 1991). These constants are 

in the range 104 to 106 M '1 and the values obtained using both methods agree 

reasonably well (e.g. Martin et al., 1996 for drosophila CaM).

Positive cooperativity between pairs of sites is an important concept in an ion sensor 

protein such as CaM, because it means that Ca2+ binding to a site increases the affinity 

of other sites. It is this very property that allows CaM to function so effectively over a 

narrow intracellular [Ca2+] that distinguishes resting and stimulated cells (10'7 to 10'6 

M). There have been suggestions that the anti-parallel ft -sheet between the two loops
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in each globular domain involving positions 7-9, which links the two calcium-binding 

loops in each domain back to back, is involved in achieving positive cooperativity 

(Krudy et al., 1992). However this inter-site /^-interaction may not play a universal role 

in cooperativity as there are extensive interactions between the helices of adjacent EF- 

hands leading to a concerted movement and structural communication between the two 

sites in each domain (Ikura, 1996).

Detailed studies by several workers have shown that binding of Ca2+ to CaM can be 

classified as two independent pairs of sites (one pair in each domain) with positive 

cooperativity within each pair (Forsen et al., 1986; Linse et al., 1988). Positive 

cooperativity has also been observed in a number of other EF-hand proteins including 

troponin C (Grabarek et al., 1983; Teleman et al., 1983) and parvalbumin (Cave et al., 

1979). Isolated N- and C- domains of CaM have been shown to exhibit similar Ca2+ 

binding properties to the whole molecule (Linse et al., 1991). In general, the Ca2+ 

binding sites in the C-domain have a higher Ca2+ affinity (and positive cooperativity) 

than those in the N-domain.

It is impossible to relate values of stoichiometric binding constants to individual sites. 

Stoichiometric (macroscopic) binding constants take no account of the distribution of 

the calcium ions within individual binding sites on the protein, instead they represent 

the equilibria of the CaM species with a given number of calcium ions bound. By using
O-X-engineered CaMs with tryptophan residues in or near the Ca binding sites, Kilhoffer 

et al. (1992) attempted to define the binding of Ca2+ in terms of intrinsic (or site) 

constants. In general, mutagenesis may present the problem of altering protein 

structural and functional integrity as well as the actual binding characteristics of the site 

under investigation.
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2.2.3 The Question of Specificity of Metal Binding to 

Calmodulin

It is of interest to ask why Ca2+ and not any other cation has been selected to function as 

an intracellular secondary messenger. Magnesium is just above calcium in the element 

group HA of the periodic table, and these two metal ions bear many similarities in their 

chemical properties. The intracellular free magnesium concentration is on the order of 1 

mM, which is about 104-fold higher than that of calcium. Studies have shown that 

magnesium can bind to CaM with association constants ranging from 102 to 104 M '1 

(Tsai et al., 1987; Milos et al., 1986). Ohki et al. (1997) concluded that although Mg2+ 

seems to bind to all four sites with a preferential binding to sites I and IV, this only 

causes localised conformational changes within the four EF-hand binding loops of 

CaM. Therefore, Mg2+ does not seem to be able to cause significant structural effects 

required for the interaction of CaM with target proteins. Moreover, calcium as a 

relatively large cation can exchange H2O from its hydration sphere very rapidly 

compared with smaller divalent ions such as magnesium. This is a distinct advantage 

when activated events should take place fast, such as smooth muscle contraction 

(Vogel, 1994).

2.2.4 Structural Changes in Calmodulin upon Calcium 

Binding

Why is Ca2+-free CaM generally incapable of binding and activating its target 

enzymes? How is CaM activated by Ca2+ binding? In order to address these questions, 

a variety of techniques have been used to demonstrate Ca2+-induced conformational 

changes in CaM. Some of the earlier techniques included circular dichroism (e.g. 

Dedman et al., 1977) different sensitivities of the Ca2+-free (apo) and Ca2+-loaded 

(holo) forms to proteolysis (Ho et al., 1975) and fluorescence (Dedman et al., 1977).
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The findings of all these studies were that Ca2+-binding to CaM results in formation of 

an interface site for CaM interactions. Later studies using small-angle X-ray scattering 

(Seaton et al., 1985) and fluorescence anisotropy experiments of photo-cross-linked 

CaM (Small and Anderson, 1988), indicated that CaM is more compact in the apo 

state. Upon saturation with Ca2+, the molecule becomes more elongated, and CD 

measurements indicated that the helical content also increases (Martin and Bayley 

1986). It was thought that the elongation of CaM upon binding of Ca2+ may be 

necessary to expose the hydrophobic surfaces on the globular domains to enable target 

binding (e.g. Cachia etal., 1986; Jarrett, 1984)

The structural information on CaM (X-ray and NMR, section 2.2.1) has revealed that 

both domains of the holo form of CaM have large solvent-exposed hydrophobic 

patches, each surrounded by a polar rim, which is rich in negatively charged residues. 

At the centre of each patch, there is a deep hydrophobic cavity that is an important 

factor in target binding. Thus it seems that calcium activates CaM by inducing an 

opening of the binding sites to expose these hydrophobic patches which together 

comprise the binding site for a target. Despite intensive investigation, the mechanism 

by which CaM is activated by calcium remained unclear. One direct approach to this 

problem was to compare the three-dimensional structures of CaM in the absence and 

presence of Ca2+ ions.

The solution structure of apo CaM has been solved in recent years (Kuboniwa et al., 

1995; Zhang et al., 1995). Detailed analysis of this structure revealed that the central 

deep hydrophobic cavities are completely absent in the apo CaM. However even in the 

absence of Ca2+, this face of the C-domain contains a cluster of hydrophobic residues 

consisting mainly of methionines. The same face of the N-domain has no obvious 

hydrophobic cluster. These observations in comparison with the known structures for 

holo CaM support a model in which Ca2+ binding to the two EF-hands within a 

globular domain leads to pronounced changes in the inter-helical angles within the EF- 

hands and expose deep hydrophobic surfaces. In the apo-form, the N-domain adopts the 

closed conformation in which the four helices of the EF-hand form a highly twisted
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bundle. The C-domain on the other hand, forms a semi-open conformation with its 

cluster of hydrophobic residues (Swindells and Ikura, 1996). Houdusse and Cohen 

(1995) proposed earlier that such a conformation was feasible in apo CaM and that it 

allowed the binding and regulation of some targets in a Ca2+ independent way. It has 

also been speculated (Swindells and Ikura, 1996) that the adoption of closed and semi

open conformations in apo CaM may explain why Ca2+-binding affinities differ 

between the N- and C-terminal domains. It would appear that the semi-open 

conformation of the C-domain offers a predisposition towards the open form and hence
9-Umay be linked to its higher affinity for Ca and thus preferential conversion to the 

holo-state.

2.3 Target Recognition by Calmodulin

The functional role of the interaction of CaM with target proteins and the molecular 

and structural features of the mode of recognition and regulation by CaM are intriguing. 

Although no single consensus sequence for CaM recognition exists, the complexes 

formed are highly specific and of high affinity (Crivici and Ikura, 1995; Rhoads and 

Friedberg, 1997). Because most of the target proteins are large and multimeric, CaM- 

target complexes have been difficult to study at the molecular level. Consequently, 

much of the structural information available has been obtained from the study of CaM 

complexed with insect venom peptides (Kataoka et al., 1989; Malenick and Anderson, 

1982, 1983), model peptides (Cox et a l, 1985; O’Neil and Degrado, 1989, 1990), and 

peptide fragments of the CaM-binding domains of several target proteins (e.g. 

Blumenthal and Krebs 1987; Ikura et al., 1992; Meador et al., 1992, 1993; Roth et al., 

1991; Trewhella, 1992).

Peptides are usually positively identified as CaM-binding ligands on the basis of 4 

criteria: (1) they bind to CaM with a high affinity with a value comparable to those 

of the intact target protein (in the high pM to low nM range), (2) binding of the peptides
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increases the affinity of CaM for Ca2+, (3) they inhibit the CaM stimulation of CaM- 

regulated enzymes and (4) their interaction with CaM is prevented by anti-CaM drugs 

(Cohen and Klee, 1988). Abundant experimental evidence has previously shown that 

CaM-binding peptides adopt an a-helical conformation in the bound state. Circular 

dichroism (CD) studies show that such peptides are unstructured in solution but when 

they bind to CaM there is an increase in helicity. The molar ellipticity at 222 nm of the 

complex is greater than that of the sum of the two individual components (Erickson- 

Viitanen and Degrado, 1987; Munier et a l, 1993). Another approach has been to use 

fluorescent analogues of a CaM-binding model peptide (either Trp substitution at each 

possible position or fluorescent labelling of cysteine containing variants) for CaM- 

target interactions using fluorescence spectroscopy (O’Neil et a l, 1987). Since CaM 

has no Trp residues, the fluorescence properties for the peptide complex provide 

information concerning the local environment experienced by the fluorophore on the 

peptide at any position, when bound to CaM. Another observation is that the interaction 

of CaM with its targets does not appear to be chirally selective. Studies of CaM in 

solution with target peptides composed of only D-amino acids (D-mellitin or D-sm- 

MLCK) demonstrated that complex formation was with a 1:1 stoichiometry and 

affinity comparable to the natural L-peptides (Fisher et a l, 1994).

The results of studies using model peptides and also close examination of the CaM- 

binding sequences of various target proteins reveal that the CaM-binding domain is 

limited to a short region of approximately 18 residues that has a propensity to form a 

basic amphiphilic a-helix (BAA) (O’Neil and Degrado, 1990). The characteristic 

feature of a BAA motif is the presence of regions in which clusters of basic and 

hydrophobic residues are on opposing helical faces. In a recent review, Rhoads and 

Friedberg (1997) grouped the Ca2+-dependent CaM-binding motifs into two major 

classes, designated as motifs 1-8-14 and 1-5-10, based on the positions of conserved 

hydrophobic residues (Table 2.3). The 1-8-14 motif can be subdivided into type A (1-5- 

8-14 motif) and type B. The type B motif possesses a lower net electrostatic charge or 

lacks a hydrophobic residue in position 5. Most of the high affinity CaM binding 

proteins conform to the 1-8-14 motif with a net charge of 3+ to 6+.
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It appears that the BAA structural motif may not be the only recognition mode. It is 

evident that residues in the primary sequences of known CaM-binding domains are 

quite variable and do not always exhibit a propensity to form an a-helix. For example, 

in the case of the y subunit of glycogen phosphorylase kinase, it appears that there are 

two discontinuous CaM binding sites that are capable of binding to holo CaM 

simultaneously (Dasgupta et al., 1989). This indicates that the interaction is of a quite 

different structural nature. A peptide termed PhK13, derived from the y subunit of this 

enzyme, was found to form an elongated non-helical complex with a unique extended 

conformation of CaM (Juminaga et al., 1994). There are also the Ca2+-independent 

CaM-target interactions, which conform to the IQ stmctural motif and present another 

mode of CaM recognition (section 2.3.6).
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Table 2.3:

Primary sequences of some known calmodulin binding domains of proteins. The

standard amino acid letter code is used. Arrows point at the conserved hydrophobic 

anchors for each motif grouping. (From Rhoads and Friedberg, 1997)

1/ Vorherr et al., 1993.

2/ Vorherr et al., 1990.

3/ Malenick and Anderson, 1983.

4/ Blumenthal et al., 1987.

5/ Kemp et al., 1987.

6/ Zhang and Vogel, 1994.

7/ Novack et al., 1991.

8/ Graff et al., 1991.



Motif Protein Source Sequence
Type Conserved positions

1-8-14 Nitric Oxide Rat Brain AIG FKKLAEAVKF SAKL MGQ
A Synthase1

(1-5-8-14)
Calcium pump2 Human QIL WFRGLNRIQTQIRV VNA

Mastoparan3 - INLKALAALAKKIL
sk-MLCK 4 Rabbit KRR WKKNFIAVSAANRF KKI

X X >1'
1-8-14 sm-MLCK^ Chicken RRK WQKTGHAVRAIGRL SSM

B
Caldesmon 6 Human AEG VRNIKSMWEKGNVF SSP

1 1 X
1-5-10 CaM kinase II7 Rat FNA RRKLKGAILTTML ATR

MARCKS 8 Mouse KKK RFSFKKSFKLSGF SFK
Macrophage
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2.3.1 Models of the Calmodulin-Target Interactions

Different models for the interaction of CaM with its target peptides were proposed by 

Persechini and Kretsinger (1988), O’Neil and Degrado (1990) and Strynadka and 

James (1990), before the detailed X-ray and NMR structures of complexes were 

described (section 2.3.2). The most difficult problem in developing models of CaM- 

target peptide interactions involved the integrity of the central helical linker found in 

the crystal structure of Ca2+-CaM. Mutations and deletions in this region are tolerated 

in many CaM-target complexes with respect to both binding and activation (Persechini 

et al., 1989; Putkey et al., 1988). As previously mentioned, in the crystal structure of 

holo CaM, the two globular domains are held at some distance from one another by a 

long a-helical segment connecting the two domains (Babu, et al., 1985). NMR 

experiments indicate however that residues 78-81 adopt a non-helical structure with a 

high degree of flexibility (Barbato et al., 1992).

It is difficult to explain on the basis of the crystal structure alone why most high affinity 

peptides bind CaM in a 1:1 stoichiometry if there are two potential peptide binding 

sites on the protein. Several studies of CaM in solution using small-angle X-ray and 

neutron scattering experiments (reviewed by Trewhella, 1992), suggested that the two 

domains are actually closer together than in the crystal structure, particularly when 

complexed with amphiphilic peptides and target enzymes. Cross-linking experiments 

of CaM suggested that both of the globular N- and C- terminal domains of CaM 

interact with the target peptide (O’Neil and Degrado, 1989, 1990). However, mutants 

of CaM in which the two domains were constrained by a specific covalent cross-link 

retained high activity towards target enzyme activation (Persechini and Kretsinger, 

1988).

Persechini and Kretsinger (1988) proposed that each globular domain of CaM could 

interact with one of two hydrophobic patches approximately 180° apart in the helical 

form of the skMLCK peptide, M l3. The main concept of this model, which 

introduces a kink in the central helix linking the two domains and thus regards the
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central helix as a flexible tether, proved to be correct, but the detailed interactions 

between the peptide and the globular domains of CaM could not be accurately 

predicted. The authors suggested that the orientation of the peptide helix is in such a 

way that the N-terminus of the peptide helix interacts closely with the N-domain of 

CaM and vice versa.

Subsequent to this model, O’Neil and Degrado (1990) proposed that CaM’s ability to 

recognise and interact with a wide diversity of proteins is governed by the inherent 

flexibility in the linker sequence between the domains. This argument could be used 

to explain why so many peptides and proteins compete for binding to CaM. Based on 

cross-linking studies of model peptides to CaM however, these authors suggested 

that the orientation of the peptide helix is opposite to that suggested by Persechini 

and Kretsinger. The evidence for this proposition was that positions 3 and 13 on 

derivatives of the model peptide, CBP1, cross-linked to the C- and N-domains of 

CaM respectively.

In 1990, Strynadka and James also proposed a model for the complex of CaM and 

mastoparan, a venom peptide similar in sequence to that of helix A of troponin C. 

Although, unlike Kretsinger’s model, no attempt was made to alter the conformation 

of the central helix, the relative orientation of the mastroparan helix and the C- 

terminal domain of CaM in this model is very similar to that found in NMR- and X- 

ray derived structures of the CaM-M13 complex (see section 2.3.2).

2.3.2 Structure of the Calmodulin-Target Peptide Complexes

The structural mechanism whereby holo CaM recognises its targets has been the 

subject of considerable interest and debate (as discussed in section 2.3). In 1992, the 

three dimensional structure of CaM complexed with a 26-residue peptide, M l3, 

corresponding to the CaM binding site of skeletal muscle myosin light chain kinase (sk-
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MLCK) was solved by multidimensional NMR techniques (Ikura et al., 1992). The 

conformations of the globular domains are nearly identical to those of the NMR 

structure of holo CaM. The flexible region in the central region of holo CaM (residues 

78-81) is expanded in the complex to include residues 74-82, which do not appear to 

form any important contacts with the target peptide or with the globular domains. The 

overall shape of molecule is more compact than the NMR structure of holo CaM. The 

globular domains lie close to one another and, along with the flexible linker, form a 

hydrophobic channel that passes through the molecule at an approximate 45° angle 

relative to its long axis (Figures 2.3.2.a and 2.3.2.b).

The channel is occupied by the target peptide, which adopts a helical conformation on 

binding. Residues 3-21 of the M l3 peptide make up the helix and form contacts with 

the globular domains of CaM. The remaining residues of M13 are disordered and lie 

outside the channel. The target peptide M l3 contains two important hydrophobic 

residues, Trp4 and Phe 17, that form numerous contacts with the C- and N- terminal 

domains of CaM, respectively (Figure 2.3.2.c). These two residues establish 

hydrophobic interactions between the target and CaM and may represent anchors that 

determine the relative orientation of the target within the channel formed by the 

globular domains. These interactions also involve a large number of Met residues, 

which are unusually abundant in CaM, in particular four methionines in the C-domain 

(Metl09, Metl24, Metl44, and Metl45) and three methionines in the N-terminal 

domain (Met36, Met51, and Met71). As methionine is an unbranched hydrophobic 

residue extending over four atoms (Cp, Cy, S5 and Ce), the abundance of methionines 

can generate a hydrophobic surface whose detailed topology is readily adjusted by 

minor changes in side-chain conformation, thereby providing a mechanism to 

accommodate and recognise different bound peptides (Ikura et al., 1992).

Other hydrophobic residues of the peptide, Phe8, He9, AlalO, Vail 1, Alal3, and Alal4, 

also contribute to the hydrophobic contacts with the globular domains of CaM. In 

addition to the hydrophobic interactions, several possible electrostatic interactions can 

be inferred from the NMR-derived structure e.g. between Lysl9 and Glu83 of CaM 

(Figure 2.3.2.c).
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Figure 2.3.2:

The average NMR solution structure of Ca2+-CaM complexed with the sk-MLCK
9-i-peptide. (A) The N and C domains of Ca CaM are shown as blue and red ribbons 

respectively and sk-MLCK peptide, M13 is shown in yellow.

(B) Structure is rotated to illustrate the hydrophobic channel formed by the terminal 

domains of CaM that enclose the target peptide. The structures were reproduced (By 

Dr. W. A. Findlay) from atomic coordinates deposited by Ikura et al (1992) in the 

Brookhaven Protein Data Bank (Structure code 2BBM).





Figure 2.3.2.C:

Schematic summary of the intermolecular interactions between residue pairs in 

M13 and Ca2+-CaM. The diagram is a summary of the nuclear Overhauser effect 

(NOE) interactions (< 5-A distances) between residue pairs in M13 (residues 

indicated in the schematic helix) and Ca2+-CaM (residues written above and below 

the helix) observed in the NMR solution structure (Figure adapted from Ikura et al., 

1992). Potential electrostatic interactions between M13 and glutamic acid residues of 

CaM are inferred, in parenthesis, from the three-dimensional structure.
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Figure 2.3.2.D.E

X-ray crystal structure of CaM complexed with the sm-MLCK peptide. Figures 

D and E were produced, using the software RasMol V2.6, from coordinates deposited 

by Meador et al (1992) in the Brookhaven Protein Data Bank (structure code 1CDL). 

Figure D shows a side view of the complex of RS-20 peptide with CaM. The N- and 

C-domain of CaM are represented by blue and green, respectively and Met sidechains 

contributing to the hydrophobic binding pocket are shown in cyan. Residues 73-77 of 

CaM in the linker region are highlighted in yellow. The target RS-20 peptide is 

shown in red. Figure E shows a back view through the hydrophobic tunnel showing 

the important Trp4, Vail 1 and Leu 17 of the target peptide and the cyan-coloured Met 

side chains of CaM.





Almost at the same time that the NMR solution structure of CaM-M13 was solved, the 

crystal structure of the analogous complex with the RS20 peptide from the smooth 

muscle MLCK was determined by Meador et a l (1992). The overall features of the 

complex are very similar to those of the solution structure of Ikura et a l (1992). The 

orientation of the helical peptide within the complex is nearly identical to that of the 

CaM-M13 complex, with analogous residues of smMLCK making similar contacts 

with the globular domains of CaM. This stmctural similarity can be explained by the 

classification of Rhoads and Friedberg (section 2.3), in which skMLCK and smMLCK 

belong to the 1-8-14 type structural motif. A major difference between the NMR and 

crystal structures lies in the conformation of the loop that connects the globular 

domains of CaM. In the crystal stmcture of the CaM-RS20 peptide complex, residues 

73-77 are found within an extended but well-defined loop that separates shorter helices 

on either side which make up a part of the helix-loop-helix Ca2+ binding sites (Figure 

2.3.2.D).

The crystal structure of CaM complexed with a 25-residue peptide fragment of CaMKII 

represents the third CaM-target complex solved to date (Meador et a l, 1993). The CaM 

binding region of CaMKII possesses the 1-5-10 type stmctural motif. The overall 

topology of the stmcture is similar to that of the MLCK peptide complexes. As 

observed in the MLCK peptide complexes, the terminal domains of CaM are wrapped 

around the helical target peptide, enclosing the peptide in a hydrophobic channel within 

a globular core, and the interconnecting linker region of CaM appears to be partially 

extended to form a loop joining the terminal domains. In addition, the hydrophobic 

patches of the terminal domains of CaM are anchored at two hydrophobic residues of 

the target peptides. However, a significant difference is the major hydrophobic anchors 

within the CaM-binding domain of CaMKII, Leu 10, and Leu 19 are approximately one 

turn of a helix closer together than those analogous residues in the MLCK peptides 

which conform to the 1-8-14 stmctural motif classification. The relative positions of the 

minor hydrophobic anchors are unchanged with respect to those in the MLCK peptides.
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In addition to hydrophobic interactions between the target peptides and CaM, the 

crystal structures of holo CaM complexed with smMLCK and CaMKH peptides, 

reveal important electrostatic interactions. These involve salt bridges between the 

basic residues of the peptide and glutamic acid residues in the N- and C-terminal 

domains of CaM (Meador et al., 1992, 1993). Argl7 of the smMLCK peptide 

appears to be particularly important because it establishes hydrogen bonds and 

electrostatic interactions with Glu84 and Arg74 and van der Waals contacts with 

Met71, Met72, and Met76. These residues are in the interconnecting loop region of 

CaM and may therefore be critical for establishing and maintaining the bend which 

brings the globular domains closer together (Meador et al., 1993).

2.3.3 Intra and Inter-Molecular Ca2+ Tuning by Calmodulin: 

A Differential Role for the Two Domains in Target 

Recognition and Regulation

A key functional requirement of the EF-hand motif is that the Ca2+ binding
9+characteristics of a given site must be tailored, or tuned to provide the optimal Ca 

activation parameters required by a specific biochemical pathway (Drake et al., 1997a, 

1997b; Falke et al., 1994; Linse and Forsen, 1995). In particular, the Ca2+ affinity, 

selectivity and kinetics must be such that a given EF-hand protein is activated or 

inactivated at the appropriate Ca2+ concentration threshold and with the appropriate 

kinetics (section 2.2.2). Two broad classes of tuning mechanisms are used to achieve 

this goal; intra-molecular tuning and inter-molecular tuning (Peerson et al., 1997). 

Intra-molecular tuning arises from the unique primary and tertiary structural features of 

different EF-hand proteins, which exhibit over 105-fold ranges of Ca2+-binding 

affinities and kinetics. Such intra-molecular tuning is the result of a set of structural and 

electrostatic interactions in the EF-hand, particularly in the Ca2+ EF-loop itself (Drake 

et al., 1997a, 1997b; Linse and Forsen, 1995). While intra-molecular tuning is
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sufficient to tailor a given protein to a single biochemical role, multi-functional proteins 

such as CaM need additional inter-molecular tuning interactions to satisfy the diverse 

activation requirements of different signalling pathways.

Inter-molecular tuning relies on interactions between CaM and its target proteins, to 

modulate Ca2+-binding at an EF-hand site, providing an additional mechanism whereby 

ion binding characteristics can be optimised. CaM is one of the best characterised 

examples of inter-molecular EF-hand tuning because its Ca2+ affinity increases 

substantially in the presence of the activatable target enzymes to which it binds. Martin 

et al. (1996) showed that in the presence of a peptide derived from the CaM-binding
n

domain of sk-MLCK, there is a 10 fold increase in the average affinity of drosophila 

CaM for Ca2+. Studies with peptides derived from the CaM-binding sequences of 

different targets have shown that different natural target sequences exhibit varying free 

energies of binding to holo CaM, and thus differ in their abilities to drive the 

equilibrium towards the holo state (Bayley et al., 1996; Vorherr et al., 1990). Studies 

have also compared the effects of multiple target sequences on Ca2+ dissociation 

kinetics (Brown et al., 1997; Johnson et al., 1996; Persechini et al., 1996; Peersen et 

al., 1997). Together, these factors provide multiple sources of structural and 

thermodynamic variability that could be used to provide inter-molecular tuning of Ca2+ 

binding.

In a recent comparative study by Peersen et al (1997) the equilibrium and kinetics of 

Ca2+ binding to several CaM-peptide complexes (derived from the CaM-binding 

sequences of CaM-dependent protein kinase Ha, phosphorylase kinase, smMLCK, 

skMLCK, and the plasma membrane Ca2+ pump) and one CaM-protein complex (full 

length skMLCK) were analysed. It was shown that although all five peptides yield 

similar ratios of Ca2+ affinities and dissociation constants for the two domains of CaM,
9+experiments using shorter peptides confirm that it is possible to tune Ca binding to 

the two domains independently of each other, and the magnitude of tuning increases 

with the length of the peptide. Inter-molecular tuning of both Ca2+-affinity and 

dissociation kinetics was found to be in general stronger for the N-domain than for the

43



C-domain. Finally, a direct comparison of Ca2+-binding and kinetic data obtained 

using the full-length skMLCK protein and its corresponding CaM-binding peptide 

revealed the presence of important additional tuning interactions in the intact protein. 

Thus, it was concluded that the overall Ca2+ concentration threshold of CaM-dependent 

activation is controlled both by the CaM interaction with its target sequence and other 

features specific to a given target protein.

These results confirmed the earlier observations by Bayley et al. (1996), who suggested 

that the N-domain of CaM plays a central role in activation of certain target enzymes 

while the C-domain may be largely Ca2+-occupied even in the absence of a Ca2+ signal. 

Using short synthetic peptides based on the two-halves of the skMLCK target sequence 

(M l3), the interactions with CaM and its separate C-domain, were studied by 

fluorescence and CD spectroscopy, Ca2+ binding, and kinetic techniques. The results of 

these studies led to the conclusion that the interaction of CaM with the M l3 sequence 

can be dissected on both a structural and kinetic basis into partial reactions involving 

intermediates comprising distinct regions of the target sequence. A general mechanism 

was thus proposed for the Ca2+-regulation of CaM-dependent enzyme activation, 

involving an intermediate Ca2-CaM-peptide complex formed by interaction of the CaM 

C-domain and the corresponding part of the target sequence (Figure 2.3.3). The main 

feature of this mechanism is that the intermediate species functions to uncouple the 

initial step of CaM binding from the subsequent enzyme activation through differential 

roles for the two domains, so that these processes can occur at different levels of 

cytoplasmic [Ca2+]. It was suggested that this intermediate species (Ca2-CaM-peptide) 

could function to regulate the overall Ca2+ sensitivity of activation and to contribute to 

the diversity of the interaction of CaM with different targets.

The real experimental test of this mechanism requires full understanding of the 

interaction of CaM and its fragments with the whole target enzymes. Studies have 

shown that the isolated domains are capable of activating target enzymes, but the 

degree of activation depends on the target enzyme (Persechini et al., 1994). Binding of 

the domains to the target enzyme is not necessarily sufficient for activation since
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isolated domains can inhibit CaM-induced activation of enzymes which are not 

activated by the domain itself (Persechini et al., 1994; 1996). In particular, skMLCK is 

activated best by a 1:1 mixture of the N- and C- domains (85% activation achieved 

compared with the intact CaM), but less by either the C-domain (65%) or the N-domain 

(20%) (Persechini et al., 1994). This activation pattern is reproduced when CaM 

chimeras consisting of two linked N-domains (CaMNN) or two C-domains (CaMCC) 

are used (Persechini et al., 1996). The authors reported that in the case of skMLCK 

enzyme, CaMCC activated the enzyme up to 75% of the maximum, whereas CaMNN 

gave rise to less than 15% activation. In the case of nNOS (neuronal nitric oxide 

synthase), CaMNN resulted in full activity of the enzyme, whereas the level of activity 

was less than 10% with the CaMCC chimera. These observations suggest that 

differences in domain sequence and structure, specific features of the target enzymes 

and possible secondary interactions, may contribute to the versatility of CaM’s 

regulatory functions. Further experiments on the interaction between the isolated CaM 

domains and peptides derived from skMLCK, suggested that although binding of the 

C-domain to Trp4 of the skMLCK peptide promotes the correct orientation of CaM 

binding to target sequences (i.e. C-domain to N-terminus of the peptide and vice versa, 

see section 2.3.2), binding to sequences with opposite peptide polarity is also possible 

(Barth et al., 1998a). This implies that the versatility and diversity of CaM-target 

interactions are likely to be influenced by a combination of factors such as the specific 

features of the target sequences and the subtle affinity differences of the two domains 

for the target N- and the C-terminus binding sites.
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Figure 2.3.3:

A general mechanism for calmodulin-target enzyme interactions based on 

calmodulin-sk MLCK peptide interactions. The enzyme E contains a catalytic 

domain (large) and a regulatory domain (small) comprising pseudosubstrate and 

CaM-binding sequences: CaM is shown schematically as two domains, N and C, 

joined by a flexible tether; apo-CaM is shown yellow and Ca2+-binding indicated by 

filled circles. At the lowest [Ca2+], the regulatory domain inhibits the active site 

(xxxx) and state I is inactive (pink). At [Ca2+] from 10'8 M to 10"6 M, the 

intermediate complex Ca2-CaM-enzyme is formed, with two Ca2+ bound in the C- 

domain (green). The regulatory domain remains in place and state II is also inactive 

(striped). At the highest [Ca2+], CaM becomes fully saturated (green), both CaM 

domains bind to the regulatory domain (pink), giving the complex Ca4-CaM-enzyme, 

and the inhibitory regulatory domain is displaced, freeing access to the active site. 

State HI is fully activated (green). Activation can occur directly between state I and 

HI, or from the intermediate state II to state m, depending on the relative affinities of 

the C- and N- domains of CaM for the target sequence, and the resting Ca2+ 

concentration (Figure adapted from Bayley et al., 1996).



HHHHM o

CD

o
h—i

•  •

o o

oo
o

p o



2.3.4 The Pseudosubstrate Hypothesis of Calmodulin- 

Dependent Target Enzymes
Many Ca2+-dependent cellular events are orchestrated by CaM, which binds to and 

activates a number of enzymes. Most CaM-dependent enzymes are maintained in their 

inactive forms that are activated by the binding of CaM to the CaM-binding domain or 

by phosphorylation by a distinct protein kinase, or by both (reviewed by Cohen and 

Klee, 1988). Constitutive Ca2+-CaM-independent activity can be induced in vitro by 

proteolytic cleavage of the full regulatory domain (which includes the autoinhibitory 

and the CaM-binding domains) or by cleavage of the autoinhibitory domain only (e.g. 

Lukas et al., 1986). Although the CaM binding and the autoinhibitory regions are not 

identical, they overlap to a large degree and are almost invariably adjacent to a highly 

acidic region (Cohen and Klee, 1988).

It was first suggested by Kemp et al. (1987) that the mechanism of autoinhibition is that 

the inhibitory region is a “pseudosubstrate” that mimics the substrate and thereby 

blocks the substrate-binding site. Subsequently it was proposed that basic residues 

within the autoinhibitory region mimic basic residues in the substrate and bind to 

defined acidic residues within the catalytic core (Kemp and Pearson, 1991). Activation 

occurs when Ca2+/CaM binds to a CaM-binding site overlapping the autoinhibitory 

region, causing a conformational change in this region and hence stripping it away from 

the active site (Kemp and Pearson, 1991).

The Ca2+/CaM activation of MLCK has served as an important model in studying 

CaM-target regulation. In its activated form MLCK catalyses the transfer of the 

terminal phosphoryl group from a bound adenosine triphosphate moiety to the hydroxyl 

group of a serine located near the N-terminus of the myosin regulatory light chain. This 

phosphorylation event results in the potentiation of skeletal muscle contraction (Stull et 

al., 1988), plays important roles in non-muscle events such as endothelial cell 

retraction, secretion, platelet aggregation, and exocytosis, and is essential for smooth 

muscle
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Figure 2.3.4:

A general mode of regulation of a target enzyme by intrasteric inhibition and 

activation by CaM. (Adapted from Crivici and Ikura, 1995)
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contraction (Stull et a l, 1996). Mutation studies on smooth/non-muscle myosin light 

chain kinase have shown that, from a total of 20 acidic residues on the surface of the 

substrate binding lobe of the catalytic core, 7 are implicated in binding directly or 

indirectly to the autoinhibitory domain but not to the regulatory light chain (Gallagher 

et a l, 1993; Krueger et a l, 1995). Only two acidic residues (Glu777 and Glu821) near 

the catalytic site were found to bind to the inhibitory domain and the arginine at the P-3 

position (3rd residue N-terminus to the phosphorylation site) in the regulatory light 

chain. The exposure of these 2 residues upon CaM binding may be necessary and 

sufficient for light chain phosphorylation. It was then concluded by Krueger et a l 

(1995) that the autoinhibitory sequence operates primarily through an intrasteric 

inhibition i.e., folding back of this region on the catalytic site to prevent activation 

rather than a pseudosubstrate mechanism.

Recently the crystal structure of the CaM-dependent protein kinase I (Goldberg et a l, 

1996), in its autoinhibited state has been solved. The 3-dimensional structure reveals 

that the C-terminal regulatory region of the enzyme forms a helix-loop-helix segment 

that extends across the two domains of the catalytic core, making multiple inhibitory 

interactions, some of which are consistent with the pseudosubstrate model for the 

activation of the CaM kinases. Elements of the first regulatory a  helix and the loop 

interfere with the binding site for peptide substrates, while the loop and the second 

helix interact with the ATP-binding domain to induce conformational changes that 

obstruct the nucleotide binding pocket. One part of the CaM recognition element (Trp 

303) protrudes away from the catalytic domain and is potentially available for an initial 

interaction with CaM. There is also another hydrophobic anchor, Met 316, spaced 13 

residues away which is buried in the interface with the ATP binding domain in the 

catalytic core and may be analogous to the Trp4 and Phel7 in the M l3 (CaM-binding 

sequence of skMLCK). In a 'H-NMR study of the interaction between CaM and 

skMLCK it was shown that a synthetic peptide analogue of the MLCK target sequence 

that contained the N-terminal anchoring residue (Trp580) and flanking residues 

(Lys577 to Ala586), but not the C-terminal anchor, can interact specifically with the C-
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terminal domain of holo CaM (Findlay et al, 1995a). This observation may support the 

idea that the flanking Trp303 residue may provide the initial interaction with CaM.

Numerous studies have also been carried out in order to assign further participation of 

CaM in enzyme activation and regulation, in terms of secondary CaM-target 

interactions (e.g. George et a l, 1993; Persechini et a l, 1996). One such study by 

Persechini et a l (1996) reported the importance of an acidic cluster Glu6-Glu-Gln8 in 

the so-called N-terminal leader sequence (residues 2-8) of CaM as determinants 

necessary for activation of skMLCK. Since the N-terminal leader sequence does not 

appear to play a significant structural role in the complexes between CaM and peptides 

representing both smMLCK and skMLCK, it is suggested that it possibly interacts with 

one or more basic residues that flank the CaM-binding domain in MLCK. These 

interactions may be important determinants in activation, but not in recognition or CaM 

binding. Recent small angle X-ray scattering and neutron scattering structures of a 

truncated functional skMLCK in complex with CaM have revealed that CaM 

undergoes a conformational collapse upon binding to the CaM-binding region, identical 

to that observed when CaM binds to the isolated M l3 peptide (Krueger et a l, 1997; 

1998). The addition of substrates was shown to induce an overall compaction of the 

complex and to cause a reorientation of CaM with respect to the kinase, which results 

in the interaction of the N-terminal leader sequence of CaM with the kinase surface 

(Krueger et a l, 1998). This reorientation may play an important role in enzyme 

activation and hence confirms the results by Persechini et a l (1996).

2.3.5 Ca-Independent Calmodulin-Target Interactions

CaM can interact with proteins in a Ca2+-independent manner. In some cases essential 

cellular functions of CaM may not require Ca2+ binding to the protein (Geiser et a l, 

1991). One example is neuromodulin, which binds one molecule of CaM with higher 

affinity in the absence of Ca2+ than in the presence of Ca2+ (Alexander et a l, 1987).
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9-i-The functional role for this Ca -independent interaction of neuromodulin has been 

suggested to be as a plasma membrane-associated CaM trap that releases CaM into the 

cytosol in response to increases in Ca2+ concentration (Liu and Storm, 1990).

Another example of Ca2+ independent CaM-target interactions is a group of proteins, 

which contain CaM as an integral subunit that does not dissociate even at low Ca2+ 

concentration. Phosphorylase b kinase contains CaM as an integral subunit of a 

multimeric enzyme complex, which has an (apyS)4 subunit composition (Heilmeyer et 

al., 1993). CaM, the 8 subunit, remains tightly associated with the complex under 

conditions of low Ca2+ concentration, but activation of the catalytic subunit is Ca2+- 

dependent (Dasgupta et al., 1989). Recent studies have shown that structural 

modifications caused by exogenous as well as endogenous (8 subunit) Ca2+-bound 

CaM’s are responsible for activation of the catalytic (y) subunit of the enzyme (Nadeau 

et al., 1997)

A third example is the CaM-dependent adenylyl cyclase of Bordetella pertussis which 

may also contain two distinct CaM-binding segments that form a single CaM-binding 

domain (Ladant, 1988). This extracellular bacterial enzyme, which may be involved in 

the pathogenesis of whooping cough, binds CaM in vitro in the presence and absence 

of Ca2+ (Greenlee et al., 1982). Interestingly, Ca2+-stimulated CaM-dependent 

activation is not reversible by Ca2+ chelators.

Cheney and Mooseker (1992) were the first to recognise that the CaM binding region of 

neuromodulin, neurogranin, and unconventional myosins, contain the consensus 

sequence IQXXXRGXXXR, termed the IQ motif. The presence of the distal Arg in the 

IQ consensus motif has been suggested to dictate the Ca requirement for binding 

CaM (Houdusse and Cohen, 1995). When this Arg residue is present, the IQ is said to
9-i-be complete and Ca is not necessary for CaM binding. The IQ motif also occurs in 

troponin I and may be related to its Ca2+-independent interaction with troponin C (for 

review see Rhoads and Friedberg, 1997). Although the IQ motif may be a structural
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requirement for Ca2+-independent regulation of some enzymes, the existence of 

additional motifs appears likely.

2.4 Fluorescent Analogues of Calmodulin

Fluorescent analogue cytochemistry has also been used to produce fluorescent protein 

biosensors to define the dynamic distribution and activity of these proteins in living 

cells (reviewed by Giuliano and Post, 1995). Three classes of fluorescent 

chromophores (probes) in proteins are potentially useful in engineering fluorescent 

analogues: intrinsic, extrinsic and GFP (green fluorescent protein) recombinant 

constructs.

Intrinsic probes consist of the aromatic side chains of tyrosine, phenylalanines, and 

tryptophan residues. Fluorescence spectroscopic investigations of intrinsic probes 

have been extensively used in studying Ca2+-binding to CaM (using Tyr99 and 

Tyrl38) (Dedman et al., 1977). Unfortunately intrinsic probes have two major 

limitations: The Tyr probe is rarely located in the optimal region of the protein to 

sense key environmental changes, requires UV excitation, is generally 

photosensitive, and not very intense for sensitive applications. Genetic engineering, 

in order to insert Trp residues in CaM, has provided an alternative approach in 

studying conformational changes in specific Ca2+ binding sites (Chabbert et al., 

1991; Kilhoffer et al., 1992). However, the functional integrity of the mutated 

protein may be altered and one can not exclude the possibility that the mutation may 

alter Ca2+ binding to the protein.

Weber (1952) introduced the approach of extrinsic fluorescent labelling of proteins. 

The incorporation of extrinsic fluorescent probes at a specific location in a protein 

allows for site selection as well as spectral selection. A wide range of reactive 

fluorescent probes is now available that can be used to target specific sites, exhibit
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environmental sensitivities, and fit into specific spectral regions. There are many 

examples of covalent modification of CaM: Bovine brain CaM modified with the 

fluorescent dye, 5-[[[iodoacetyl)amino]ethyl]amino]-lnaphthalenesulfonic acid 

(AEDANS-CaM), at its methionines was first shown to retain its Ca2+-dependent 

affinity for CaM binding proteins (LaPorte et al., 1981, Olwin et al., 1984). Although 

successful in many cases, this approach suffers from the disadvantage that 

mammalian CaMs lack cysteine residues in their sequence (Klee and Vanaman, 

1982) and hence lysines or methionines are modified instead (Olwin et al., 1984). 

The resultant CaMs are, therefore, heterogeneously labelled, so analysis of CaM- 

target interactions can not unambiguously identify the involvement of individual 

domains of CaM. Hahn et al. (1990) developed merocyanine fluorophores with long- 

wavelength, solvent sensitive fluorescence characteristics specifically for use in live 

cells. One such fluorophore, with specificity for the holo conformation of CaM, was 

covalently attached to CaM. When calcium was bound to the derivatised protein, the 

dye moved from an aqueous to a hydrophobic environment, with subsequent changes 

in fluorescence. This CaM analogue was then used as an indicator of CaM activation 

in individual living cells, revealing the kinetics and spatial distribution of CaM 

activity during serum stimulation and wound activity (Hahn et al., 1992). Tdrok and 

Trentham (1994) introduced a TA-CaM, with an environmentally fluorescent probe, 

which labelled CaM preferentially at Lys75 and used this to study the kinetics of the 

interaction between CaM and smMLCK peptides.

For a site-specific modification, cysteine-reactive fluorescent probes have been 

covalently attached to wheat germ and spinach CaMs (Table 2.4) which possess a 

cysteine residue at positions 27 and 26 in their sequence respectively (e.g. Chapman 

et al., 1992; Steiner et al., 1996). These derivatives have been used to measure CaM- 

target binding affinities, activation properties and most importantly to determine the 

importance of the N-terminal region of CaM in the activation of target enzymes, for 

example skMLCK (Zot et al., 1990). Recently Schauer-Vukasinovic et al (1997) 

suggested the design of a calcium sensing system based on fluorescent labelled 

cysteine mutants of CaM. Several CaM-cysteine mutants were generated and labelled
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with an environmentally sensitive cysteine-specific fluorophore, N- [2-(2- 

maleimidyl) ethyl]-7-(diethyl-amino) coumarin-3-carboxamide (MDCC). The 

fluorescence changes of the modified CaMs upon binding Ca2+ were then compared. 

It was concluded that site-directed mutagenesis and site-specific fluorescent labelling 

could be a powerful tool in the development of sensitive biosensors. Given the 

abundance of proteins that undergo structural changes upon binding to specific 

ligands, there are opportunities for the design of other molecular biosensors using 

this strategy.

An interesting hybrid of intrinsic and extrinsic labelling has emerged in recent years 

that uses the tools of genetic engineering to increase the power of fluorescence. This 

method allows the insertion of a sequence of the Aequorea victoria green fluorescent 

protein and its mutants with different excitation wavelengths, before or after the 

sequence of a protein, thus creating a genetically engineered, fluorescent, chimeric 

protein (Chalfie et al., 1994; Heim and Tsien, 1996). GFP-CaM has been used to 

study nuclear functions of CaM (Moser et al., 1997) and its involvement in mitosis 

(Erent and Bay ley, unpublished results)

2.5 Measurement of Intracellular Calcium: Fluorescent 

Indicators

It has long been realised that an adequate evaluation of the role of Ca2+ in cells requires 

quantitative measurement of this ion. The first measurements of cytosolic free Ca2+ 

[Ca2+]i in living cells were made with aequorin in giant muscle cells (Ridgeway and 

Ashley, 1967). During the 1970’s two further methods were introduced, bis-azo 

absorbance dyes (mainly arsenzo HI) and calcium selective microelectrodes (Ashley 

and Campbell, 1979). However, even as late as 1981, [Ca2+]j had been reliably 

measured in very few cell types other than giant cells of invertebrates and the 

techniques were largely confined to the laboratories of those specialised in excitable
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cell physiology and familiar with microelectrodes or microinjection and advanced 

optical or electronic technologies. In 1980 a new generation of fluorescent dyes based 

on the Ca2+chelator BAPTA [ethylene glycol 1,2 bis(2 aminophenyl) ether N,N,N’,N’ 

tetraacetic acid] (Tsien et al., 1980) and an ester loading method for introducing it non- 

disruptively into population of cells of any size (Tsien, 1981). This development 

initiated a revolution in studies of cellular Ca2+ homeostasis and since then many dyes 

with improved properties have been invented and routinely used in hundreds of 

laboratories. A particular use of BAPTA and its daughter compound Quin2 (Tsien, 

1980) has been as chromophoric indicators in studying Ca2+ equilibria and kinetics to 

CaM and related proteins (e.g. Linse et al., 1991)

There are many aspects to consider when deciding to use a fluorescent indicator for a 

biological measurement i.e., as a biosensor. First of all, in order for a fluorescent probe 

to provide useful information about its environment, it is necessary that its fluorescence 

properties be altered in a suitable manner by the parameter to be measured. This means 

a change in its fluorescence yield and/or a shift in its excitation and emission spectrum. 

Furthermore, it is highly desirable to use an indicator with an excitable wavelength in 

the visible range of light rather than UV, since the pyridine nucleotides and organellar 

matter are also excited at shorter wavelengths resulting in cell autofluorescence and 

potential photodamage. Another important factor in the case of Ca2+ indicators is their 

selectivity for Ca2+ over Mg2+or other divalent ions. This selectivity is a major concern 

in design considerations and has been a problem in many of the indicators, which will 

be discussed shortly. For studies of cytosolic free Ca2+, an important consideration is 

the method by which the indicators are introduced into the cell. Techniques involving 

microinjection (Celis, 1997), esterification (Tsien, 1981), scratch (Swanson and 

McNeil, 1987), osmotic shock followed by resealing (Campbell and Dormer, 1978), 

liposome fusion (Hallett and Campbell, 1980) and electroporation (Teruel and 

Meyer, 1997) have been developed and used with various degrees of success over the 

years.
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Below is a brief account of the different absorbance and fluorescence methods for 

measurement of [Ca2+]j, their advantages and pitfalls with an outline of the 

developments in recent years.

2.5.1 Photoproteins

Aequorin is a luminescent 21 kDa protein present in photocytes in the periphery of the 

umbrella of the jellyfish Aequorea forskalea. Following the discovery of its calcium- 

triggered light emission (Shimomura et al, 1962), aequorin was first used to monitor 

[Ca2+]j in progressively smaller single cells (reviewed by Cobbold and Rink, 1987). 

Advances in loading techniques in the 1980’s led to the feasibility of using this 

photoprotein in many mammalian cell types, for example oocytes, heart myocytes, 

hepatocytes, and neurons. The loading techniques included liposome or erythrocyte 

fusion, hypo-osmotic shock treatment and scrape loading (Cobbold and Rink, 1987).

Once introduced into the cytosol, aequorin, a highly negatively charged protein, 

remains in the cell for many hours, presumably lacking the correct (signal) sequences 

for export. Native aequorin is a heterogenous protein mixture of 8 iso-aequorins, which 

differ in their Ca2+ sensitivities and hence need to be separated prior to use. The protein 

contains a tightly bound luminophore, coelenterazine (Shimomura, 1995), which is 

oxidised, giving rise to luminescence. The rate of this reaction is highly dependent on 

calcium. However there is also a Ca2+-independent reaction with a much slower rate 

(10‘6 s '1). The luminescence reaction is irreversible although spent aequorin can be 

recharged with added synthesised coelenterazine in the presence of molecular oxygen 

and mercaptoethanol. The rate of luminescence reaction rises approximately 105 fold as 

[Ca2+]i rises from 10'7 to 10'5 M. This increase in the reaction rate is sufficiently fast to 

follow [Ca2+]j transients in heart muscle contraction and greatly facilitates the precise 

detection of the signal with simple instrumentation. The major limitation and source of 

error in using this photoprotein for measurements in [Ca2+]i is that Mg2+ depresses its

56



sensitivity to Ca2+. Despite its stability, ease of handling and availability, aequorin has 

not been used much since the development of fluorescent Ca2+ indicators.

2.5.2 Metallochromic Indicators

Metallochromic dyes are low molecular weight substances, which undergo a colour 

change upon binding metal ions (Budesinsky, 1969). The metallochromic indicators 

most commonly used as intracellular Ca2+indicators, during the 1970’s, were arsenazo 

in, and antipyrylazo DI (reviewed by Blinks et al, 1982). The determination of [Ca2+] 

with these substances requires measurement of the light absorption of the dye-Ca2+ 

complex. The complexation of Ca2+ induces increases in absorbance in some regions of 

the spectrum and decreases in others. One major problem in using absorption 

spectroscopy for measuring intracellular [Ca2+] is light scattering. It can affect both 

estimates of dye concentration made from measurements of absorbance and estimates 

of Ca2+-induced dye absorbance at appropriate wavelengths (Zucker, 1982). Another 

problem is the natural optical absorbance of the cell. If such absorbance is constant over 

the range of wavelengths being used, then it may be subtracted out by making 

differential measurements. However this is problematic with many cell types whose 

endogenous cellular pigments absorb at shorter wavelengths (Ahmed and Connor, 

1979). Apparent absorbance changes due to cellular movements also pose serious 

problems, especially if the metallochromic dye is used to study excitation-contraction 

coupling in muscle cells. Weak selectivity of these dyes for Ca2+ over Mg2+ and H+, the 

stoichiometric complexity of Ca2+ binding, toxicity and interference with normal 

cellular functions are all part of a long list of disadvantages of these dyes (Blinks et al., 

1982).

2.5.3 Fluorescent Indicators: Quin2, Fura-2 and Indo-1

These fluorescent Ca2+ chelators were developed by Tsien and colleagues from the 

novel Ca2+ chelator BAPTA (Tsien, 1980). Tsien (1981) also developed a non-
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disruptive method for loading these dyes into cells. The method was to make 

acetoxymethyl esters that turn the dyes into lipophilic membrane-permeant 

derivatives, which are cleaved by cytosolic esterases to generate the free dye. 

Although in theory this method can make dye loading simple, in practice there are 

problems such as incomplete hydrolysis of ester which leaves some fluorescence that 

is not responsive to Ca2+.

Quin2 provided the first measurements of resting and activated [Ca2+]i in many 

important cell types (for a review see Cobbold and Rink, 1987; Thomas and Delaville, 

1991). The key features of Quin2 are reported in Table 2.5.3. The main pitfalls with 

this indicator are that it does not show a usable wavelength shift on Ca2+ binding and 

has a lower extinction coefficient and quantum yield than dyes developed later, 

necessitating the use of much higher loading levels to obtain an adequate signal. This in 

turn gives rise to cytosolic Ca2+ buffering and potential side effects of the dye. Other 

disadvantages of Quin2 are poor sensitivity due to high affinity for Ca2+ (limiting the 

maximum measurable Ca2+ level to about 1 pM). However, Quin2’s affinity for Ca2+ is 

not affected by the presence of other divalent cations such as Mg2+.

Fura-2 has several properties which are advantageous compared with those of Quin2 

making it one of the most widely used Ca2+ indicators. Its better absorption coefficient 

and quantum yield make it about 30 times brighter, so that a small loading can give 

adequate signals well above autofluorescence of cells. Furthermore there is a very 

marked shift in the excitation spectrum upon Ca2+ binding, which allows ratiometric 

measurements at two different absorption wavelengths. Fura-2 also has an affinity for 

Ca2+ lower than that of Quin2 (allowing measurement in [Ca2+]j range 1-10 pM), less 

Mg2+ sensitivity and is less susceptible to photobleaching. The main problems, which 

have been encountered with fura-2, have been the incomplete hydrolysis of the 

acetoxymethyl ester form and the propensity of this dye to become compartmentalised 

in subcellular organelles during loading. This causes the appearance of ‘hot-spots’ 

indicating preferential accumulation of the dye and suggestive of a high [Ca2+] 

environment (e.g. Cobbold and Rink, 1987).
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Indo-1 shares the brighter fluorescence and lower affinity of fura-2. It has not only an 

excitation shift but also an emission shift, which suits it to applications where a single

wavelength excitation and dual-wavelength detection are preferred. It is however more 

susceptible to photobleaching than fura-2 but seems to give fewer problems in terms of 

incomplete hydrolysis and compartmentalisation. Newer more improved dyes based on 

rhodamine and fluorescein chromophores with greater brightness stability and 

selectivity have also been developed (Minta et al., 1989). A commonly used example is 

fluo-3 which is based on fluorescein and as a result it is excited in the visible range of 

light rather than the UV required for BAPTA based indicators discussed above (Minta 

et al., 1989). There is a 40-fold change in the fluorescence upon Ca2+ binding, however 

there is no shift in the wavelength hence making ratiometric measurements impossible. 

As with other indicators, the poor selectivity of Ca over other ions is still a major 

disadvantage. Table 2.5.3 shows a summary of the properties of all the above 

fluorescent Ca2+ indicators discussed.

2.5.4 Cameleons

Cameleons are a new generation of fluorescent Ca2+ indicators based on green 

fluorescent proteins (GFPs) and a CaM-M13 hybrid protein (Miyawaki et al., 1997). 

This hybrid protein (termed HI CaM) which was first constructed and studied by 

Porumb et al. (1994), consists of CaM (from Xenopus laevis) fused at its C-terminus, 

via a glycine glycine linker, to the N-terminus of the M l3 sequence. A second 

construct (termed H2CaM) was studied by Martin et al. (1996), in which the length 

of the linker was extended to four glycines and the first two residues of the M13 

peptide were replaced by the amino acids Ser Arg. These modifications were made in 

H2CaM because NMR and CD spectroscopy studies showed that HI CaM existed in 

two stable conformations. One conformation was similar to that of the CaM-M13 

complex (section 2.3.2) and the other conformation was similar to the dumbbell
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shape of wild type CaM (section 2.2.2). H2CaM, however, adopted a single 

conformation similar to that of the CaM-M13 complex.

Despite this known bi-conformational nature of HI CaM, the design of the cameleons 

was based on this original construct. Blue or cyan-emitting mutant of GFP was fused 

to the N-terminus of the HI CaM hybrid, which was in turn fused via its C-terminus,
'j ,

to a green or yellow-emitting GFP. Binding of Ca makes CaM wrap around the 

M13 domain, increasing the fluorescence resonance energy transfer (FRET) between 

the two flanking GFPs. Thus FRET was used to monitor the intracellular [Ca2+]i. This 

method has several advantages over the conventional fluorescent indicators and 

covalent labelling with fluorescent probes. First of all the indicator can be generated in 

situ by gene transfer into the cells or organisms, avoiding large-scale expression, 

purification, labelling and loading of the indicator in cells. Second advantage is that by 

including appropriate organellar targeting signals in the sequence, the indicator can be 

directed to interesting sites such as the nucleus or the endoplasmic reticulum. However, 

these indicators also have disadvantages such as relatively small FRET changes 

obtained upon Ca2+ binding and the potential problems in the folding of GFP fusion 

partners which may be a limiting factor in brightness of the indicator. Also FRET 

requires highly specialised microscope and imaging equipment.
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Table 2.5.3:

The characteristics of some conventional fluorescent Ca2+ indicators. The table is
2+a summary of literature on fluorescent Ca indicators by Thomas and Delaville, 

1991.
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2.6 AIMS OF THE PROJECT

The main aim of this project is to explore the use of fluorescent labelling to study the 

mechanism of interaction of calmodulin with its target sequences. Previously the 

interaction has generally been studied using the intrinsic fluorophore, tryptophan, in the 

M l3 peptide and in synthetic peptides representing variant sequences of M l3. With the 

availability of novel photostable, cysteine-specific fluorescent probes, the approach has 

been to place these probes at specific positions on either the targets or calmodulin itself. 

For this work, fluorescence, equilibrium, and structural studies have been performed on 

the interaction between CaM and fluorescent labelled target peptides in the hope of 

gaining further knowledge on the nature of this interaction. The development of the 

work has been as follows:

a) Design, preparation and characterisation of fluorescent labelled peptides to optimise 

signal changes on complex formation with CaM.

b) Fluorescence emission characterisation of the complexes formed: the maximum 

fluorescence emission wavelengths and intensities in the free and the bound peptide 

states with the fluorophore placed at different positions on the target peptide. Circular 

dichroism studies on each labelled peptide-CaM complex to obtain information about 

the steric environment of the Trp side chain and the DM in each of the 

protein:peptide complexes.

c) Characterisation of the Ca2+ dependent interaction of CaM with the fluorescent 

labelled peptides in terms of affinity and stoichiometry.

d) Studies of Ca2+-induced fluorescence changes of Ca2+-free CaM in the presence of 

each labelled peptide and investigation of possible existence of Ca2CaM-peptide 

intermediates.

The results of these studies would then provide the basis for the design of Ca2+ 

indicators based on a CaM-peptide hybrid molecule, namely H2CaM (see section
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2.5.4). It is hoped that these genetically engineered molecules provide a further novel 

approach to developing versatile quantitative intracellular calcium biosensors. The 

steps taken towards this goal have been organised into:

a) Design, cloning, expression, purification and fluorescent labelling of cysteine 

containing hybrid molecules with potential properties as indicators of Ca2+.

b) In vitro spectroscopic, Ca2+ binding and kinetic characterisation of these indicators. 

Also calibration of their fluorescence signal to changes in Ca2+ concentrations in the 

physiological range.

And finally;

c) Introduction of these indicators into different cell types and investigating the 

usefulness of these biosensors in measuring intracellular [Ca2+] using fluorescence 

microscopy.
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3.0: MATERIALS AND METHODS
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SECTION 1: The Interaction of Calmodulin 
with Fluorescent Labelled Target Peptides

3.1.1 Preparation of Drosophila Melanogaster Calmodulin

Drosophila melanogaster calmodulin (CaM) was cloned by Dr. Dai-Rong Su and 

was a gift from Prof. Kathy Beckingham (Rice University, Houston). The protein was 

overexpressed in Escherichia, coli using the method described by Browne et al. 

(1997). lOOg of cells (from a 40L culture) were resuspended in 400mL of Tris pH 7.5 

(Sigma, > 99% purity), 50mM KC1 (BDH Laboratory Supplies, >99% purity), ImM 

CaCl2 (BDH, >99%) and ImM PMSF (phenyl methyl sulfonyl fluoride, Sigma) 

buffer. The cells were lysed by sonicating for 5mins at maximum output. The cell 

debris was then removed by ultracentrifugation at 4°C for 30 minutes, at 40,000 rpm 

in a Beckman 45 Ti rotor. The supernatant was made up to 500mM KC1 and 2mM 

CaCl2 while stirring. This lysate was loaded onto a 200ml Phenyl Sepharose affinity 

column (Sigma), previously equilibrated in 25mM Tris pH 7.5, 500mM KC1 and 

2mM CaCl2 (the flow was under gravity at approximately 5ml per minute). The 

column was attached to the FPLC (fast protein liquid chromatography) with full-scale 

absorbance set at 0.1, recorder at lOOOmv and a paper speed of lml/min. The column 

was washed with about 3 column volumes of the same buffer and CaM was eluted 

with 25mM Tris pH 7.5, 500mM KC1 and 5mM EDTA (Sigma, > 99.9% purity), at 

the same flow rate, collecting 5ml fractions.

CaM containing fractions were identified by: I) Bradford reagent (Bio-Rad, Bradford, 

1976), II) absorption spectroscopy (which shows a distinctive Tyr and Phe spectrum 

in the region 260-290nm) and were assayed for purity by IE) SDS-PAGE gel 

electrophoresis (Figure 3.1.1.a). CaM containing fractions were concentrated using 

the Amicon Diaflow concentrator. The concentrate was loaded onto a G75 (Sigma) 

gel filtration column (100 x 2.6 cm, Pharmacia) equilibrated with 25mM Tris pH 7.5, 

lOOmM KC1, ImM CaCl2, running at 0.25 ml/min overnight and collecting 5mL 

fractions. The fractions were assayed for purity by SDS-PAGE (3.1.1 .b) and for 

authenticity by mass spectroscopy. The fractions containing CaM of highest purity
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highest purity (>99% purity, by SDS-PAGE) were pooled and the concentration was 

determined by absorption spectroscopy, on a CARY 3E UV-visible 

spectrophotometer (quartz cuvettes, 10 mm pathlength), using extinction coefficients 

of 1578 IVr'cm'1 at 278.7 nm and 2120 M 'cm^at 258.6 nm for Ca2+-loaded (holo) 

CaM (Maune et al., 1992). Figure 3.1.1.C shows an absorption spectrum of CaM in 

both the apo and holo states purified as described above. Aliquots of the purified 

protein were stored at -20 °C.
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Figure 3.1.1:

(A) SDS-PAGE of calmodulin after purification by phenyl sepharose affinity 

chromatography. For full details on the purification procedures refer to text. Sample 

1 is the raw cell lysate, samples 2-8 are peak fractions eluted from the phenyl 

sepharose column, and 9 is pure calmodulin used as a marker. The gel was stained 

for protein with Coomassie Blue.

(B) SDS-PAGE of calmodulin after purification by G75 gel filtration 

chromatography. For full details on the experimental procedures refer to text. 

Samples 1-5 are peak fractions eluted from the G75 gel filtration column, and 6 is a 

pure calmodulin sample used as a marker. The gel was stained for protein with 

Coomassie Blue.
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Figure 3.1.1.c:

Absorption spectra of apo and holo calmodulin. Both spectra were corrected for 

the light scattering contribution. The extinction coefficients for HoloCaM are 1578 

M^cm'1 at 278.7 nm and 2120 M^cm^at 258.6 nm and for apo CaM are 1874 M' 

^ m '1 at 278.7 and 2179 M^cm'1 at 258.6 nm (Maune et al., 1992).
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3.1.2 Preparation of Calcium Free Buffer

Calcium-free buffer consisted of 25mM Tris, lOOmM KC1 at pH 7.5 with Chelex 

beads (Sigma) added to chelate any residual calcium. To ensure that calcium had 

been completely removed, the calcium concentration in the buffer was estimated 

using the high affinity calcium chelator, dibromo-BAPTA (Calbiochem, Ltd.), with 

extinction coefficient of 1.6 x 104 M^cm'1 at 239 nm for the calcium loaded form. 

Calcium concentration was calculated as follows:

20 pL of a concentrated stock of BAPTA (6.0 mM) in water was added to 4 ml of 

buffer and was mixed thoroughly to give a final concentration of 30 pM. 800 pL of 

this mixture was then placed in a 10 mm pathlength cuvette and its absorption at 263 

nm was recorded (Ai). 10 pi of 50 mM stock EDTA at pH 8 was added to this to give 

a final EDTA concentration of 625 pM and after thorough mixing its absorption at 

263 nm was once again measured (A2). Finally, 20 pL of 50 mM stock calcium was 

added (to give a final Ca concentration of 1250 pM), mixed and the absorption of 

this mixture was measured at both 263 nm (A3) and 239 nm. The [Ca2+] of the buffer 

is calculated as:

[BAPTA] = A239 / 1.6 x 104

and

[Ca2+] = [BAPTA] x (A2 -  A,)/(A2- A3)

The calculated residual calcium concentration for chelex treated buffer solutions was 

always less than 2 pM.
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3.1.3 Preparation of Apo Calmodulin

A Pharmacia PD10 (G25) column was washed extensively with water and then with 

calcium-free buffer. 100 |LLl of 50 mM stock EDTA at pH 8 was added to a 0.5 ml 

aliquot of concentrated stock CaM, to give a final EDTA concentration of 8.3 mM, 

and applied to the PD10 column which was then washed with 2.2 ml of calcium-free 

buffer (final volume = 2.8 ml). Apo CaM was eluted with 1.2 ml of the same buffer 

(CaM elutes reproducibly in the volume between 2.8 and 3.8 ml and salts are eluted 

after 4 ml). The BAPTA method was used to confirm that calcium was fully 

removed. The protein concentration was determined by using extinction coefficients 

for apo CaM as determined by Maune et al. (1992), being 1874 M^cm'1 at 278.7 and 

2179 M^cm'1 at 258.6 nm (Figure 3.1.1 .c).

3.1.4 Peptide Synthesis and Purification

The peptides FFF, FWF, WFF, CBP-cysteine variants and WFFC17 were synthesised 

on an Applied Biosystems 430A peptide synthesiser and purified by reverse-phase 

HPLC on a C l8 column (by Peter Fletcher, NIMR) and lyophilised. Peptide purity 

was assessed by reverse phase HPLC and mass spectroscopy. Peptides WFFCO, 

WFFC8, WFFC19 were synthesized by Johannes Ottl (Max Planck Institute for 

Biochemistry, Martinsried, Germany) using similar methods of synthesis and 

purification. Absorption spectroscopy was used to determine peptide concentrations. 

Extinction coefficients for peptides were calculated as the sum of the contributions of 

individual aromatic amino acid residues (Gill and von Hippel, 1989). Therefore, for a 

peptide containing NTrp and NTyr residues, the extinction coefficient is calculated by:

£280 nm =  Nxrp X  5559 + N Tyr x 1197

In the case of single Trp-containing peptides e.g WFF and FWF, an extinction 

coefficient of 5690 M^cm'1 at 280 nm was used to calculate the concentration. For

70



the spectroscopically silent CBP peptide and its cysteine containing variants, a 

peptide competition assay was used to determine the concentration of stock solutions 

(see sections 3.1.6 and 4.1.1).

3.1.5 Fluorescent Labelling and Purification of Labelled 

Peptides

CBP (Calmodulin Binding Peptide; Cox, 1985) is a synthetic peptide sequence, 

designed to form a basic amphiphilic helical structure, which is required for high 

affinity binding to CaM (see Table 4.1 for sequence). WFF is an 18-residue peptide 

derived from the CaM-binding sequence of skMLCK. A stock of each CBP-cysteine 

peptide was made by dissolving approximately ~ 1 -  2 mg in 100 jiL of pH 7 

standard buffer (25 mM Tris, 100 mM KC1 and ImM Ca). The actual concentration 

of a diluted sample of this stock was determined via competition with the FWF 

peptide for the CaM binding (section 4.1.1). In the case of WFF-cysteine peptides, 

the concentration was determined by absorption spectroscopy (see section 3.1.4).

The sulfhydryl reactive fluorescent probe was [5-dimethylamino-N-(2- 

maleimidoethyl)naphthalene-l-sulfonamide], dansyl maleimide (DM), a generous 

gift from Dr John Corrie (NIMR) with the following structure:

s o 2nh

O

Maleimides are excellent reagents for thiol-selective labelling. The reaction involves 

addition of the thiol across the double bond of the maleimide to yield a thioether:
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To ensure that the sulfhydryl group remained free for reacting with DM, a 1:1 

stoichiometry of DTT (oL-dithiothreitol, Sigma, >99% purity) was first added to the 

peptide solution at pH 7 and incubated at room temperature for 30mins. A 

concentrated stock solution of DM was made in DMF (dimethylformamide) and the 

concentration of a sample diluted in buffer was determined using extinction 

coefficients of 4600 M^cm'1 at 330 nm and 15100 M^cnT1 at 248 nm (Corrie, 1994). 

A 5:1 excess of DM over peptide was then added to the peptide solution containing 5 

% DMF and the reaction mixture was incubated on ice for two hours. The labelled 

peptide was purified by preparative reverse phase HPLC on a C8 column (Peter 

Fletcher, NIMR). Figure 3.1.5.a shows the reverse phase HPLC of the WFFC0 

peptide before and after labelling with DM. The concentration of the labelled peptide 

was determined by absorption spectroscopy using the extinction coefficients for DM 

in the case of CBP-cysteine peptides, and for both DM and tryptophan in the case of 

WFF-cysteine peptides. Figure 3.1.5.b shows the absorption spectrum WFFC0 before 

and after the labelling. The purified, labelled peptide was lyophilised and dissolved in 

standard Ca2+-free buffer at pH 7.5.
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Figure 3.1.5:

(A) Reverse phase HPLC of the WFFCO peptide before and after labeling with 

dansyl maleimide. Reverse phase high pressure liquid chromatography was carried 

out using a Beckman Analytical column: Phenomenex, 5 pm, C l8, 4.6 mm x 250 

mm. Solvents: A: 0.1% Trifluoroacetic acid in water; B: 0.085% Trifluoroacetic acid 

in 84% acetonitrile in water. Operation parameters: Flow 1-2 ml/min; pressure: 100 

bar; detection at 214 nm. A gradient of 10-40 % in 30 minutes was used for peptide 

elution. Labelled WFFC0DM elutes at a later time compared to the unlabelled 

peptide (this is indicated by the direction of the arrow).

(B) Absorption spectra of the unlabelled and dansyl maleimide labeled WFFCO.

The single Trp4 in the sequence of WFFCO (red) results in a characteristic spectrum 

peaking at 280 nm with an extinction coefficient of 5690 M^cm'1. In the case of 

WFFC0DM (dansyl maleimide labelled peptide, blue), the Trp4 peak can still be 

observed. In addition, there are two dansyl maleimide peaks at 330 nm and 248 nm 

with extinction coefficients of 4600 M^cm'1 and 15100 M^cm'1 respectively. 

Absorption spectra were recorded in 25 mM Tris, 100 mM KC1 (Ca2+ free buffer) at 

pH 7.5 and 20 °C.
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3.1.6 Fluorescence Spectroscopy

A Spex Fluorolog fluorometer was used for fluorescence studies described in this 

thesis. The instrument has a xenon lamp providing continuous light output from 270 

-7 0 0  nm, and features a double monochromator and automated data collection. UV 

transmitting plastic or glass quartz cuvettes were used for these experiments.

Fluorescence emission spectroscopy was used for ligand binding studies of the CaM- 

peptide (both labelled and unlabelled peptides) complexes. In the case of the 

unlabelled peptides, the fluorescence emission properties of the Trp residue in the 

WFF peptides and variants were used for these studies. The emission maximum 

(̂ max) for free Trp in solution is approximately 356 nm, and 7,max moves to shorter 

wavelengths, typically 330 nm, when the residue is in a more apolar environment 

such as the interior of a protein. In addition to the spectral shift an increase in 

fluorescence intensity occurs (section 4.2.1). Therefore fluorescence spectroscopy 

can be used to quantify the affinity and the stoichiometry of interaction. The emission 

spectrum was recorded from 300 to 400 nm with excitation at 280 nm. The excitation 

and the emission monochromator slits were set at 0.4 and 1 mm respectively, 

corresponding to spectral bandpasses of 1.51 and 3.76 nm respectively.

The fluorescence of DM is highly sensitive to its surrounding environment and 

undergoes an increase in intensity and an emission maximum wavelength shift upon 

transition from a polar (i.e. water) to an apolar (e.g. the hydrophobic core of CaM) 

environment. The excitation wavelength of dansyl maleimide in solution is 330 nm 

and its emission is typically at 550 nm. It was hoped that by covalently attaching this 

extrinsic fluorophore to different positions on a target peptide, it would be possible to 

gain key information into the mechanism of interaction between CaM and its targets. 

This interaction was characterised in terms of affinity and stoichiometry, and the 

fluorescence spectroscopic properties: the intensity enhancement and the shift in the 

maximum wavelength of emission.
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The affinities of the peptides (unlabelled and labelled) for CaM were determined by 

fluorescence emission spectroscopy, using either direct titration methods or a 

competition assay.

Peptide Competition Assay
The peptide competition assay was used for two purposes:

1) To determine the concentrations of stock solutions of spectroscopically silent CBP 

peptide and its unlabelled cysteine containing variants. A detailed description and an 

example are provided in section 4.1.1.

2) To determine the dissociation constants for the high affinity peptide-CaM 

interactions. Detailed examples of this assay are provided in sections 4.1.2 and 4.2.2 

(also see appendix A.l for equations).

Direct Titration Method for Kd Determination
This method was used to determine the dissociation constants of the DM labelled 

peptides for CaM. A known concentration of the labelled peptide was titrated with 

small aliquots of CaM and the fluorescence emission spectra were recorded from 400 

to 650 nm with excitation at 330 nm. The excitation and emission monochromator 

parameters were the same as above. The emission spectrum of DM changes in 

intensity and maximum wavelength on binding of the labelled peptide to CaM. An 

increase in fluorescence intensity at the ^max of the complex or the integrated 

fluorescence was used to quantify the binding affinity for the interaction. A detailed 

example is provided in section 4.2.4 (also see appendix A.l).
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3.1.7 Near UV Circular Dichroism

Circular Dichroism (CD) is an important technique for studying protein secondary 

and tertiary structure. This method depends on the fact that asymmetric molecules 

show a differential absorption of left or right circularly polarised light and the 

resulting spectrum reflects the symmetry of the molecule in question. Far-UV 

(ultraviolet) CD (200 -  250 nm) experiments are of particular use in quantifying the 

secondary structure of proteins under various conditions, whereas near UV CD (250 

-  350 nm) experiments are useful in studying protein tertiary structure. Near UV CD 

was used for studying the interaction of the labelled peptides with CaM, to examine 

the environment and mobility of all aromatic components (i.e., the dansyl maleimide 

covalently attached to the peptide, tryptophan at position 4 the WFF peptides and the 

single tyrosine in CaM), before and after complex formation.

CD spectra were recorded in fused silica cuvettes using a Jasco J-600 

spectropolarimeter. The measurements were made at 20 °C in 25 mM Tris, 100 mM 

KC1, 1 mM CaCh, pH 8 . Near-UV CD spectra (250 - 450 nm) were measured using 

10 mm quartz cuvettes with peptide/protein concentrations of 60 jiM. For each 

labelled peptide/protein complex, eight scans were averaged, baselines were 

subtracted and a small degree of numerical smoothing was applied. CD spectra are 

presented as the molar CD extinction coefficients Aem (= £l - £r, where 8 l  and £r are 

the molar CD extinction coefficients for left and right-handed circularly polarized 

light). This value is calculated on the basis of the molar concentration of peptide or 

protein rather than on a per residue basis (A em r w  = A£M/Nres), where A em r w  is the 

mean residue CD extinction coefficient and Nres is the number of residues. While 

A £ m rw  is generally used for studies on individual proteins, A £ m  is more useful for 

protein-peptide complexes. To determine the secondary structure of the labelled WFF 

peptides in complex with CaM, a difference spectrum is calculated:

A £ m (peptide) =  A£M(complex) ~ A£M(CaM)
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3.1.8 Stoichiometric Calcium Titrations of CaM in the 

Presence of Fluorescent Labelled Peptides

For these experiments, a labelled peptide was added to Ca2+ free buffer in a quartz 

cuvette (up to a final volume of 400 pi) to give a concentration of 25p.M, and an 

emission spectrum was recorded. The excitation wavelength was at 330 nm 

(bandwidth 0.4 mm), and the emission was scanned in the range 400-650 nm 

(bandwidth 1.0 mm). The Raman contribution of buffer was subtracted from all 

subsequent spectra. A 23 pi aliquot of a 435 jiM stock solution of apoCaM was 

added to the labelled peptide to give the same final concentration as the peptide (25 

pM) and the emission spectrum was recorded again. A high concentration of protein 

and peptide was used in these titrations, to reduce any ambiguities arising from 

residual calcium contamination. This complex was then titrated with 5-10 pi aliquots 

of a 500 pM stock solution of Ca2+ (i.e 0.5-1 molar aliquots of [Ca2+]/[complex]). 

The titration was continued up to a [Ca2+]/[CaM] ratio of 6  [R = 6 ] or until no further 

fluorescence change was observed. The total integrated fluorescence for each 

addition was then plotted as a function of R.
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SECTION 2: Calcium Sensitive Fluorescent

Indicators based on a Calmodulin-Peptide Hybrid 

Protein

3.2.1 Cloning and Site Directed Mutagenesis of the HY2- 

Cysteine Mutants

The original hybrid gene, pHYl, was designed to express a CaM-M13 hybrid with a 

Gly-Gly linker (Porumb et a i, 1994). PHY2 was a derivative of pHYl in which the 

Gly-Gly linker and the first two residues (Lys-Arg) of the M l3 peptide in the first 

hybrid were replaced with Gly-Gly-Gly-Gly-Ser, by Dr. Kit Tong (University of 

Toronto, Canada) resulting in the second constructed hybrid protein, H2CaM (section 

2.5.4)

It was this second hybrid construct (pHY2) on which all mutagenesis was performed. 

The pHY2 gene was in the pOTSNcoI2 expression vector in which the expression is 

directed by the MY promoter juxtaposed in the same transcriptional direction and is 

under the control of the thermosensitive X cl repressor (Figure 3.2.1.a).

Mutagenesis was facilitated by ligating the pHY2 gene from the PotsNcoI2 vector to 

pBSHSK+ (Stratagene), in which the Smal site had been changed to a Ncol site by 

Dr. M. Strom and Mr. P. Browne (NIMR). Briefly, PotsNcoI2 (containing pHY2 as 

insert) and the pBSIISK+(vector) were digested with Xbal/Ncol restriction enzymes. 

The terminal phosphates of the linearised vector were removed using shrimp alkaline 

phosphatase (Boehringer Mannheim) treatment for 15 mins at 37 °C. This was 

followed by separation by agarose gel electrophoresis. The 0.5 Kb insert fragment 

released from the construct and the 2.9 Kb vector were excised from the gel and 

purified using the Geneclean protocol (Anachem. U.K.). The insert (pHY2) was then 

ligated to the vector (pBSIISK+) in a 3:1 ratio, respectively, using T4 DNA ligase as
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Figure 3.2.1:

Construction of the HY2-cysteine hybrid mutants. (A) The pHY2 gene 

(expressing the H2CaM hybrid protein) in the pOTSNcoI2 expression vector. The 

expression is directed by the MY promoter, juxtaposed in the same transcriptional 

direction, and is under the control of the thermosensitive X cl repressor (from Dr. 

K.Tong, Rice University). (B) For the mutagenesis of the HY2-cysteine mutants, the 

pHY2 gene between the Ncol and Xbal restriction sites was ligated to a pBSIISK+ 

vector. All subsequent mutagenesis was performed on this construct using the Quick- 

Change mutagenesis technique (see text for details). For expression, all mutant genes 

were ligated back to the pOTSNcoI2 vector (A) via the Xbal/Ncol sites. The 

sequence of the entire coding region of each mutant in pOTSNcoI2 was verified by 

automated sequencing. The constructs were drawn using a MapDraw software.
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in the standard protocol (Sambrook, et al, 1989). The ligated plasmid (Figure 3.2. l.b) 

was then transformed into E. Coli bacterial cells as will be described later.

All subsequent mutagenesis was performed on this construct using the Quick-Change 

mutagenesis technique (Stratagene). In this technique, a supercoiled, double stranded 

DNA vector containing the insert of interest (in this case the pHY2 gene in 

pBSHSK+) is subjected to a PCR in the presence of two synthetic oligonucleotide 

primers containing the desired mutation. The oligonucleotide primers, each 

complementary to opposite strands of the vector, extend during the PCR by means of 

Pfu DNA polymerase (Stratagene). On incorporation of the oligonucleotide primers, 

a mutated plasmid containing staggered nicks is generated. The product is then 

treated with the Dpnl enzyme (Boehringer Mannheim). The Dpnl endonuclease 

(target sequence: 5'-Gm6ATC-3') is specific for methylated and hemimethylated DNA 

and is used to digest the parenteral DNA template and to select for mutation- 

containing synthesized-DNA (Nelson and McClelland, 1992). DNA isolated from 

almost all Escherichia coli strains is dam (DNA adenosine methylated) methylated 

and is therefore susceptible to Dpnl digestion. The nicked vector DNA incorporating 

the desired mutation is then transformed into E. coli. After transformation, the E. coli 

cells repair the nicks in the mutated plasmid. All 7 mutants of H2CaM (denoted as 

HY2-cysteine mutants) were generated using this technique.

Table 3.2.1 lists the sequences of all 5' to 3' (forward) and 3' to 5'(re verse) 

oligonucleotide primers (Genosis, Cambridge) used for construction of the HY2- 

cysteine mutants (section 5.1 and Figure 5.1).

Competent DH5a E.coli (dcm") were transformed with the mutated DNA, allowed to 

express Amp-r gene for lh at 37 °C, and subsequently plated out on nutrient agar 

plates containing 100 |lg/ml ampicillin. Plates were incubated overnight at 37 °C, 

following which colonies were picked from the plates for growth prior to plasmid 

DNA extraction. This was performed by the alkaline lysis method (Sambrook et al, 

1989). DNA was eluted from a Qiagen column (Qiagen Ltd, U.K.) as described in the 

Qiagen plasmid purification handbook. After isopropanol precipitation, an ethanol
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wash, and vacuum drying, the DNA was taken up in water. From the size of the 

pellet obtained, one can estimate the amount of DNA to be recovered and add enough 

water to obtain a solution of about 2-3 mg/ml. Final and accurate concentrations of 

the DNA were determined by absorbance measurements at 260 nm.

The sequence of the entire coding region of each mutant was verified by automated 

sequencing using the ABI PRISM™ Dye Terminator Cycle Sequencing Kit and ABI 

373 automated sequencer (Perkin-Elmer Corp.). Once the correct sequence for a 

mutant was confirmed, the mutant gene was then ligated back to the PotsNcoI2 

vector via the Xbal/Ncol sites for expression as described above.
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Table 3.2.1:

The primer sequences of oligonucleotides used for construction of the HY2- 

cysteine mutants. The sequences for forward (5' to 3') and reverse (3' to 5') primers 

(Genosis, Cambridge) used for generation of the HY2-cysteine mutants by the 

Quickchange mutagenesis technique are shown for each mutant (see section 3.1.2 for 

details).



Mutant Sequences of forward and reverse oligonucleotide primers

HY2C0
F o rw a r d = CAG CAA AGG GGG GCT GCG GCA GCC GCT GGA AG

R e v e r s e = CTT CCA GCG GCT GCC GCA GCC CCC CTT TGC TG

HY2C4
F o rw a r d = GGC GGC AGC CGC TGC AAG AAA AAC TTC

R e v e r s e = GAA GTT TTT CTT GCA GCG GCT GCC GCC

HY2C8
F o r w a r d = GCT GGA AGA AAA ACT GCA TTG CCG TCA GCG C

R e v e r s e - GCG CTG ACG GCA ATG CAG TTT TTC TTC CAG C

HY2C13
F o r w a r d - CTT CAT TGC CGT CAG CTG TGC CAA CCG GTT C

R e v e r s e = GAA CCG GTT GGC ACA GCT GAC GGC AAT GAA G

HY2C17
F o rw a r d - GCT GCC AAC CGG TGC AAG AAG ATC TCC

R e v e r s e = GGA GAT CTT CTT GCA CCG GTT GGC AGC

HY2C92
F o rw a r d : CCG AGA AGC ATT CCG TGT TTG TGA CAA GGA TGG G

R e v e r s e = CCC ATC CTT GTC ACA AAC ACG GAA TGC TTC TCG G

E4QC17
F o r w a r d  

ATG ACA

= GGC 

GC

CAA GTA AAC TAT GAA CAG TTT GTA CAA ATG

R e v e r s e = GCT GTC ATC ATT TGT ACA AAC TGT TCA TAG TTT

ACT TGG cc
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3.2.2 Expression and Purification of HY2-Cysteine Mutants

The E.coli strain AR58 (K. Beckingham, Rice University, Houston) was used for the 

expression of the original H2CaM and HY2-cysteine mutants. This strain is a 

derivative of N99 E.coli strain and is a defective lysogen containing the temperature- 

sensitive phage X cI857 repressor. To express the protein, AR58 cells harbouring the 

corresponding plasmid were grown in 2 L of L-broth medium at 32 °C until the 

absorbance at 600 nm reached 0.8. At this point, induction was achieved by shifting 

the temperature to 42 °C and incubating for 4 hours before harvesting the cells by 

centrifugation at 3000 rpm using a Beckman J6 -HC centrifuge. The cells were lysed 

in 50 mL of 25 mM Tris-HCl, 1 mM Ca2+, 5 mM DTT pH 7.5 buffer, containing 2 

protease inhibitor tablets (Boehringer Mannheim) and 6  mg/mL of chicken egg white 

lysozyme (Sigma). This was then stirred on ice for 30 mins followed by addition of 

MgCl2 up to 5 mM and 0.2 mg of Dnase (Grade I, Sigma), stirring for another 30 

mins. The lysed cells were then spun at 15 000 rpm at 4 °C for 20 mins in a Beckman 

J2-MC centrifuge and the supernatant was recovered.

The hybrid protein was purified from the clear cellular extract in a two-step 

procedure. First, the cellular extract was subjected to a heat treatment at 80 °C, for 10 

mins. The protein was then recovered in the soluble fraction by ultracentrifugation at 

35 000 rpm for 1 hour at 4 °C in a Beckman 45 Ti rotor (Beckman L-70 

ultracentrifuge).

The second purification step consisted of a Q-Sepharose Fast-Flow (Pharmacia) ion 

exchange chromatography connected to an FPLC (fast protein liquid 

chromatography) apparatus. The column (1.5 x 10 cm) was equilibrated with 25 mM 

Tris (pH 7.5), 1 mM Ca2+, 5 mM DTT, 25 mM NaCl (buffer A). The soluble fraction 

recovered after the ultracentrifugation was passed through a Whatman 4 filter paper 

and was loaded on the column. The column was then washed extensively with the 

same buffer before applying a stepwise linear gradient according to the following 

protocol:
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Vol (mL)

0 . 0 Cone. % B 0 . 0

0 . 0 mL/min 2 . 0

85.0 Cone. % B 0 . 0

140.0 Cone. % B 50.0

140.0 mL/min 2 . 0

Where buffer B = 25 mM Tris (pH 7.5), 1 mM Ca2+, 5 mM DTT, 1 mM NaCl. The 

protein eluted at about 300 mM NaCl concentration.

Fractions containing the hybrid protein were identified by: I) Bradford reagent, II) 

absorption spectroscopy (which show a distinctive Trp spectrum in the region 280 

nm and were assayed for purity by IH) SDS-PAGE gel electrophoresis (Figure 

3.2.2.a). The fractions with the highest purity were pooled, concentrated and checked 

by reverse phase HPLC (Figure 3.2.2.b). The concentrations of the pooled protein 

samples were determined by absorption spectroscopy using the calculated extinction 

coefficients of 8250 M^cm"1 [calculated for one Trp and two Tyr (Gill and von 

Hippel, 1989)] for H2CaM, HY2C0, HY2C8, HY2C13, HY2C17, E4QC17 and 

HY2C92 and 3300 M^cm ' 1 [calculated for two Tyr] for HY2C4. Aliquots were then 

stored at -20 °C.
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Figure 3.2.2:

(A) SDS-PAGE of HY2C17 mutant hybrid protein. In the presence of Ca2+ 

HY2C17 runs as a 19000 kDa protein. Lane 1 (left) shows the cells before heat 

induction (BI); lane 2, cells after 4 hours of induction by shifting the temperature to 

42 °C; lane 3, the supernatant recovered by centrifugation after treating the cells with 

lysozyme and Dnase (+ Ca2+) and line 4 shows the lysate after heat treatment and 

ultra-centrifugation. Lanes 5 and 6  show that in the presence of Ca2+, the protein 

(pure fraction eluted from the Q sepharose Fast Flow column) runs as a smaller 

molecule than in the presence of EDTA. Lane 7 shows wild type (Drosophila 

melanogaster) calmodulin in the presence of Ca2+ for comparison. This behaviour is 

also a distinct characteristic of wild type (Drosophila Melanogaster) calmodulin. 

Lane 8  is the Dalton Mark VI molecular weight marker (Sigma).

(B) Reverse phase HPLC trace of HY2C17.

The same HPLC solvent conditions and detection system were used as described in 

the legend for Figure 3.1.5. An analytical C18 column (4.6 mm x 250 mm) with a 

5pM bead size was used. HY2C17 was eluted using a gradient of 70% of solvent B 

in 30 minutes.
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3.2.3 Fluorescent Labelling of the HY2-Cysteine Mutants

DTT was added to all buffers during protein preparation to preserve the free 

sulfhydryl and was removed prior to fluorescent labelling. This was done by 

desalting on a PD10 column equilibrated with 25 mM Tris pH 7, 100 mM KC1 as 

described in section 3.1.3. DM was used for the initial labelling and characterisation 

of these mutants. DTT free protein was labelled with DM added in excess (5:1), and 

the labelled product was purified from excess reagent and Ca2+ by adding EDTA and 

desalting on a PD10 column, equilibrated in the standard Ca2+free buffer at pH 8 , 

followed by absorption spectroscopic characterisation.

In the trial labelling experiments, absorption spectra of the labelled hybrids showed 

that the labelling efficiencies for these HY2-cysteine proteins were different 

(estimated from the concentrations of DM and Trp using their respective molar 

extinction coefficients). This was probably due to the position and the extent of 

burial of the cysteine residue in the hydrophobic core of the proteins. Hence for better 

labelling efficiencies, 4 M guanidine hydrochloride was added to ensure full 

denaturation of the protein and hence complete exposure of the cysteine residue to 

the dye for the labelling reaction. This concentration gives rise to a complete or near 

complete denaturation of the protein (personal communication with Ms Laura 

Masino). Denaturing proved to be of great benefit in the labelling of HY2C0, HY2C8 

and HY2C13, but was not required for HY2C4 and HY2C92, and HY2C17.

For cellular applications, selected HY2-cysteine mutants were labelled with 

maleimide derivatives of coumarin [7-diethyamino-N-(2-maleimidoethyl)-2-oxo-2H- 

chromene-3-carboxamide] (MDCC) (1) and rhodamine(2). These probes have 

excitation wavelengths in the visible region of the spectrum.
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3.2.4 Stoichiometric Calcium Binding Studies

Stoichiometric (macroscopic) calcium binding constants (Kj- K4) were determined 

from calcium titrations performed in the presence of the chromophoric calcium 

chelators, 5, 5'-Br2BAPTA (for the labelled HY2C17) or Quin 2 (for H2CaM and all 

other mutants), using the method described by Linse et al. (1988, 1991) and 

Waltersson et al. (1993). For these experiments, 5 — 10 jllI aliquots of a stock of Ca2+/ 

Quin2 (or BAPTA), (at 1 mM/30 pM concentration) were added to a cuvette 

containing the same concentration of the chelator in the presence of 30 jiM apo 

hybrid protein. The absorbance at 263 nm was recorded after each addition until there 

was no further change. Measurements were performed at 20 °C in the standard Ca2+ 

buffer at pH 8 .

Under these conditions, the calcium binding constants of BAPTA and Quin2 have 

been measured to be 5.7 x 105 M' 1 and 1.1 x 107 M' 1 respectively (Martin et al., 

1996). At least three separate titrations were performed on each protein sample, and 

the values for the individual stoichiometric binding constants (Kr  K4) were 

determined from non-linear least squares fits directly to the experimentally observed 

titration curves (program EQFIT2). As noted by Linse et al. (1991) and Porumb 

(1994a), the values of log (K]K2) and log (K3K4) are better determined than 

individual log (Kj) values. For a more detailed description of stoichiometric binding 

constants refer to appendix A.2.

3.2.5 Stopped-Flow Measurements

Kinetic measurements were performed with a Hi-Tech SF61-MX stopped-flow 

spectrophotometer operated in fluorescence mode. This is essentially a conventional 

fluorometer with the addition of a system for rapid mixing. The excitation 

monochromator was set to 425 nm (bandpass of 2 nm) and the emission of MDCC 

was detected using a cut-on filter at 450 nm. For measurements of Ca2+ dissociation



from the MDCC labelled hybrids, 1 jliM calcium-loaded labelled protein in syringe A 

of the stopped-flow apparatus was stopped-flow mixed with 20mM EDTA in syringe 

B. The observed rates were independent of the concentration of EDTA over the range 

1 to 20 mM. The measurements were made in standard buffer (pH 7.2) containing 

ImM CaCl2, at 20 °C and 37 °C. All quoted concentrations are those prior to the 1:1 

stopped-flow mixing. The dead-time of the instrument is ~ 3 ms at a drive pressure of 

about 4 bar (0.4 Mpa). For each protein studied at least 9 individual stopped-flow 

traces were averaged prior to non-linear least squares analysis (Bevington, 1969).

3.2.6 In Vitro Calibration of the Fluorescence Response of 

Ca2+ Biosensors

The fluorescence response of HY2C17MDCC was calibrated in vitro to varying 

[ C a 2+]free by using the calcium calibration buffer kit 1 from Molecular Probes, Inc. 

The buffers included in this kit are standard solutions of 10 mM K2H2EGTA and 10 

mM K2CaEGTA (both in 100 mM KC1 and 10 mM MOPS at pH 7.2) and are 

prepared according to Tsien (1989). The calibration is based on the principle that 

when Ca2+ and EGTA are used at concentrations which are high relative to the 

indicator, the free Ca2+ is buffered and can be calculated from the dissociation 

constant (Kd) of CaEGTA (see appendix A.5). The IQ of EGTA is 150.5 nM at 20 °C 

and 104.7 nM at 37 °C pH 7.2 (from the literature provided by Molecular Probes).

To generate varying [Ca2+]free> the protocol of this kit describes the preparation of two 

samples of indicator, one sample in 10 mM K2H2EGTA (“zero Ca2+ buffer”) and the 

other in 10 mM K2CaEGTA (“high Ca2+ buffer”). These two samples were then 

mixed in different proportions to produce a series of solutions with the amount of 

total Ca2+ increasing by 1 mM K2CaEGTA with each dilution. First a small aliquot of 

the stock Ca2+ indicator solution was added to 2ml of 10 mM K2H2EGTA (zero Ca2+ 

buffer) to give an indicator concentration of lpM. This is the “zero Ca2+ sample”. A 

“high Ca2+ sample” was made by adding an aliquot of the indicator to the 10 mM 

K2CaEGTA (“high Ca2+ buffer”). The pH of these two solutions was checked and
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adjusted to 7.2 when necessary. The zero Ca2+ sample was placed in a plastic cuvette 

and its spectrum was recorded in the range 400-550 nm with excitation at 425 nm. 

This sample was then used to prepare the next solution by removing an aliquot of this 

sample and replacing it with an equal aliquot of the high Ca2+ sample. The equation 

for determining the volume to remove and replace is:

Volume to remove/replace = (sample volume) x [(b-a)/(c-a)] (equation 3.2.6)

where, a = current mM K2CaEGTA 

b = desired mM K2CaEGTA 

c = mM K2CaEGTA in “high Ca2+ sample” (10 mM)

For example for the first dilution from OmM to ImM K2CaEGTA in a 2mL sample, 

the remove/replace sample is calculated using equation 3.2.6 as follows:

2 mL x [(ImM -  0mM)/(10mM -  OmM)] = 0.2mL

The pH of the solution was recorded and the spectrum was again scanned, then 

another volume was remove/replaced and so on. Table 3.2.6 shows the dilutions used 

to arrive at the free [Ca2+] required. The free [Ca] can be calculated for each solution 

using the following equation:

[Ca2+]free = KdEGTA x [K2CaEGTA]/[K2H2EGTA]

Using this protocol, the highest Ca2+ concentration is obtained with 10 mM Ca2+ and 

10 mM EGTA, which gives a [Ca2+]free of about 40 j iM  (39.8 jllM ). This 

concentration is high enough to saturate indicators with Kd values in the 0.1 to 1 pM 

range. A precise set of fluorescence curves were generated for MDCC labelled 

HY2C17 by varying the [Ca2+]free in the solution at pH 7.2 and 37 °C as described 

above. To measure the effect of Mg2+ ions on the calibration curve, experiments were 

repeated in the presence of ImM [Mg2+]free (IQ’s of MgEGTA = 6.21 mM in 0.1 M 

ionic strength at 37 °C). Mg2+ was added to both stocks of high and zero Ca2+ 

samples to produce 1 mM free concentration.
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For the high Ca2+ buffer, [Ca]free = 39.8 jxM, therefore from IQca = 

[Ca][EGTA]/[Ca]total-[Ca], [EGTA] = 104.7 nM (lOmM -  39.8 pM) / 39.8 jiM = 

26.2 jliM.

If a 1 mM [Mg]free is desired, then from KdMg = [Mg][EGTA]/[MgEGTA], 

[MgEGTA] = 1 mM x 26.2 |iM / 6.21 mM = 4.22 (iM. Therefore total Mg2+ required 

to produce ImM free Mg2+ is calculated by:

[Mg]totai = [MgEGTA] + [Mg]free = 1 mM + 4.22 |liM = 1.00422 mM

For the zero Ca2+ sample using KdMg = [Mg][EGTA]/([EGTA]totai -  [EGTA]), and 

[EGTA] = 8.61 mM. Therefore [MgEGTA] = 10 mM -  8.61 mM = 1.39 mM, and so 

total Mg2+ to produce 1 mM free Mg2+ is calculated to be 1.39 mM + 1 mM = 2.39 

mM.

To raise [Ca2+]free of this zero Ca2+/1 mM Mg2+, volume replacements are calculated 

as before from equation 3.2.6. In this way the [EGTA]free is preserved and hence the 

Mg2+ equilibria would not be disturbed.
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Table 3.2.6:

Reciprocal dilutions used to arrive at different free [Ca2+]. Two 1 pM indicator 

samples were prepared; one sample in 10 mM K2H2EGTA (“zero Ca2+ buffer”) and 

the other in 10 mM K2CaEGTA (“high Ca2+ buffer”). These two samples were then 

mixed (volume removed/replaced) in different proportions to produce a series of 

solutions with the amount of total Ca2+ increasing by 1 mM K2CaEGTA with each 

dilution.



CaEGTA (mM) [Ca2+]free (fiM) Volume removed/replaced 

(mL)

0 0 “zero Ca2+ sample

1 0.017 0 . 2

2 0.038 0 . 2 2 2

3 0.065 0.25

4 0 . 1 0.286

5 0.15 0.333

6 0.225 0.4

7 0.351 0.5

8 0.602 0.667

9 1.35 1

1 0 39.8 “high Ca2+ sample”
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3.2.7 Loading of the Indicators into Cells

Because biomolecules are too often large to cross intact cell membranes, numerous 

“cell loading” techniques have been developed to introduce indicators, nucleic acids 

and fluorescent analogues into the cytoplasm of mammalian cells. Some of these 

techniques include: microinjection (Celis, 1997), esterification (Tsien, 1981), scratch 

(Swanson and McNeil, 1987), osmotic shock followed by resealing (Campbell and 

Dormer, 1978), liposome fusion (Hallett and Campbell, 1980) and electroporation 

(Teruel and Meyer, 1997). The most reliable method for a controlled indicator 

loading is by microinjection, but this method is technically very demanding and 

requires specialized equipment. In practice methods of scratch loading and 

electroporation were found to be appropriate for introducing the indicator into large 

numbers of cells.

Scratch Loading
This method was performed for the preliminary experiments with 3T3 fibroblasts 

(adherent) using the rhodamine maleimide labelled HY2C17 (section 6.1). All steps 

were performed in a sterile hood. 3T3 cells were grown to a subconfluency 

population on a coverslip inside a culture dish. Prior to scratch loading the indicator, 

the cells were rinsed three times with PBS (phosphate buffered saline: 137 mM 

NaCl, 2.68 mM KC1, 8  mM Na2HP04, and 1.47 mM KH2P 0 4) and PBS was then 

removed by aspiration. 10 j l iL  of a concentrated labelled protein (100 | l i M )  solution 

was pipetted on the coverslip containing the cells. The entire surface of the coverslip 

(in the central region) was then scratched gently with a sterile sharp scalpel in 

different directions within a time period of 10 or 20 seconds. The cells were 

immediately washed with PBS followed by addition of the Iscoves Modified 

Dulbecco’s medium (IMDM) (previously warmed to 37 °C) to the culture dish. The 

dish was then transferred back to the 37 °C incubator for an hour of recovery before 

imaging.
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Electroporation
This method was employed for all in vivo biosensor experiments for both excitable 

dorsal root ganglion (DRG) and non-excitable human umbilical vein endothelial cells 

(HUVEC), (see section 3.5). Electroporation is based on the transient 

permeabilisation of cell membranes by pulses of a sufficiently high electric field. An 

electroporator apparatus designed specifically for the electroporation of adherent 

cells using small volumes (1-2 (il) of fluorescent material has been built by NIMR 

engineering department as designed by Dr. David Ogden’s laboratory in the division 

of Neurophysiology. This device is a modification of the instrument used by Teruel 

and Meyer (1997). In this method electrodes are directly lowered onto a coverslip 

with adherent cells leaving a 300 |im space between the cells and the electrodes, into 

which a small volume of fluorescent indicator is injected. The protocol was as 

follows: A subconfluent population of cells was grown on a coverslip inside a 35mm 

culture dish. The cells were washed and stored in standard buffer (135 mM KC1, 5 

mM NaCl, 20 mM HEPES pH 7.4, 2 mM Mg2+, 10 mM glucose), plus 2 mM CaCl2 , 

while the preparations for electroporation were carried out. The cells were then 

washed with standard buffer (as above) containing 1 mM EGTA. This step was only 

to maintain as low a Ca2+ level as possible during the electroporation of DRG’s
94 -(dorsal root ganglion cells), which are particularly sensitive to Ca influx. This step 

was omitted for HUVECs (human umbilical vein endothelial cells). Just before the
9 4 -electroporation, the buffer was once again replaced with standard buffer with no Ca 

added. The dish was placed directly under the probe and the electrode was lowered 

gently onto the cells on the coverslip. 1 -  2 |iL of the labelled indicator solution was 

loaded into the micro-syringe, which fits into the centre of the electrode and the 

syringe was lowered gently down onto the cells. The plunger of the syringe was then 

slowly lowered, injecting the indicator slowly into the space between the probe and 

the cells. The cells were then pulsed for 50 ms at 130 V and 75 V for DRG’s and 

HUVEC’s respectively. Voltage protocols were optimised for loading and cell 

viability. The charge was reversed after a minute interval and another pulse was 

applied. The buffer was replaced with standard buffer + 2 mM CaCl2 before the cells 

were allowed to recover for at least 20 minutes in the 37 °C incubator before 

imaging.
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3.2.8 Calibration of the Microscope for the Imaging of 

MDCC

Calcium was added up to 200 jiM final concentration to 5 pi of HY2C17MDCC at 

20 pM concentration in order to calibrate the microscope image based on the 

maximum intensity. This was thoroughly mixed with ~ 0.5 ml of ‘sealguard’ (a 

coating material which engulfs the indicator into tiny vesicles and hence prevents 

evaporation of the sample) (Sigma). This mixture was then smeared on a coverslip 

and was heated on the hot plate set at 60 °C for 10 mins until the sealguard hardened, 

sealing and trapping the fluorescent indicator into small vesicles. These vesicles vary 

in size, some mimicking the size of DRG’s and other cell types (up to ~ 50 pm in 

diameter). The coverslip was then placed inside a small culture dish.

The imaging was carried out using a Zeiss inverted microscope, a Hamamatsu cooled 

CCD camera controlled by ‘Openlab’ software and a 40 x 1.3 NA water immersion 

objective. Cells were illuminated at 480 nm and imaged at 510 nm. To investigate the 

extent of photobleaching of MDCC, the sample was constantly illuminated with the 

full illumination intensity for 10 minutes. A 90% neutral density grey filter was 

placed in front of the light source so that photobleaching was reduced by at least 1 0 - 

fold, and intermittent illumination was used during imaging.

3.2.9 The Puff-Perfusion Set Up

This set up was used for the experiments described in sections 6.4 and 6.5. The 

coverslip with indicator loaded DRG’s was tightly sealed on an open incubation 

chamber. The chamber was then filled with about 2 mL of the standard buffer 

(containing 2 mM Ca2+). The stage of the microscope was warmed to 37 °C. The 

buffer in the chamber was continuously perfused at a rate controlled by gravity. For 

stimulation, 5 pulses (200 ms) of high K+ buffer (135 mM KC1, 5 mM NaCl) with 30 

seconds intervals, were directly puffed at the imaged cell. A glass patch pipette of 1-2
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M£2 in resistance was used to deliver puffs (at 5 psi pressure) controlled by a 

digitimer.
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RESULTS
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Chapter 4: Studies of the Interaction of Calmodulin 

With Fluorescent Labelled Target Peptides

Fluorescence spectroscopy was used to assess the interaction of CaM with 

fluorescent labelled CaM-binding target sequences. Two series of CaM-binding 

target sequences were employed in these studies. One series was based on the 

synthetic CBP target sequence and the second, was based on an 18 residue analogue 

of the CaM-binding sequence of skMLCK, WFF. The absence of a tryptophan in 

Drosophila Melanogaster CaM provides a simple method for studying CaM 

interaction with peptides containing tryptophan or a covalently attached fluorescent 

probe. As the peptide containing the probe is titrated with CaM, the fluorescence 

emission spectral characteristics of the probe change. This property has been used in 

each set of interactions to determine the dissociation constant (Kd) by either direct 

binding or competition methods. The choice of the method used for Kd determination 

is governed by peptide affinity and the intensity of the fluorescence signal itself (see 

appendix A.l). Detailed examples are given of the determination of dissociation 

constants for each series of CaM-binding peptides.
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4.1 The CBP-Cysteine Peptides

CBP is a synthetic CaM-Binding Peptide designed to form a basic amphiphilic alpha- 

helix (BAA), which is known to be a major structural requirement for CaM binding. 

This model peptide, being mainly composed of repeating units containing the 

hydrophobic leucine and positively charged lysine residues, shares little direct 

sequence homology with any natural CaM-binding peptide (Table 4.1). The logic 

behind this design is based on sequence alignment studies which have shown that, in 

CaM-binding sequences of different targets, hydrophobic and hydrophilic residues 

occupied equivalent positions (Cox et al., 1985).

Variants of this peptide, containing a single cysteine residue at different positions 

were synthesised to explore the use of fluorescent labelling in studying CaM-target 

interactions. The choice for the substituted positions was governed by the established 

importance of the selected residues in the interaction with CaM. The NMR structure 

of CaM complexed with M l3, the CaM binding sequence of skMLCK 

(KRRWKKNFIAVSAANRFKKISSSGAL) has shown the extensive involvement of 

residues 3-21 in the interaction (section 2.3.2). However, residues 1-2 (N-terminus) 

and 22-26 (C-terminus) were ill defined by the NMR data and appeared to be 

disordered in solution. Therefore, a cysteine at position zero could probably help to 

establish if there are any important interactions occurring between this extreme N- 

terminus of the peptide and CaM. Studies of successive substitution by Trp in the 

sequence of CBP have shown that position 3 is the most important anchor in its 

interaction with CaM (O’Neil et al., 1987). This position is equivalent to Trp4 in the 

M l3 (CaM-binding sequence of skMLCK). Residues Phel7 (known to be the second 

important anchoring residue in M l3), and Phe 8 (which makes a number of important 

interactions with CaM), were also chosen for cysteine substitution. A double cysteine 

CBP variant was designed with a view to labelling with different probes and hence 

the possibility of fluorescence resonance energy transfer (FRET) between the two 

probes.
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The fluorescent probe used was dansyl maleimide, a sulfhydryl-specific, 

environmentally sensitive dye that would, it was hoped, undergo changes in 

fluorescence properties upon binding of the peptide to CaM (section 3.1.5). Due to 

the absence of an intrinsic fluorophore in the sequence of CBP, the concentrations of 

stocks of all unlabelled peptides were determined by a competition experiment as 

will be described in section 4.1.1. A given peptide was labelled with the fluorescent 

probe, dansyl maleimide, and the labelled peptide was purified from any excess 

reagents before spectrocopic characterisation and further studies. In the following 

subsections, the fluorescence characteristics of the interaction of these peptides 

(particularly CBPCO) with CaM will be described, and the problems of using them as 

models for CaM-target interactions will be discussed.
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Table 4.1:

Primary sequences of FWF, FFF, WFF, CBP and cysteine containing variants of

WFF and CBP peptides. Tryptophan residues are bolded and substituted cysteine 

residues are highlighted.



PEPTIDE
„  ...

0 1 2 3 4 5 6 7 8 9

1
0

1
1

1
2

1
3

1
4

1
5

1
6

1
7

1
8

1
9

2

0

W F F K R R W K K N F I A V S A A N R F K
FWF K R R F K K N W I A V s A A N R F K
FFF K R R F K K N F I A V s A A N R F K

CBP L K L K K L L K L L K K L L K L G

CBPCO c L K L K K L L K L L K K L L K L G

CBPC3 L K C K K L L K L L K K L L K L G

CBPC8 L K L K K L L C L L K K L L K L G

CBPC17 L K L K K L L K L L K K L L K L C
CBPC3C17 L K C K K L L K L L K K L L K L C

WFFCO G c K R R W K K N F I A V S A A N R F K
WFFC8 K R R W K K N C I A V S A A N R F K
WFFC17 K R R w K K N F 1 A V S A A N R C K

WFFC19 K R R w K K N F I A V S A A N R F K C G
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4.1.1 Determination of the Concentration of Unlabelled CBP

Peptides

CBP and its cysteine variants lack an intrinsic chromophore and hence all 

concentrations were determined by displacing a tryptophan-containing peptide, FWF 

from its complex with CaM (Brown et al., 1997). FWFU is a derivative of WFF 

(Table 4.1) in which the tryptophan residue at position 4 has been exchanged with 

phenylalanine at position 8. This peptide and other derivatives of WFF were 

synthesised to investigate the effect of sequence modifications on the kinetics and 

equilibria of CaM-target interactions. The ends of FWFU are not protected which 

gives rise to a Kd of interaction of 6.2 nM. Having acetyl and amide end-protection 

on a peptide has previously been demonstrated to have a significant effect in 

increasing the affinity for the interaction with CaM, (Browne and Bayley, in 

preparation). This may be due to the removal of charged carboxyl and amino groups 

on the ends of the peptide, which are predicted (in the NMR structure for the CaM- 

M13 complex) to be in close proximity of the charged groups of CaM.

To determine the concentration of a spectroscopically silent peptide (S), via 

competition with a tryptophan containing peptide (W), the affinity of the latter for 

CaM should ideally be much lower than that of the former, so that the displacement 

of W from CaM by S is essentially stoichiometric (Kd’s are listed in Table 4.1.2). 

This method depends on the direct competition of S with W, with a 1:1 

stoichiometry, for a single binding site on CaM.

For these determinations, a solution of silent peptide was first made with its 

approximate concentration estimated by weight. Then a plastic or quartz cuvette 

containing 2 ml buffer was held in a temperature controlled holder (20 °C) of the 

Fluoromax fluorometer. The fluorescence spectrum of this buffer in the range 300- 

400 nm was recorded with excitation at 295 nm. The Raman contribution of this 

buffer was subtracted from all subsequent spectra. 26 pi of 231 pM FWFU peptide 

(final [FWFU] = 2 pM) was then added to the cuvette followed by 50 pi of CaM 60 

pM (final [CaM] = 1 pM), up to a final volume of 3ml, recording the spectrum after
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each step. Excess FWFU over CaM (2:1) was used to ensure that there was negligible 

free CaM present during the titration, which is an essential requirement in the 

subsequent analysis. Absolute CaM concentration is generally 1 pM. 5-10 p i  aliquots 

of the silent peptide solution (estimated [CBP] = 75 pM) were then added to the 

FWFu.CaM complex, scanning the fluorescence after the addition of each aliquot. 

The displacement of FWFU from the FWFu.CaM complex by the silent peptide 

caused the fluorescence to quench and shift towards the maximum wavelength and 

intensity for the free FWFU peptide. The titration was continued until no further 

change in fluorescence was observed. The data in the form of integrated fluorescence 

emission, calculated for each scan using the Fluoromax data analysis software, was 

plotted as a function of volume of S added. Three titrations were performed for each 

concentration determination and an average was calculated.

Figure 4.1.1 shows a titration of the FWFu.CaM complex with C B P C O  used to 

determine the true concentration of C B P C O . At the end point of the titration, all of 

FWFU has been displaced from FWFu.CaM by C B P C O . At this point [C B P C O J tru e  =  

[CaM]boUnd since there is 1:1 stoichiometry for the interaction. In this particular 

example, the end point is at 60 pi. The estimated [ C B P C O ]  is 1.47 pM (60 x 

75/3060) and the concentration of CaM is 0.98 pM (50x60/3060). Therefore:

[C B P C O ]estim ated /[C aM ]bou nd  = 1.47/0.98 = 1.5 

Substitution gives: [ C B P C 0 ] estim ated /[C B P C 0]true =1.5

Therefore the true concentration of C B P C O  is 50 p M .
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Figure 4.1.1:

Determination of the true concentration of the silent CBPCO. The FWFu.CaM 

complex (at a ratio of 2:1) was titrated with aliquots of CBPCO and the fluorescence 

at 331 nm was plotted as a function of volume of [CBPCO] added with excitation at 

290 nm (see section 4.1.1 for full details). The excitation and the emission 

monochromator slits were set at 0.4 and 1 mm respectively, corresponding to spectral 

bandpasses of 1.51 and 3.76 nm, respectively. Data shown is an average of four 

independent titrations (S.D. ± 5 %).
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4.1.2 Affinities of the Unlabelled CBP Peptides

The competition experiment used to determine unlabelled CBP peptide affinities for 

CaM follows a similar principle to the concentration determination described in 

section 4.1.1. The unlabelled silent peptide displaced another peptide, WFFP, from its 

WFFp.CaM complex. The WFFP peptide used here was end-protected, and its Kd has 

been estimated to be 5 pM (S. Martin, unpublished data).

To determine the IQ of a spectroscopically-silent peptide by competition with a 

tryptophan containing peptide, the affinity of the latter for CaM should ideally be in a 

range similar to that of the former. For these competition experiments, aliquots of a 

solution of the unlabelled CBP peptide were added to a solution containing the 

WFFp.CaM complex ([WFFp]/[CaM] = 1.5) and the fluorescence emission spectrum 

was recorded after each addition. A 5 minutes re-equilibration time was allowed for 

the competition and slow dissociation of the WFFp.CaM complex. Figure 4.1.2.a 

shows the displacement of WFFP from CaM.WFFp by CBPCO. The data were 

analysed using the EQFIT6 program which is a non-linear least square fit (Dr. S. 

Martin, NIMR). A basic assumption in the analysis is the 1:1 stoichiometry of 

complex formation of CaM with both peptides. The EQFTT6 program evaluates R, 

where R= Kd(S)/IQ(W), by a %2 minimization procedure (see appendix A. 1.2 for 

details). Figure 4.1.2.b shows the variation of %2 as a function of R for the 

determination of IQ for CBPCO. The averaged IQ values for all unlabelled CBP- 

cysteine peptides from three independent competition experiments carried out under 

identical conditions are shown in Table 4.1.2.

Unlabelled CBP-cysteine derivatives have dissociation constants in the low pM 

range, comparable to the native CBP. This shows that a cysteine substitution at 

positions 0, 3, 8 and 17 of the peptide has no significant effect on the affinity of these 

CBP peptides for CaM. The reason for this could be that the high affinity of this 

peptide is due to its extreme helical and positively charged design which is 

unaffected by replacing one (or two) residues by a cysteine.
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There is some evidence in the literature for 2:1 binding of certain peptides to CaM. 

For example fluorescence spectroscopy studies have recently shown that a 26-residue 

peptide from PGD (petunia glutamate decarboxylase) binds CaM with a 2:1 

stoichiometry (Yuan and Vogel, 1998). It has also been observed (Dr. S. Martin, 

NIMR), that the native CBP peptide binds to CaM in a 2:1 stoichiometry, with one 

site (site A) on CaM having a much higher affinity (Kd ~ pM) than the second (site B, 

Kd ~ pM). This evidence for 2:1 stoichiometry is mainly from the results obtained by 

titrating a fluorescent labelled CaM-cysteine mutant (at position 111) with the CBP 

peptide (S. Martin, unpublished data). It is likely that the CBP-cysteine peptides also 

bind with 2:1 stoichiometry since the affinities listed in Table 4.1.2 seem to be 

similar to those of the native peptide for site A of CaM (Kd« pM). If there also exists 

a low affinity site B, then the affinity of this site may also be in the pM range, similar 

to the interaction of CaM with the native CBP. In the peptide competition 

experiments described above, a second CBP peptide (Kd ~ pM) would not be 

competing with WFFP (Kd = 5 pM) and hence the data are analysed on the basis of a 

1:1 competition with WFFP.
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Figure 4.1.2:

(A) Determination of the Kd for the unlabelled CBPCO peptide by competition.

WFFp was displaced by CBPCO from the WFFp.CaM complex (in a 2:1 ratio) in a 

titration experiment. The fluorescence at 331 nm was plotted as a function of 

[CBP]/[WFFp]. The graph illustrates the experimental data (symbols) with the non

linear least squares fit to the competition data (solid line) with a value for R of 2.2 ± 

0.4 obtained by %2 minimisation (see appendices A. 1.1 and A. 1.2). Three 

independent competition experiments were performed with an average value for R of 

1.6 ± 0.6. The Kd of CBPCO was calculated from R (R= Kd(S)/Kd(W)) and the Kd of 

WFFP (= 5 pM) to be 8 ± 3 nM.

(B) Determination of the dissociation constant for the interaction of the 

unlabelled CBPCO with CaM using a %2 minimisation procedure. The Kd for the

unlabelled CBPCO was determined in a competition experiment with the Trp 

containing peptide WFFP (Kd = 5 pM). The data were fitted using the program 

EQFIT6 (Dr. S. Martin), which evaluates R (= Kd(S)/Kd(W)), by a %2 minimisation 

procedure (see appendix A. 1.2 for details).
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Table 4.1.2:

Dissociation constants for the interaction of CaM with the unlabelled and 

labelled CBP-cysteine variants. All measurements were carried out in 25 mM Tris, 

100 mM KC1, 1 mM CaCU, pH 7.5 and at 20 °C. Standard deviations were calculated 

from three independent titrations. Kd s for the interactions of the unlabelled peptides 

with CaM were measured by competition with the WFFP peptide. The Kd for the 

CBPCODM peptide was determined via direct titration with CaM (4.1.3).

a/ Value from Dr. S Martin.

b/ S. R. Martin, W. A. Findlay, and P. M. Bayley, manuscript in preparation, 

c/ Value from Dr. S Martin determined by direct fluorescence titration with dansyl 

labelled CaM-cysteine 111 (section 4.1.2).



Peptide Kd unlabelled

(pM)

Kd labelled

(nM)

WFFp 5 a NA

F W F U 6 200b NA

CBP A -  1 c B = 106c NA

CBPCO 8.3 ± 3 A «  2 B ~  200 -  1000

CBPC3 10± 2.5 ND

CBPC8 6 ±1 .9 ND

CBPC17 7.8 ± 1 ND

CBPC3C17 15 ± 5 ND
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4.1.3 The Interaction of the Labelled CBP Peptides with

CaM

Cysteine variants of CBP were labelled with 5-dimethylamino-N-(2- 

maleimidoethyl)naphthalene-l-sulfonamide, dansyl maleimide (DM), an 

environmentally sensitive fluorescent probe. The concentration of the labelled 

peptide solution was determined using the molar extinction coefficients for DM (see 

section 3.1.5). To characterise the fluorescence spectroscopic properties of the 

interaction, 5-10 pi aliquots of 30 pM CaM were added to 2 ml of a solution 

containing 1 pM labelled peptide in a cuvette. The fluorescence emission spectra 

were recorded after each addition, in the range 400- 600 nm with excitation at 330 

nm, until there were no further observed changes in the fluorescence properties of 

DM.

Figure 4.1.3 shows the fluorescence spectroscopic changes of DM in CBPC0DM, 

when titrated with CaM. The free labelled peptide has an emission maximum of 536 

nm, which shifts to a maximum of 489 nm upon complex formation. There is also an 

approximately 7.3 fold increase in the total integrated fluorescence from the free to 

the bound state. These changes in the fluorescence properties of DM indicate that the 

fluorophore has moved from a polar environment (i.e. the aqueous solution in the 

case of the free CBPC0DM), to a less polar environment (e.g. the hydrophobic 

binding pocket of CaM in the complex). Inspection of Figure 4.1.3 shows that the 

spectrum of the free labelled peptide crosses the spectra resulting from the first few 

additions of CaM. However this crossover point moves further to a higher 

wavelength after each addition and there is no true iso-emissive point. This may be 

suggestive that the interaction of the labelled CBPC0DM with CaM does not occur 

with 1:1 stoichiometry. However, it is difficult to analyse the stoichiometry in detail 

in an experiment in which the peptide is being titrated with CaM. The question of 

stoichiometry was therefore investigated in further detail by reversing the order of the 

titration i.e. CaM with CBPC0DM.
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Figure 4.1.3:

Fluorescence spectroscopic changes of dansyl maleimide in CBPCODM (1 pM 

concentration) upon titration with CaM. The excitation wavelength was at 330 nm

and the emission spectrum was recorded in the range 400-650 nm. The excitation and 

the emission monochromator slits were set at 0.4 and 1 mm respectively, 

corresponding to spectral bandpasses of 1.51 and 3.76 nm respectively. The 

contribution of a Raman signal has been subtracted from each spectrum.
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4.1.4 The 2:1 Binding Ratio of the Labelled CBPCO to CaM

Figure 4.1.4 shows a titration of CaM with CBPCODM. The figure demonstrates the 

possible existence of more than one binding site in CaM, with different affinities for 

the peptide. The major spectroscopic change appears to be associated with binding to

site A (the higher affinity site), at 1:1 stoichiometry. There is also some spectroscopic

change associated with binding to site B (the lower affinity site) at an apparent 2:1 

stoichiometry although saturation of this site is probably incomplete under the 

experimental conditions.

For a reaction of CaM  + P <=> CaM.P, the Kd can be calculated from the ratio of:

Kd = [CaM]free x [P]free / [CaM.P]

where [CaM]free and [P]free are the free concentrations of CaM and the labelled 

peptide, respectively and [CaM.P] is the concentration of the complex. Assuming 

that the signal is greater than 95 % saturated at 1:1 stoichiometry, for site A, the Kd 

can be estimated to be < 2 nM as follows:

[CaM]free < 5/100 x 1 < 0.05 jliM  

[P]free < 5/100 X  1 < 0.05 |lM 

[CaM.P] > 95/100 x 1 > 0.95 jliM

Therefore,

Kd < 0.05 x 0.05/0.95 < 2 nM

A more precise calculation of this Kd is difficult due to ambiguities arising from the 

end point. Assuming that there is at least one other site, then the Kd of this interaction 

can be estimated to be - 0 . 2 - 1  jiM from the titration.
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Figure 4.1.4:

The titration of CaM with the CBPCODM peptide. CaM at I jllM  concentration 

was titrated with 5 jiL  aliquots of a 24 )iM solution of CBPCODM. Integrated 

fluorescence was recorded in the region 400 - 650 nm for each curve. A represents 

additions of CBPCODM to the cuvette in the absence of CaM. B represents additions 

of CBPCODM to the cuvette in the presence of 1 jiM CaM. C corresponds to the 

difference profile (B - A).
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It is clear to see that working with these peptides can be problematic, involving 

complicated data analysis. The data analysis procedure would probably have to 

assume that the binding of the second molecule of peptide does not affect the 

spectroscopic properties of the first peptide.CaM complex. However this assumption 

may not hold depending on the position of the probe.

This experiment also illustrates a particular problem of working with very dilute 

solutions of positively charged peptides. It was found that these CBP peptides adhere 

to the walls of glass cuvettes and plastic pipettes used for mixing, hence reliable 

estimates of concentration and affinity are difficult to obtain reproducibly. Despite 

the complications described above, the values in Table 4.1.2 show that although the 

affinity of CBPCO is reduced by labelling, the interaction with CaM is still of high 

affinity with a dissociation constant in the nM range. However, the main interest of 

this project was the skMLCK target peptides as detailed in the next sections.
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4.2 The WFF-Cysteine Peptides

Labelling studies with the CBP peptides confirmed the environmental sensitivity of 

the probe (DM) to the formation of CaM-peptide complexes. They also helped to 

establish experimental procedures. However the unexpected binding of a second 

molecule of peptide to CaM introduced complexities in data analysis. It was therefore 

decided to proceed with the WFF-cysteine peptide variants. WFF corresponds to 

residues 577 to 594 of rabbit skMLCK and it contains the 3 important aromatic 

residues Trp4, Phe8, and Phel7 (hence the name WFF). There has been extensive 

work in this laboratory (NIMR), using optical spectroscopy techniques, on the 

characterisation of the interaction of this peptide with CaM (Findlay et al., 1995a, 

1995b) and its N and C terminal tryptic fragments (Barth et al., 1998a). It is known 

that this peptide interacts with CaM with 1:1 stoichiometry.

WFF cysteine variants were designed to continue the exploration of the use of 

fluorescent labelling in studying CaM-target interactions (Table 4.1). The choice of 

the positions for cysteine substitution (0, 8, 17 and 19) was, as for CBP peptides, 

based on the knowledge of the interaction. Figure 4.2 shows a schematic presentation 

derived from the NMR structure of the CaM.M13 complex. The positions of cysteine 

substitutions have been highlighted. Since Trp4 is an important element in 

maintaining a high affinity interaction with CaM, this residue was not replaced. 

Lysl9 was an additional substituted choice, since like other residues at the extreme 

N-terminus of M l 3, the extent of involvement of this residue in complex formation 

is not known. The NMR structure (Ikura et al., 1992) predicts a possible electrostatic 

interaction of Lysl9 with Glu83 of CaM, however, no NOE’s have been identified 

between these pairs of residues.
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Figure 4.2:

The average solution structure of CaM with a 19 residue peptide derived from 

the NMR coordinates of the CaM.M13 structure by Ikura et a l 1992. The

structure was generated from the PDB file, 2BBM, by the molecular graphics 

program Insight H  Blue ribbon represents CaM and the calcium ions are shown by 

four green balls. The peptide is represented by a red ribbon and positions of the 

cysteine substitutions by yellow.
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4.2.1 Interaction of the Native WFF Peptide with CaM

The NMR structure of CaM.M13 complex has revealed that the N-terminal residues 

of the M 13 peptide interact mainly with the C-domain of CaM, and vice versa (Ikura 

et al., 1992). It has also been observed that the two domains of the protein move 

closer together to engulf the target and form a more compact structure. The Trp-4 and 

Phe-17 residues of the peptide serve to anchor the N- and C-terminal halves of the 

peptide to the C- and N-terminal hydrophobic patches of CaM, respectively.

The anchoring function of Trp4 in the target peptide can be directly observed by 

fluorescence spectroscopy. Figure 4.2.1 shows the fluorescence spectral changes 

obtained when the native WFFP peptide was titrated with CaM. The fluorescence 

emission of Trp (with excitation at 290 nm) is at 356 nm for the free peptide, but this 

shifts to 331 nm when it is bound to Ca^CaM. There is also an increase in the 

intensity by a factor of 2.8 measured at the maximum wavelength of the complex 

(331 nm). These changes are associated with Trp4 moving from a polar (water) into a 

non-polar (interior of CaM) environment (Findlay et al., 1995a). It was hoped that by 

introducing a fluorescent reporter with a greater sensitivity to its immediate 

environment than Trp, at different positions of WFF, more structural information 

regarding the interaction could be derived. It is also desirable to introduce fluorescent 

reporter groups with more photostability, brightness and excitation wavelengths 

further in the visible range of spectrum.
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Figure 4.2.1:

Fluorescence changes associated with the interaction of WFFP with CaM. Curves 

corresponding to the free and the bound peptide states are shown. The excitation 

wavelength was at 290 nm and the emission was recorded in the region 300-400 nm. 

Free peptide has a maximum ^emis at 356 nm for the free peptide and it shifts to 

331nm when it is bound to Ca4 .CaM.
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4.2.2 Determination of the Unlabelled WFF-Cysteine

Peptide Affinities

Unlike the unlabelled CBP peptides, the concentration of the unlabelled WFF 

peptides stock solutions can be directly determined by measuring their optical density 

at 280 nm (section 3.1.4). The stoichiometry of the interaction with CaM was 

determined by titrating an unlabelled peptide with aliquots of CaM. The emission 

spectrum was recorded after each addition, in the range 300-400 nm, with excitation 

at 290 nm. The general concentration of the unlabelled peptide used was 1 pM. This 

concentration was required for an adequate Trp signal and a good signal-to-noise 

ratio. The results showed that all unlabelled WFF-cysteine peptides interact with 

CaM with 1:1 stoichiometry similar to the native WFF (data not shown).

The dissociation constant for the interaction of the native WFFU with CaM (IQ ~ 0.2 

nM) has been determined by a direct binding method (Findlay et al., 1995b). For a 

direct determination, the concentration of the peptide ideally needs to be relatively 

close to its Kj. The WFFU concentration used by Findlay et al. was 200 nM, which is 

at the limits of signal detection. Therefore, for a more accurate determination of the 

Kd’s for interaction of CaM with the unlabelled WFF peptides, the competition 

method was employed. This followed an identical principal to the experiments 

described in sections 4.1.1 and 4.1.2. However, in these studies, the silent peptide 

(with a known IQ) replaces the Trp containing WFF (whose Kd is unknown) from its 

complex with CaM.

Table 4.2.2 lists the dissociation constants of the unlabelled, the displaced silent and 

the labelled peptides. For all unlabelled WFF-cysteine peptides, which were not end- 

protected, the dissociation constants were in the pM range. In the case of WFFC0, the 

sequence GlyCys was added to the N-terminus of the peptide, leading to ~ 10 fold 

higher affinity (Kd = 16 ± 5 pM) compared to the native WFFU (IQ < 200 pM). This 

could possibly be due to the removal of the charged amino group, from the 

immediate environment of the first interacting residues of the N-terminus of the 

peptide, leading to a more favourable electrostatic interaction. In the case of WFFC8,
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the substitution Phe8—»Cys, led to a 3-fold increase in the affinity. This was not 

expected since Phe8 has also been shown to make a number of important interactions 

with residues in the C-domain of CaM. For WFFC17, the Phel7—>Cys substitution 

resulted in a 2.5-fold reduction in the affinity attributable to the importance of this 

residue as a hydrophobic anchor. Similarly, the Lys—»Cys substitution in WFFC19 

leads to a 4-fold reduction in the affinity. Positively charged Lys 19 is thought to 

interact with negatively charged Glu83 of CaM, stabilising the interaction.

Alterations in the affinities of the cysteine variants of WFF for CaM, compared to the 

native WFFU, are undesirable. However, the complexes formed are still of high 

affinity binding, with IQ’s in the range pM to low nM, and hence comparable to the 

affinity of the target enzyme for CaM (IQ ~ nM) (Blumenthal and Krebs, 1987).
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Table 4.2.2:

Dissociation constants for the interaction of CaM with the unlabelled and 

labelled WFF-cysteine variants. All measurements were carried out in 25 mM Tris, 

100 mM KC1, 1 mM CaCl2, pH 7.5 and at 20 °C. Standard deviations were calculated 

from three independent titrations. Kd s for the interactions of the labelled WFF 

peptides with CaM were measured by the direct titration method (appendix A. 1.1).

*/ S. R. Martin, W. A. Findlay, and P. M. Bayley, manuscript in preparation.

a/ Findlay et al., 1995a.

b/ Value obtained by competition with CBP.

c/ Value obtained by competition with FFFP.

d/ Value obtained by competition with FFFU.

e/ Blumenthal and Krebs, 1987.



PEPTIDE Kd
Unlabelled

peptide
(PM)

K d
Labelled
peptide

(nM)

Ratio: 
K d 

Labelled / 
Kd unlab.

WFFp 5* - -

WFFU -  200a - -

FFFP

*O

- -

FFFU 1000* - -

WFFCO 16 ± 5 b 18 ± 7 1125

WFFC8 60 ± 15c 150 ±28 2500

WFFC17 500± 120d 20 ± 7 40

WFFC19 800± 300d 22 ± 13 27

sk-MLCK ~ 1000e - -
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4.2.3 Interaction of the Labelled WFF-Cysteine Peptides

with CaM

The WFF-cysteine variants were labelled by incubation with dansyl maleimide 

and subsequently purified from all excess reagents and unlabelled species. The 

concentration of each labelled peptide solution was determined by measuring the 

optical density, for both dansyl and Trp, at 330 nm and 280 nm respectively. To 

characterise the interaction with CaM, labelled peptides at concentrations in the range 

0.5-1 jiM were titrated with aliquots of Ca^CaM. The emission spectra were recorded 

in the 400 to 650 nm region of the spectrum with excitation at 330 nm. In each case 

there was a fluorescence enhancement and a wavelength shift from the free to the 

bound state.

Figure 4.2.3 shows the emission spectral changes of DM when WFFC17DM was 

titrated with Ca4CaM. The maximum wavelength of emission shifts from 550 nm, in 

the free peptide, to 488 nm in the complex. There is also a 36-fold increase in the 

intensity at the maximum wavelength of the complex. With DM at position 17 in the 

C-terminus of WFF, it is hoped that the interaction would be with the N-domain of 

CaM, the same as Phel7 in the native WFF. Therefore these changes would represent 

the great sensitivity of the probe in WFFC17DM to conformational changes in the N- 

domain of CaM.

Table 4.2.3 shows the wavelength shift and the intensity enhancement for each 

labelled peptide upon complex formation with CaM. All free labelled peptides 

exhibit an emission maximum at 550 nm, however, the emission maximum 

wavelength of the bound state is different for each CaM-peptide complex. The 

enhancement in fluorescence intensity is also different for each interaction. For 

WFFC0DM, there are significant changes in the fluorescence properties of the probe 

upon complex formation. This result is intriguing since in the NMR structure of 

CaM.M13 complex, residues 1-2 of M l3, were ill defined and appeared to be 

disordered in solution. No NOE’s were identified from residues 1-5 (N-domain) and 

residues 147-148 (C-domain) of CaM. Therefore it is possible that the residues at this
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extreme N-terminus of the peptide are involved in some secondary interactions with 

CaM which may be important in enzyme activation and function.

In the case of WFFC19DM, the shift in the wavelength is small, from 550 to 526 nm, 

accompanied by only a 2.4 fold enhancement in fluorescence intensity. This shows 

that DM in position 19 of the peptide is still considerably exposed to a polar 

environment and possibly external to the hydrophobic cavity of CaM. These results 

are in good agreement with the NMR data, which predicts only a single electrostatic 

interaction between Lys 19 of M l3 and Glu83 of CaM.
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Figure 4.2.3:

Fluorescence emission spectral changes of WFFC17DM upon titration with 

Ca4CaM. The excitation wavelength was at 330 nm and the emission spectrum was 

recorded in the range 400-650 nm. The excitation and the emission monochromator 

slits were set at 0.4 and 1 mm respectively, corresponding to spectral bandpasses of 

1.51 and 3.76 nm respectively. The contribution of a Raman signal has been 

subtracted from each spectrum. The maximum wavelength of emission shifts from 

550nm, for the free WFFC17DM peptide, to 488 nm for the WFFC17DM.CaM 

complex. There is also a 36-fold increase in the intensity at the maximum wavelength 

of the complex at 488 nm.
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Table 4.2.3:

Fluorescence emission spectral changes for each labelled WFF-cysteine peptide 

upon complex formation with CaM. X Fmax is the wavelength corresponding to the 

maximum fluorescence emission intensity reported for both the free and the bound 

peptide states. The ratio (Fmax bound/F free) was calculated using fluorescence emission 

intensities corresponding to the free and the bound peptide states at the maximum 

wavelength for the bound peptide i.e. at X Fmax bound-



PEPTIDE ^ Fmax 
free peptide 

(nm)

^ Fmax 
bound peptide 

(nm)

Ratio:
Fjihx bound/

F free «it
^ Fmax bound

WFF 356 332 2.8

WFFCO 550 489 24

WFFC8 550 511 8

WFFC17 550 488 36

WFFC19 550 526 2.6

124



4.2.4 Determination of the Labelled WFF-Cysteine Peptide

Affinities

The dissociation constants for the interaction between the labelled WFF peptides and 

CaM were obtained by a direct titration method. The labelled peptide was titrated 

with aliquots of CaM and the integrated emission in the range 400-650 nm 

(excitation 330 nm) was recorded after each addition. For an accurate determination 

of the Kd the concentration of peptide used ideally needs to be relatively close to its 

Kd. However, this is unknown. Therefore, the optimal working concentration is 

estimated in preliminary experiments, and then raised or lowered depending on the 

degree of protein saturation noted from the experimental data (for details see 

appendix A. 1.1). As a general rule a 1 pM peptide concentration was chosen initially. 

Since the interaction of the labelled peptide with CaM resulted in an enhancement of 

the fluorescence intensity, this allowed working concentrations as low as 50 nM if 

necessary.

Figure 4.2.4 shows the titration of a 2 ml solution containing 0 . 5 | liM  WFFC17DM 

with 5 (ill aliquots of 15 |iM CaM. The integrated fluorescence emission values were 

analysed by a data analysis program, EQFIT4A. The program (S. Martin, NIMR) is a 

non-linear least squares fit to a single dissociation constant. In this case the minimum 

%2 was at Kd = 20 ± 7 nM.

Table 4.2.2 (columns 3 and 4) shows the calculated affinities of all labelled WFF- 

cysteine peptides and the ratios of the Kd's of labelled to Kd's of unlabelled peptides. 

In general labelling affects the affinity of the peptide for CaM to various degrees 

depending on the position of the probe. However, it appears that labelling in the N- 

terminus of the peptide affects the affinity to a greater extent than labelling in the C- 

terminus of the peptide. Two reasons may explain this position-dependence effect of 

labelling on the affinity of the peptide for CaM. First it has been observed that 

interaction of the N-terminal region of the peptide with the C-domain of CaM 

appears to be an important initial step in the target recognition process (Findlay et al., 

1995a, Persechini et al., 1994). Barth et al. (1998a) showed that the C-domain of
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CaM has a higher affinity for the N-terminal region of WFF than the N-domain for 

the C-terminus of the peptide. Therefore introducing a fluorescent probe in the N- 

terminus of the peptide may interfere with the interaction of Trp4 with the C-domain 

of CaM leading to a reduction in affinity. Second, it may also sterically hinder the 

electrostatic interactions between the basic residues surrounding Trp4 to the negative 

Glu cluster (Glu82-Glu84) in the C-domain of CaM. These electrostatic interactions 

have been suggested to be important in target recognition (Afshar et al., 1994).

On the other hand, energy minimisation studies on the interaction between CaM and 

a Trp4—>Phe/ Phel7-»Trp analogue (FFW) have suggested that, only minor local 

structural adjustments in the side chains of the peptide and CaM are required to 

accommodate the bulkier Trp side chain (Findlay et al., 1995a). This may also apply 

to substitution of Phel7 by a bulky DM and hence a smaller effect on the affinity of 

the interaction. Overall, although affected, the dissociation constants of the labelled 

peptides are still in the nM range and hence the affinities are sufficiently high for 

tight binding complexes to form.
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Figure 4.2.4:

Determination of dissociation constant by direct titration of WFFC17DM with 

CaM. 0.5 jliM  WFFC17DM was titrated with 5 p i  aliquots of 15 p M  CaM (in a final 

volume of 2 ml). The integrated fluorescence emission values were plotted as a 

function of [CaM]/[WFFC17DM] and the data were analysed by an EQFTT4 data 

analysis program (Dr. S. Martin). The program is a non-linear least squares fit to a 

single dissociation constant (appendix A.2). In this case the minimum %2 was at Kd = 

20 ± 7 nM.
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4.2.5 Near UV CD of the Complexes of Labelled WFF-

Cysteine Peptides with CaM

Near UV circular dichroism (CD) was used to obtain information about the steric 

environment of the Trp side chain and the DM in each of the protein:peptide 

complexes. Figures 4.2.5.a-e show the near UV CD spectra for CaM alone and in 

complex with the native and each of the labelled WFF peptides. The difference 

spectrum, CaM-peptide complex minus CaM, was calculated to enable close 

examination of the contribution of Trp4 to the resulting CD signal for each complex. 

The spectrum of holoCaM shows prominent bands at 262 and 268 nm, which derive 

from the nine Phe residues. The signal at longer wavelengths (> 275 nm) derives 

from the single Tyrl38 in the C-terminal domain of CaM.

The spectrum for the complex of CaM with the native WFF is shown in Figure 

4.2.5.a for comparison. The free native WFF shows negligible CD in this wavelength 

range which indicates that it is unstructured in solution (data not shown). The 

spectrum of the CaM.WFF complex shows major contribution from Trp4 residue of 

the peptide to the CD signal. These are two sharp bands (from the fine structure of Lb 

transitions), one at 289-294 nm and the second some 7 nm away at 282 nm. Bands 

also occur corresponding to La transitions, at shorter wavelengths (265-275 nm) and 

show little fine structure. Based on the solution structure of CaM.M13 complex, 

these changes indicate that the Trp side chain of the bound WFF peptide is strongly 

immobilised in an asymmetric environment (Findlay et al., 1995c; Barth et al., 

1998b).

Due to large contributions from DM (at 330 and 250 nm) especially in the case of 

WFFCODM and WFFC17DM, the difference spectra for each CaM.peptide complex 

allows a better examination of the Trp contribution. This will in turn reveal whether 

Trp4 is binding in the same manner and environment as the native WFF. The 

difference spectrum for each labelled peptide.CaM complex reveals the characteristic 

!Lb bands corresponding to the bound Trp of WFF, however, it is difficult to analyse 

the contributions of the 'La transitions due to strong overlap (with the exception of
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WFFC19DM where the !La transitions are clearly observed (Figure 4.2.5.e). 

Therefore based on the resemblance of !Lb signals of these labelled peptides to the 

native WFF, it is reasonable to assume that Trp4 is binding in the same asymmetric 

environment and orientation as the native WFF.

The CD spectra of complexes of CaM with WFFCODM and WFFC17DM show 

strong signals at 330 and 250 nm with A£m33o values of 0.97 M ’cm"1 and -0.95 M ’cm'1, 

respectively (Figures 4.2.5.b and 4.2.5.d). The CD intensity at 330 nm was strongly 

positive for the complex of CaM with WFFCODM and strongly negative for that with 

WFFC17DM, which indicates the different environments experienced by DM at 

these peptide positions. These large CD signals are diagnostic of the immobilisation 

of DM in an asymmetric environment (i.e. the hydrophobic core of CaM) and 

consistent with the large fluorescence wavelength shifts and emission intensity 

enhancements listed in Table 4.2.3. It is therefore reasonable to postulate that in 

WFFCODM, DM is interacting with the hydrophobic interior of the C-domain of 

CaM and, in WFFC17DM, it is interacting with the N-domain.

For the WFFC8DM.CaM complex the negative signal is less intense at 330 nm 

(AsM33o = -0.13 ivr'cm'1) and it is almost zero for WFFC19DM (A8 m330 = 0.06 M 'W ) 

(Figures 4 .2 .5 .C  and 4 . 2 .5.e). For WFFC8DM, there is some immobilisation of DM in 

an asymmetric environment, consistent with the 8-fold fluorescence intensity 

enhancement (Table 4.2.3). In the case of WFFC19DM, results indicate negligible 

interaction of DM at position 19 with the hydrophobic interior of CaM. This is again 

consistent with the small wavelength shift and intensity enhancement in the 

fluorescence experiments.
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Figure 4.2.5:

Near-UV CD spectra for the native and the labelled WFF peptides bound to 

CaM. The same colour coding is used for figures a-e: red for near-UV CD spectra of 

the bound peptides, blue for holoCaM and black for the difference spectra calculated 

as bound - holoCaM. (a) Native WFF peptide, (b) WFFCODM, (c) WFFC8DM (a, b 

and c are shown on page 130a), (d) WFFC17DM, and (e) WFFC19DM (c and d are 

shown on page 130b). Near-UV CD spectra were recorded in fused silica cuvettes 

using a Jasco J-600 spectropolarimeter in 25 mM Tris, 100 mM KC1, 1 mM CaCh 

and at pH 8 and 25 °C. For each labelled peptide/protein complex (60 pM of each), 

eight scans were averaged and baselines were. CD spectra are presented as the molar 

CD extinction coefficients AeM.
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4.2.6 Titration of ApoCaM with Calcium in Presence of the 

Labelled WFF-Cysteine Peptides

For these experiments, apoCaM was added to the labelled peptide in Ca2+-free buffer 

in a cuvette and the emission spectrum was recorded in the range 400-650 nm (with 

excitation at 330 nm). The final concentration for both apoCaM and labelled peptide 

was 25 pM to give a 1:1 stoichiometry. This complex was then titrated with 5-10 pi 

aliquots of a 500 pM stock solution of Ca2+ and the emission spectrum was recorded 

after each addition.

In the case of all labelled peptides, a shift in the wavelength and an enhancement in 

intensity were observed, when apoCaM was added to the labelled peptide in the 

absence of calcium ions (Table 4.2.6). This could be for two reasons: 1) there is a 

non-specific interaction of CaM with the DM probe itself, which produces 

fluorescence spectral changes, or 2) there is a low affinity interaction between CaM 

and the labelled peptide in the absence of Ca2+. The former was investigated by a 

control experiment in which apo CaM itself was added to a solution of DM and in 

this case no significant fluorescence change was detected (data not shown). Hence 

the spectral changes observed may indeed be due to the existence of a weak 

interaction, as has been observed between apoCaM and the native WFF, with a 

dissociation constant of ~ 60 pM for the unprotected peptide and ~ 35 pM for the 

protected peptide (S. Martin, unpublished results).

Upon addition of aliquots of Ca2+ to this labelled peptide-apoCaM complex, there are 

further spectral changes. Figure 4.2.6 shows the normalised fluorescence changes 

obtained when apoCaM was titrated with Ca in the presence of each labelled peptide 

as a function of the [Ca2+] /[CaM] ratio [= R]. In the presence of WFFCODM (A), 

there was no further fluorescence change after the addition of 2 Ca2+/CaM. This is 

consistent with similar results obtained when the same experiment was carried out 

using the native WFF peptide, monitoring Trp fluorescence changes (Martin et al., 

1996). It was observed that the change in Trp fluorescence was 75-80 % complete at 

R = 2. This strongly suggests that the interaction of DM at position 0 (N-terminus of
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WFF) is with the C-domain of CaM, consistent with the CD results in section 4.2.5. 

It is also suggestive of the formation of a stable Ca2CaM.peptide complex where only 

the Ca2+-saturated C-domain of CaM is interacting with the N-terminus of the 

peptide.

With the fluorescent probe positioned at the C-terminus of the peptide in 

WFFC17DM (D), the expected interaction is with the N-domain of CaM. At R = 2, 

only 20 % of the total fluorescence change is observed, and the remaining 80 % is 

obtained upon addition of the third and the fourth calcium ions. This result also 

provides further evidence that at R = 2, a stable intermediate species i.e., 

Ca2CaM.peptide may exist, where Ca2+-saturated C-domain is bound to the N- 

terminus of the peptide and the N-domain is unbound. These observations support 

the hypothesis by Bayley et al. (1996) for a general mechanism for CaM recognition 

and regulation of target enzymes involving an inactive Ca2-CaM-enzyme 

intermediate state (section 2.3.3). A differential function for the two domains of CaM 

has been suggested by these authors: the C-domain may function as a recognition 

element whereas the N-domain may function as a regulator of activation. The main 

feature of this mechanism is that the intermediate Ca2CaM-target species would act 

to uncouple the initial step of target binding from subsequent enzyme activation 

(refer to section 2.3.3).

A similar pattern is also exhibited by WFFC19DM (C), however, there is only a 1.8 

fold increase in the fluorescence intensity upon titration of apoCaM in the presence 

of this peptide. As shown by fluorescence spectroscopy and near UV CD (in sections 

4.2.3 and 4.2.5) in this position, DM has very little interaction with CaM and hence it 

is not very sensitive to the conformational changes in response to additions of Ca2+.

In the case of WFFC8DM (B), there was a uniform increase in the fluorescence 

intensity in response to additions of Ca2+, up to R = 4. UV CD results showed a small 

positive CD signal at 330 nm, indicating some immobilisation in an asymmetric 

environment. There were also significant fluorescence emission changes associated 

with the titration of this labelled peptide with CaM (Table 4.2.3). It is possible that, 

in this position, DM interacts with both domains of CaM or the central flexible
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region hence consistently reporting conformational changes occurring in these 

regions in response to additions of Ca2+.
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Table 4.2.6:

Fluorescence emission spectral changes for Ca2+ titration of apoCaM in 

presence of the labelled WFF-cysteine peptides. The middle column shows the 

fluorescence emission wavelength shifts and intensity enhancements in parenthesis 

upon addition of apoCaM to each labelled WFF-cysteine peptide. The third column 

shows the corresponding spectral changes when the apoCaM.labelled WFF peptide
o  i

complexes (at 1:1 stoichiometry) were titrated with Ca .



PEPTIDE

+ ApoCaM 

(X shift, nm), 

(enhancement in Fmax)

+ Ca

(X shift, nm), 

(enhancement in Fmax)

WFFCODM 550 -> 508,(9) 508 489, (2.6)

WFFC8DM 550 -> 523, (3.8) 523 —> 511, (2)

WFFC17DM 550 —> 511, (10.3) 511 —> 488, (3.5)

WFFC19DM 550 —» 534, (1.4) 534 —» 526, (1.8)
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Figure 4.2.6:

Fractional changes in integrated fluorescence as a function of R ( = 

[Ca2+]/[CaM]) for Ca2+ titration of apoCaM in the presence of each labelled 

WFF-cysteine peptide. (A) WFFCODM, (B) WFFC8DM, (C) WFFC19DM, (D) 

WFFC17DM. Three independent titrations were done for each labelled peptide and 

the data were averaged. For comparison of data for all labelled peptides the 

fluorescence data were normalised to 1. There is a 2-5% error on the data for curves 

A, B, and D, and a 10% error on the data for curve C.
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4.3 Conclusions
From this work it is evident that site specific fluorescent labelling is an invaluable 

technique in studying the interaction of target peptides with CaM. Spectroscopic 

features of the interaction have revealed important structural and mechanistic 

features, specifically:

(1) Labelling reduces the affinity of both the CBP and WFF peptides for CaM by a 

1000-fold or more. However, the interactions of the labelled peptides with CaM are 

still of high affinity with IQ’s in the nM range.

(2) The CBP peptides interact with CaM with 2:1 stoichiometry. It appears that there 

are two binding sites on CaM for these peptides, one site having a much higher 

affinity than the other site. The fluorescence spectroscopic properties of the 1:1 

complex of CBPCODM with CaM are different from those of the 2:1 complex.

(3) The probe at positions 0 and 17 of the WFF peptide undergoes large fluorescence 

changes upon interaction with the C- and N-domains of CaM, respectively. These 

changes are consistent with large CD signals of opposite signs for the complexes of 

these peptides, diagnostic of immobilisation in different asymmetric environments.

(4) The probe at position 19 of WFF undergoes small fluorescence changes upon 

interaction with CaM, consistent with the negligible CD signal of the probe from the 

WFFC19DM.CaM complex. These observations confirm the NMR structure of the 

CaM.M13 complex in which no NOE’s have been detected for the interaction of this 

residue with CaM.

(5) The fluorescence changes, in response to Ca2+ titration of apoCaM in the presence 

of WFFCODM, are complete after the addition of 2 molar equivalents of Ca2+ [R = 

2]. However, in the case of WFFC17DM, only 20% of the total fluorescence change 

is observed at R = 2 and 80% of the total change is observed with the addition of a 

further 2 [Ca2+]/[CaM]. These results confirm the existence of an intermediate 

Ca2CaM.peptide species.
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Chapter 5: Calcium Sensitive Fluorescent Indicators 

based on a Calmodulin-Peptide Hybrid Protein

H2CaM is a fusion protein composed of Xenopus CaM linked by a GlyGlyGlyGly 

linker to the 26 residue M13 peptide (Martin et al., 1996), and is a modified version of 

the original hybrid clone (HICaM) in which the linker consisted of only two glycines 

(Porumb et al., 1994b, section 2.5.4). This engineered hybrid protein binds Ca2+ with 

remarkably high affinity. The overall average enhancement in Ca2+ binding site affinity 

is reported to be 264-fold compared to wild type CaM (Martin et al., 1996). Based on 

the results of fluorescent labelling studies with the WFF peptides in chapter 4, a 

systematic design of Ca2+ indicators based on the H2CaM protein was employed. The 

aim of this work was to generate a new series of fluorescent molecules, which can be 

used as Ca2+ sensors both in vitro and in vivo. The design of these indicators was based 

on:

a) cysteine substitution at various positions mainly along the length of the peptide 

portion of the H2CaM protein,

b) Ca2+ binding site mutations to tune the Ca2+affinities, and

c) different fluorescent probes which are highly environmentally sensitive.

In this chapter the principles of construction, fluorescent labelling and characterisation 

of a series of cysteine mutants of H2CaM as potential Ca2+ biosensors will be 

described.
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5.1 Design of HY2-Cysteine Mutants

In this section the rational design of a calcium indicator, through genetic 

manipulation of H2CaM, that undergoes conformational changes upon binding Ca2+ 

will be described. A great deal of structural information on CaM (sections 2.2.1 and

2.2.4), its complexes with target peptides (section 2.3.2) and also H2CaM has been 

obtained by biophysical techniques (Martin et a l, 1996). By using all the available 

structural information, a single cysteine residue was substituted at different positions 

of the H2CaM protein (denoted HY2-cysteine mutants), since most naturally 

occurring CaMs do not contain cysteine in their sequences. Fluorescent labelled 

HY2-cysteine mutants were produced in the hope that Ca2+ binding would cause a 

conformational change in these proteins, which would alter the environment of the 

covalently bound fluorophore.

Figure 5.1 shows the schematic presentations of all the HY2-cysteine mutants 

constructed. Most of the cysteine substitutions were made in the peptide segment of 

the hybrid protein, apart from HY2C92, where cysteine replaces the important 

functional Phe residue at position 92 in the C domain of CaM. This residue, 

immediately preceding the first Ca2+ligand in site m  of CaM, was found to be of 

particular importance since a Phe92—>Ala mutant was found to have impaired 

enzyme activation properties with phosphodiesterase and calcineurin (Meyer et al., 

1996)

The choice for the remaining positions was mainly to match the positioning of 

cysteines in the WFF-cysteine variants (chapter 4, Table 4.1). Thus HY2C0, HY2C8, 

and HY2C17, correspond to peptides WFFCO, WFFC8, and WFFC17, where 

fluorescent labelling of these peptides resulted in major intensity enhancements and 

wavelength shifts (Table 4.2.3).

Trp4 is perhaps the most important residue in the M13 peptide required for 

recognition and binding with a high affinity by CaM. The NMR structure of the 

CaM.M13 complex has revealed that Trp4 is deeply buried in the C-domain of CaM
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(section 2.3.2). Therefore cysteine substitution of Trp4 in HY2C4 mutant was hoped 

to result in a large fluorescence change of the fluorescent probe, as a response to Ca2+ 

binding. Alai 3 was another chosen position, which is known to form a number of 

interactions with residues in CaM and seems to be highly buried (Figure 2.3.2.c).

139



Figure 5.1:

Schematic presentations of the HY2-cysteine mutants constructed. H2CaM is a 

hybrid of Xenopus CaM connected to the M l3 peptide via a four Gly linker (section

2.5.4). The positions of cysteine substitutions are shown for the 6 mutants generated. 

These were 1) Gly—>Cys for the third Gly in the linker region, 2) Trp4—>Cys, 3) 

Phe8—>Cys, 4) Alal3—>Cys, and 5) Phel7—»Cys in the M13 portion of H2CaM, and

6) Phe92—>Cys At the start of the third Ca2+ binding loop of CaM in H2CaM.
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5.2 Stoichiometric Calcium Titrations of the Dansyl 

Maleimide Labelled HY2-Cysteine Mutants

The HY2-cysteine mutants were cloned, expressed, purified and labelled with dansyl 

maleimide (DM) as described in sections 3.2.1, 3.2.2 and 3.2.3. Each apo labelled 

protein was titrated with Ca2+ to characterise the fluorescence changes of the probe at 

each position on the protein. A concentration of 25 (iM labelled protein was used for 

these experiments to avoid any ambiguities arising from residual calcium 

contamination. Aliquots of 0.5 molar equivalents of calcium were added and an 

emission scan was recorded, in the range 400 to 650 nm, after each addition with 

excitation at 330 nm. The titration was continued up to R = 6  where R = 

[Ca2+]/[H Y 2-cysteine].

Figures 5.2.a and 5.2.b show the fluorescence spectral changes and the plotted data as 

a function of R, when HY2C17DM was titrated with Ca2+. There is a shift of the 

maximum emission wavelength towards shorter wavelengths and an increase in the 

intensity in moving from the apo to the holo state. The fluorescence changes reach a 

plateau at R = 4. This is also the case for all other labelled proteins and indicates that 

there are no further detectable conformational changes after the addition of the first 4 

molar equivalents of calcium.

Table 5.2 lists the emission spectral changes and the enhancements in intensities 

observed for titration of the labelled HY2-cysteine mutants with Ca2+. All mutants 

showed a significant shift towards shorter wavelengths, with the exception of 

HY2C0DM and HY2C8DM, where there were shifts to longer wavelengths. For all 

labelled mutants the enhancements in fluorescence intensity, from the apo to the holo 

state, were in the range of 1 .2  -  3.6 fold. This was calculated as Fmax of the holo state 

(fluorescence intensity at maximum wavelength, 7.max hoioX divided by the 

fluorescence intensity of the apo state at 7,maxhoio- For HY2C17DM, the enhancement 

in intensity was comparable to that obtained for the titration of apoCaM with Ca2+ in 

the presence of WFFC17DM peptide (3.5-fold, Table 4.2.6). Results in Table 5.2 

show that this labelled mutant exhibits the greatest enhancement in the fluorescence
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intensity (3.6 fold), analogous to WFFC17DM peptide, which shows the greatest 

fluorescence change (36 fold) upon binding CaM.

At the end of each titration, an excess of Ca2+ (up to ImM) followed by an excess of 

EDTA (up to lOmM) were added in order to define the end point and total 

fluorescence change. In the case of some mutants there was a small change in 

fluorescence intensity from R = 6  to ImM Ca. This has also been observed in the 

case of DM labelled CaM-cysteine mutants (residues 38 and 111), where an 

additional increase in fluorescence was observed after saturation of the four principal 

calcium binding sites (P. Browne, unpublished results). This may be due to additional 

non-specific binding of calcium to the negatively charged groups on the surface of 

CaM. With all mutants the spectrum obtained on adding lOmM EDTA was identical 

to the starting spectrum, showing that there was essentially no residual calcium in the 

starting solution.

142



Figure 5.2:

Fluorescence spectral changes of apoHY2C17DM upon titration with Ca2+. (A)

shows the fluorescence emission scans of HY2C17DM (25 (iM) in response to 

additions of 0.5 molar equivalents of Ca2+. The excitation wavelength was at 330 nm 

and the emission spectrum was recorded in the range 400-650 nm. The excitation and 

the emission monochromator slits were set at 0.4 and 1 mm respectively, 

corresponding to spectral bandpasses of 1.51 and 3.76nm respectively. The 

contribution of a Raman signal has been subtracted from each spectrum. There is a 

shift of the maximum emission wavelength from 516 nm to 419 nm and a 3.6-fold 

increase in the intensity in moving from the apo to the holo state. (B) shows the 

fractional change in the fluorescence intensity at 491 nm plotted as a function of R (= 

[Ca]/[H Y2C17DM].
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Table 5.2:

The fluorescence emission spectral changes corresponding to Ca2+ titration of 

all dansyl labelled HY2-cysteine mutants. X Fmax is the wavelength corresponding 

to the maximum fluorescence emission intensity, for the apo and the holo states, for 

each labelled HY2-cysteine protein. A ratio for the enhancement in fluorescence is 

reported for each labelled mutant calculated as Fmax holo (fluorescence intensity at X 

Fmax of the holo protein) divided by Fap0 (fluorescence intensity of the apo protein at 

X Fmax of the holo state).



HY2 mutant ^ Fmax of the apo 
state 
(nm)

X Fmax of the holo 
state 
(nm)

Fmax holo/Fapo &t
X Fmax holo

HY2C0DM 515 521 1 .2

HY2C4DM 514 492 2

HY2C8DM 517 520 1 .2

HY2C13DM 516 501 2

HY2C17DM 516 491 3.6

HY2C92DM 525 506 2 . 6
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5.3 Measurement of Stoichiometric Calcium Binding 

Affinities of the Labelled HY2-Cysteine Mutants

One important aspect when characterising and assessing the potential of a new 

Ca2+ indicator is its Ca2+ binding affinity. A high binding affinity is a potential 

problem for in vivo applications, because the indicator would then buffer the 

intracellular Ca2+. This would result in a reduction in the amplitude of Ca2+ transients 

as well as slowing in their time course. The most ideal Ca2+ binding affinity for an

indicator is in the 106 M' 1 range, which has been shown to result in little or no
2+buffering of intracellular Ca (section 5.6).

For each labelled HY2-cysteine protein, the stoichiometric calcium binding constants 

were measured using the chromophoric chelator method described by Linse et al. 

(1991)(section 3.2.4). For these experiments, 5 -  10 |iL aliquots of a stock of 1 mM 

Ca2+/ 30 jiM Quin2 (or BAPTA) were added to a cuvette containing the same 

concentration of the chelator in the presence of 30 pM apo hybrid protein. The 

absorbance at 263 nm was recorded after each addition until there was no further 

change. Typical experimental data for calcium titrations of BAPTA in the presence of 

apo HY2C17DM are shown in Figure 5.3.a.

The titration data were analysed by an EQFIT2 program (Dr. S. Martin) and the 

stoichiometric Ca2+ binding constants were calculated by a %2 minimisation 

procedure, details of which are in appendix A.2. Table 5.3 lists the stoichiometric 

Ca2+ dissociation constants for all labelled HY2-cysteine mutants in comparison with 

the native H2CaM, CaM itself and in the presence of WFF peptide. Stoichiometric 

binding constants take no account of the distribution of the calcium ions within 

individual binding sites on the protein, instead they represent the equilibria of the 

species with a given number of calcium ions bound. It is therefore impossible to relate 

values of stoichiometric binding constants to individual sites. An average binding 

constant was calculated from the equation:

Log Kavg = (log Ki + log K2 + log K3 + log IGO/4
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The stoichiometric Ca2+ binding constants were used to calculate theoretical curves 

(EQCALC program) showing the degree of saturation of the labelled protein with 

calcium as a function of log ([Ca]free). This is shown for HY2C17DM in Figure 5.3.b 

using the values listed in Table 5.3.

The pattern of stoichiometric binding constants, log (KjK2) > log (K 3 K4 ), observed for 

CaM alone is maintained for CaM in the presence of the WFF peptide (Martin et al., 

1996). It has been argued (Linse et al., 1991) that this pattern is characteristic of the 

situation where the C-terminal pair of the calcium binding sites have much greater 

affinity than the N-terminal pair, i.e., the values of log (K]K2) and log (K 3 K4 ) reflect 

the affinities of the C- and N-terminal Ca2+ binding sites, respectively (Linse et al.,

1991). The pattern of macroscopic binding for the native H2CaM is different, in that 

the log (K]K2) and log (K 3 K4 ) values are more equal, suggesting that all four calcium 

ions bind with rather similar affinity. The same behaviour is also exhibited by 

mutants HY2C0DM, HY2C4DM, and HY2C8DM. However mutants HY2C13DM, 

HY2C17DM, and HY2C92DM display the log (K]K2) > log (K 3 K4 ) pattern and 

hence tend to be more similar to CaM and CaM plus WFF in binding Ca2+. This 

shows that cysteine substitution and labelling in these three positions interfere most
9 -1-with the peptide-induced increase in the Ca -binding affinity of H2CaM. Cysteine 

substitution of Phe92 and fluorescent labelling at this position lead to a reduced log 

K 3 K4  value similar to that of Drosophila CaM. Phe92 immediately precedes the first 

Ca2+ ligand in site HI of CaM and hence covalent attachment of a fluorescent probe at 

this position may well affect Ca2+ binding to site m.

Based on the fluorescence characterisation results (section 5.2) and measurements of 

stoichiometric Ca2+ binding constants, it was decided that HY2C17 was the most 

suitable mutant for further work with a view to developing a potential Ca2+ 

biosensor. There was a 3.6 fold increase in the fluorescence intensity upon Ca2+ 

binding and a log Kavg value of about 6  i.e. a Ka of ~ 106 M '1. Further improvement 

on the properties of this indicator will be discussed in section 5.4.
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Figure 5.3:

(a) Typical experimental data for calcium titrations of BAPTA in the presence 

of HY2C17DM. 5 -  10 (nL aliquots of a stock of 1 mM Ca2+/ 30 pM BAPTA were 

added to a cuvette containing the same concentration of the chelator in the presence 

of 30 (iM apo HY2C17DM. The absorbance at 263 nm was recorded after each 

addition until there was no further change. The curves through the points are the 

least-squares fits to the data (program EQFIT2, Dr. S. Martin, see appendix A.2).

(b) Fractional saturation of HY2C17DM with Ca2+ as a function of log [Ca2+]free. 

The calcium binding profile was calculated from the stoichiometric Ca2+ binding 

constants of log K] = 6.25, logK2 = 6 .6 , logK3 = 5.89, and loglQ = 5.15 (listed in 

Table 5.3)(program EQCALC1, Dr. S. Martin, see appendix A.2 for details).
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Table 5.3:

Stoichiometric Ca2+ binding constants for the labelled HY2-cysteine mutants 

and for CaM in the absence and presence of the WFF peptide. Measurements 

were made in 25 mM Tris, 100 mM KC1, at 20 °C and pH 7.2. The values in the 

parentheses are the standard deviations.

a/ Determined by Porumb et al. (1994) in 50 mM Hepes, 100 mM KC1, 1 mM 

MgCl2, pH 7.5. 

b/ Martin et al., (1996).

c/ Determined by Quin-2 competition (K = 1.1 x 107 M). 

d/ Determined by BAPTA competition (K = 5.7 x 105 M).



SAMPLE Log(Ki) Log(K2) Log(K3) Log(K4) Logfl^K,) Log(K3K4) Log Kavg

Xenopus
CaM a 5.3 5.95 4.5 5.50 11.25 10.0 5.32

Drosophila 
CaM b 5.23 6.42 4.33 5.33 11.65 9.66 5.33

Drosophila 
CaM + 
WFF b

6.94 8.01 6.69 6.64 14.70 13.33 7.01

HY2 b 7.95
(0.31)

7.45
(0.26)

7.75
(0.43)

7.84
(0.36)

15.40
(0.22)

15.59
(0.22)

7.75
(0.08)

HY2C0DMC 7.67
(0.25)

7.59
(0.27)

7.17
(0.21)

7.68
(0.31)

15.26
(0.31)

14.85
(0.22)

7.53
(0.19)

HY2C4DMd 6.63
(0.46)

6.88
(0.32)

6.75
(0.23)

6.43
(0.41)

13.51
(0.37)

13.18
(0.35)

6.68
(0.28)

HY2C8DMc 7.68
(0.35)

8.06
(0.23)

7.7
(0.44)

7.75
(0.27)

15.74
(0.28)

15.45
(0.33)

7.8
(0.21)

HY2C13
DMd

6.84
(0.15)

7.35
(0.22)

6.29
(0.28)

6.84
(0.2)

14.19
(0.2)

13.13
(0.14)

6.83
(0.2)

HY2C17
DMd

6.25
(0.15)

6.6
(0.27)

5.89
(0.12)

5.15
(0.17)

12.85
(0.12)

11.04
(0.17)

5.98
(0.05)

HY2C92
DMd

6.24
(0.24)

6.45
(0.14)

4.89
(0.34)

4.53
(0.25)

12.69
(0.12)

9.42
(0.3)

5.53
(0.27)
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5.4 Further Improvements in the Design of the Indicator

In order to further improve the design of this mutant two strategies were possible:

I) The Ca2+ binding sites can be mutated so as to abolish or weaken the binding 

affinity. This would hopefully result in further reduction of the Ca2+ binding 

affinities, less buffering capacity and hence tuning the Ca2+ sensitivity of the 

indicator for applications over a different range of intracellular [Ca2+]. The 

introduction of a mutation E l40 —> Q, in the fourth calcium binding site has been 

observed to lead to a greatly reduced Ca2+ binding affinity at all sites in Drosophila 

CaM with resulting values in the range of the N-terminal sites (Maune et al., 1992; 

Gao et al., 1993). Therefore it was decided to introduce the E140 —» Q mutation in 

HY2C17 (denoted as E4QC17). HY2C17 was chosen to incorporate this mutation, 

because it already exhibits a Ca2+ binding affinity in the range 106 M' 1 and a 

fluorescence change of 3.6 fold upon binding Ca2+.

II) The other aspect to take into account, when considering the potential in vivo use 

of these indicators, is the choice of a fluorescent probe. It is more suitable to employ 

a fluorophore with a high molar extinction coefficient and quantum yield, resulting in 

higher signal-to-noise ratios. A brighter fluorophore also means that a smaller 

number of molecules need to be introduced into the cell for an adequate image. This 

in turn has the advantage of enabling one to illuminate the cell with a less intense 

excitation light, which reduces the problem of photobleaching of the fluorophore. 

Another desirable property of the fluorescent probe is an excitation wavelength in the 

visible range of the spectrum, owing to the extensive interference that may result 

from the intrinsic fluorescence of natural constituents of cells at shorter wavelengths. 

Coumarin maleimides (synthesised by Dr. John Corrie, N.I.M.R, ref: Corrie, 1994) 

were considered as potential fluorophores with a molar extinction coefficient of 

46800 M^cm'1, a quantum yield of 0.83 (measured in ethanol, Brune et al., 1998) 

and an excitation wavelength at 430 nm. There has been extensive experience in 

studying the interaction of inorganic phosphate with the Escherichia coli phosphate 

binding protein, in vitro, using a specific coumarin maleimide (N-[2-(l-
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maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide: MDCC) as a

fluorescent reporter (Brune et al., 1994; 1998). In this case, a 13-fold enhancement in 

fluorescence was observed in response to phosphate binding to this protein. It was 

therefore decided to label HY2C17 and E4QC17 with MDCC and assess the 

spectroscopic, Ca2+ binding and dissociation characteristics of these labelled mutants, 

with a view to developing a Ca2+ biosensor with suitable properties for in vivo 

applications.

5.5 Stoichiometric Ca2+ Titrations of MDCC Labelled 

HY2C17 and E4QC17 Mutants

The labelling with MDCC and purification of the labelled proteins were carried 

out following the same procedure as with dansyl maleimide (section 3.2.3). To 

characterise the fluorescence properties in response to Ca2+, 25 pM solutions of 

labelled HY2C17MDCC and E4QC17MDCC were each titrated with aliquots of 0.25 

molar equivalents of Ca2+. The fluorescence emission was recorded after each 

addition in the range 430-550 nm with excitation at 430 nm.

Figures 5.5.a and b show the fluorescence emission scans resulting from the 

stoichiometric Ca2+ titration of HY2C17MDCC and the plotted data as a function of 

R (R = [Ca2+]/[HY2-cysteine]), respectively. It is evident that the major change in the 

fluorescence reaches a plateau after 4 Ca2+ ions have been added, although there are 

further smaller changes occurring at higher Ca2+ concentrations (data not shown). 

The maximum emission wavelength shifts from 473 nm in the apo state to 465 nm in 

the holo state. This wavelength shift ( 8  nm) is much smaller than that observed for 

dansyl maleimide in HY2C17DM (25 nm, Table 5.2). There is, however, an 

enhancement of 4-fold in the fluorescence intensity measured at 465 nm which is 

slightly larger than that observed for HY2C17DM (3.6-fold, Table 5.2).

E4QC17MDCC mutant was also titrated with Ca2+ (Figure 5.5.c). In this case no 

further fluorescence change was observed after addition of the third Ca2+ ion. The
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total fluorescence enhancement for the E4QC17MDCC mutant seems to be less than 

that for HY2C17MDCC mutant (3.3-fold), whereas the wavelength shift is similar to 

that of HY2C17MDCC. This indicates that under the experimental conditions used, 

there is no Ca2+ binding to the mutated site IV of CaM in E4QC17. The results for 

both mutants are listed in Table 5.5. These experiments show that coumarin 

maleimide does not appear to be significantly more sensitive to its surrounding 

environment than dansyl maleimide judged by comparisons of wavelength shifts and 

fluorescence enhancements (Tables 5.5 and 5.2). However, the greater molar 

extinction coefficient and quantum yield of coumarin, together with an excitation 

wavelength in the visible range make this fluorophore a better reporter than dansyl. 

Hence further investigation on the Ca2+ binding and dissociation kinetics properties 

of HY2C17 and E4QC17 mutants were carried out using MDCC as the fluorophore.

151



Figure 5.5:

Fluorescence spectral changes of apo coumarin maleimide labelled HY2C17 

upon titration with Ca2+. (A) Shows the fluorescence emission scans of 

HY2C17MDCC (25 jxM) in response to additions of 0.25 molar equivalents of Ca2+. 

The excitation wavelength was at 430 nm and the emission spectrum was recorded in 

the range 430-550 nm. The excitation and the emission monochromator slits were set 

at 0.4 and 1 mm respectively, corresponding to spectral bandpasses of 1.51 and 

3.76nm respectively. The contribution of a Raman signal has been subtracted from 

each spectrum. There is a shift of the maximum emission wavelength from 473 nm to 

465 nm and a 4-fold increase in the intensity in moving from the apo to the holo 

state. (B) Shows the fractional change in the fluorescence intensity at 465 nm plotted 

as a function of R (= [Ca]/[HY2C17DM].
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Figure 5.5.c:

Fractional fluorescence changes of apo coumarin maleimide labelled E4QC17 as

a function of R ( = [Ca2+]/[E4QC17MDCC]). 25 |iM labelled E4QC17MDCC was
2+titrated with 0.25 molar equivalents of Ca and the fluorescence emission intensity 

at 465 nm (^Fmax of the Ca2+ bound state) was plotted as a function of R.
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Table 5.5:

The fluorescence emission spectral changes corresponding to Ca2+ titration of 

Coumarin labelled HY2C17 and E4QC17 mutants. X Fmax is the wavelength 

corresponsing to the maximum fluorescence emission intensity, for the apo and the 

holo states, for each labelled protein. The enhancement in fluorescence is reported for 

each labelled mutant calculated as Fmax hoio (fluorescence intensity at X Fmax of the 

holo protein) divided by Fapo (fluorescence intensity of the apo protein at X Fmax of the 

holo state). Measurements were made in 25 mM Tris, 100 mM KC1, at 20 °C and pH

7.2.



Mutant X Fmax of the apo 
state 
nm

X Fmax of the 
holo state 

nm

x fluorescence 
enhancement 

at X of holo

HY2C17MDCC 473 465 4

E4QC17MDCC 472 465 3.3
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5.6 Stoichiometric Ca2+ Binding Affinities of MDCC 

Labelled HY2C17 and E4QC17 Mutants

The stoichiometric Ca2+ binding constants were determined for mutants 

HY2C17MDCC and E4QC17MDCC as described previously in sections 3.2.4 and

5.2. Table 5.6 lists the individual stoichiometric Ca2+ binding constants (log K s) and 

log Kavg values. In the case of HY2C17MDCC, the value of log K 3 K4  (9.71 ±0.19) is 

lower than that measured for the DM labelled HY2C17 (11.04 ± 0.17). This indicates 

that the choice of the fluorescent probe at peptide position 17 of HY2 can influence
9-Lthe calcium binding to the lower affinity Ca binding pair of sites. Since the probe is 

placed in the C terminus of the peptide, interacting with the N-domain of CaM, it is 

reasonable to assume that log K 3 K4  represents the binding to the N-domain of CaM. 

This reduction in Ca2+ binding affinities is an added advantage in designing a 

fluorescent indicator, since the Ca2+ binding affinities can be tuned by choosing 

different fluorescent probes. Therefore labelling with MDCC gave rise to an indicator 

with a lower Ca2+ affinity and hence less potential buffering than the DM labelled 

moiety.

The average constants (log Kavg) are 5.7 and 6.63 for HY2C17MDCC and 

E4QC17MDCC respectively. This is intriguing in that that the MDCC labelled E4Q 

mutant exhibits a higher affinity for Ca2+ than the labelled HY2C17. The fractional 

saturation curve for this mutant represents a biphasic process indicating the very 

different N- and C-domain Ca2+ binding mechanisms (Figure 5.6). Analysis of the 

Quin-2 competition data shows that fitting the data with a three-site model leads to 

the best fit and %2 values (program EQFIT2, appendix A.2). The analysis shows that 

there are two high affinity sites and a third site with a much lower affinity similar to 

that for the C-domain Ca2+ binding site mutants of Drosophila CaM (Maune et al.,

1992). The fourth site appears to be severely weakened or even abolished. However 

the value for log (K 1K 2 ) is now higher than log (K 1K 2 ) and log (K 3 K4 ) for 

HY2C17MDCC, by up to 3 orders of magnitude (Table 5.6). Stoichiometric Kj, K2, 

K 3 , and K 4  can not be assigned to individual sites. However, since it is known that 

Ca2+ binding to site IV is severely weakened, it is reasonable to assume that the high
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affinity binding represented by log (K1K2) in the analysis for E4QC17MDCC is that 

of the N-domain of this protein. This observation is in contrast with the E4Q mutant 

of Drosophila CaM, where it was observed that mutation of the C-domain binding 

sites, leads to a reduced affinity of the N-domain binding sites (Maune et al., 1992).

An explanation for the higher N-domain site Ca2+ affinity in E4QC17 in comparison 

to HY2C17 could be that the abolished binding to site IV and the weakening of 

binding to site HI, reduces the response of the whole C-terminal domain in terms of 

the Ca2+-induced increase in the hydrophobic surface required for binding to the 

peptide. Hence the peptide in E4QC17 is no longer interacting with the C-terminal 

domain as before and hence may be interacting more with the N-terminal domain, 

giving rise to an increased Ca2+ affinity within this domain.

The biphasic Ca2+ binding profile of E4QC17MDCC may complicate the data 

analysis and interpretation for in vivo applications. In contrast, the fractional 

saturation curve for the HY2C17MDCC protein is monophasic similar to the one 

observed for HY2C17DM (comparison of Figures 5.6 and 5.3.b). The calculated Kd 

of this indicator is 2 ± 0.2 jiM  (Table 5.6). This value is much better placed for 

physiological work than the reported IQ’s of some conventional Quin2-based 

indicators in the nM range (Table 2.5.3).

It is a well-known fact that high affinity indicators can cause buffering of the 

intracellular Ca2+ at usable concentrations. The extent of buffering of intracellular 

Ca2+ by an indicator will depend on the concentration of the indicator relative to the 

free concentration of Ca2+ as well as the Kd of the indicator. The natural cell 

buffering capacity for Ca2+ (and other ions) reduces the effect of indicator buffering. 

Nevertheless it has been observed that the amplitudes and time courses of ion 

changes may well be significantly slowed by the increased buffering (reviewed by 

Canned and Thomas, 1994). The buffering power for an indicator can be calculated 

by the following equation:

Fraction of indicator bound = Kb [Ca2+]/(l + Kb [Ca2+]) (Equation 5.6 .a)

156



where [Ca2+] is the free Ca2+ concentration and Kb = 1/Kd.

Buffering power = [Ca2+]b0Und /[Ca2+]free (Equation 5.6.b)

This is best described by an example where the intracellular indicator concentration 

is 5 pM, with a Kd = 2  pM and the intracellular [Ca2+]free at a resting level of 0.15 

|liM. The fraction of indicator bound using equation 5.6.a can be calculated to be 0.07 

(1.4%). Therefore 0.35 pM (0.07 x 5 pM) of the indicator is bound to 0.35 pM Ca2+. 

The buffering power can be calculated from equation 5.6.b as: 0.35 /0.15 = 2.3. This 

value is much better than that for some conventional indicators e.g. fura- 2  (Kd = 150 

nM) which has a buffering power of 16 under the same hypothetical experimental 

conditions. Based on these results and the fluorescence characterisation experiments, 

it can be concluded that HY2C17MDCC is a more suitable candidate for a potential 

in vivo Ca2+ biosensor than E4QC17MDCC.
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Table 5.6:

Stoichiometric Ca2+ binding constants for the HY2C17MDCC and 

E4QC17MDCC mutants. Measurements were made in 25 mM Tris, 100 mM KC1, 

at 20 °C and pH 7.2. The values in the parentheses are the standard deviations, 

a/ Determined by BAPTA competition (K = 5.7 x 105 M).

b/ Determined by Quin-2 competition (K = 1.1 x 107 M). Setting log K4 to zero 

resulted in the best fit in the data analysis for this mutant.
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Figure 5.6:

The fractional saturation curve for E4QC17MDCC with Ca2+ as a function of 

log [Ca2+](rte. The calcium binding profile was calculated from the stoichiometric 

Ca2+ binding constants of log Ki = 8.43, logK2 = 7.46, logK3 = 4.3, and loglQ = 0 

(listed in Table 5.6)(program EQCALC1, Dr. S Martin, see appendix A.2 for details). 

These logK values were determined by competition with the Quin-2 chromophoric 

Ca2+ chelator.
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5.7 Kinetics of Ca2+ Dissociation from HY2C17MDCC and 

E4QC17MDCC

One important aspect when considering an indicator for potential in vivo 

applications, is the kinetics of fluorescence change in response to changes in 

intracellular Ca2+. Ideally the time course of the fluorescence change of the indicator 

should be faster than that for the intracellular Ca2+ change. Problems arise in 

interpreting the data when the kinetics of the indicator do not reflect the kinetics of 

the underlying Ca2+ transient. This arises from (1) saturation effects in indicator 

response and (2) the kinetics of Ca2+ binding and dissociation.

Ca2+ dissociation rates were studied by mixing the Ca2+-loaded labelled 

HY2C17MDCC and E4QC17MDCC with EDTA in a stopped-flow experiment and 

monitoring the fluorescence of MDCC (section 3.2.5). The excitation 

monochromator was set to 425 nm and MDCC emission was detected using a cut-on 

filter at 450 nm. A 1 pM solution of the labelled protein (in the presence of ImM 

Ca2+) in syringe A of the stopped-flow apparatus was stopped-flow mixed with 20 

mM EDTA in syringe B. The rate of dissociation (kGff) in the form of fluorescence 

decay was measured at two different temperatures, 20 °C and 37 °C, and the data 

were analysed as monophasic or biphasic exponentials.

Table 5.7 lists the dissociation rates obtained for these MDCC labelled proteins in 

comparison with those for the native H2CaM. In the case of the original H2CaM, 

there are two dissociation rates with values of 0.77 ± 0.05 and 0.18 ± 0.02 s'1, 

corresponding to fast and slow processes as determined previously (Martin et al., 

1996). It is interesting to compare these values with the fast and slow phases of CaM 

itself (700 and 8.5 s '1, Martin et a l, 1996) and of CaM.WFF complex (10 and 1.4 s '1, 

Brown et al., 1997). Compared with CaM, these rates have been reduced by factors 

of 910 and 47 for H2CaM and by 70 and 6 for the CaM.WFF complex respectively. 

For both CaM alone and CaM.WFF complex the slow phase has been associated with 

dissociation from the C-domain Ca2+ binding sites, whereas the fast phase has been 

associated with dissociation from the N-domain sites. It has been argued that if the

160



same pattern is maintained for H2CaM, then it appears that the peptide portion of 

H2CaM has a significantly greater effect on the N-terminal Ca2+ sites than it does on 

the C-terminal pair (Martin et al., 1996).

In the case of both HY2C17MDCC and E4QC17MDCC, a single exponential fit was 

adequate as judged by the % values. Figure 5.7.a shows a typical stopped-flow trace 

for the EDTA-induced dissociation of HY2C17MDCC at 37 °C and the single 

exponential fit to the data.

For HY2C17MDCC and E4QC17MDCC, the rates are 26 and 9-fold faster than the 

fast phase of H2CaM, respectively. This is consistent with the reduced stoichiometric 

Ca2+ affinities of these mutants compared to those for the native H2CaM (Tables 5.3 

and 5.6). The slower dissociation of E4QC17MDCC compared to HY2C17MDCC is 

consistent with the higher average Ca2+ affinity of this mutant (section 5.6). 

Assuming that for E4QC17MDCC, the binding of Ca2+ to the mutated site IV is 

severely weakened, then this site would effectively not be occupied in the presence of 

ImM Ca2+. Therefore it is reasonable to assume that site III releases Ca2+ with a rate 

much higher than the detection limit of the instrument (> 600 s '1). Hence the single 

observed rate probably derives from the dissociation of Ca2+ from sites I and II in the 

N-domain. In the case of HY2C17MDCC, the single dissociation rate observed may 

be from all sites in parallel, or from the higher affinity pair of sites with a much faster 

dissociation from the lower affinity pair of sites.

The results in Table 5.7 show that at 37° C, HY2C17MDCC has the higher 

dissociation rate (91 ± 0.06 s '1) in comparison with E4QC17MDCC (23 ± 0.04 s '1). 

This off rate is comparable with those of conventional Quin2-based indicators, such 

as fura-2 with a k0ff value of about 97 s '1 (Cobbold and Rink, 1987).

For the reaction:
kon

Indicator + Ca2+ <=> Indicator.Ca2+ 
k0ff
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The association rate constant, kon, can then be calculated by the equation:

kon = k0ff/ Kd (Equation 5.7.a)

If the [Ca2+] undergoes an instantaneous change to a new concentration, the indicator 

fluorescence will also change to a new level with an observed rate constant that is 

calculated as:

kobs = kon [Ca2+] + koff (Equation 5.7.b)

The Kobs is calculated for HY2C17MDCC, base on the values of Kd, k0ff, and kon at 

37 °C, and a theoretical intracellular indicator concentration of 5 fiM was calculated 

(Figure 5.7.b). The results show that under the conditions of cellular excitation 

([Ca2+]j ~ 10 jiM), this indicator would be saturated to about 83 % (using equation 

5.6.a) with a relaxation rate of about 2 ms at 37 °C. This time is much faster than the 

reported physiological rates of Ca2+ signalling events ranging from 30 ms in 

sympathetic neurones to hundreds of ms in cardiac myocytes (Bootman and Berridge, 

1995).
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Table 5.7:

The EDTA-induced Ca2+ dissociation rates for MDCC labelled HY2C17 and 

E4QC17. Experiments were performed at 20 °C and 37 °C for both mutants in 25 

mM Tris, 100 mM KC1 and 1 mM Ca2+ (pH 7.2). The excitation monochromator was 

set to 425 nm and MDCC emission was detected using a cut-on filter at 450 nm. A 1 

jiM solution of the labelled protein (in the presence of ImM Ca2+) in syringe A of the 

stopped-flow apparatus was stopped-flow mixed with 20 mM EDTA in syringe B. 

The data were analysed as monophasic or biphasic exponentials. The off rates (kQff) 

for the fast and slow Ca2+ dissociation phases of H2CaM were reported by Martin et 

a l  (1996).



Rates H2CaM HY2C17MDCC E4QC17MDCC

koff at 20 °C 
(s'1)

Fast phase = 
0.77 ± 0.05 

Slow phase = 
0.18 ±0.02

20.1 ±0.05 7.613 ±0.03

k0ff at
37 °C - 91.84 ±0.06 23 ± 0.04
(s'1)

Kon (calc) at 37 °C 
(x 106 NT's"1) - 45.92 ± 5  100 + 35
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Figure 5.7:

(A) Typical stopped-flow trace for the EDTA-induced dissociation of 

HY2C17MDCC at 37 °C. Concentrations and experimental procedures are provided 

in the text. The data is shown in pink and the single exponential fit to the data by a 

black solid line. The observed EDTA-induced Ca2+ dissociation rate (k0ff) was 91.84 

± 0.06 s '1. The data shown is an average of 9 individual stopped-flow traces. Inset 

shows the even distribution of residuals as a function of time for a single exponential 

fit to the data.

(B) The relationship between indicator (HY2C17MDCC) saturation and 

relaxation time as a function of [Ca2+]free. The degree of indicator saturation was 

calculated using equation 5.6.a, based on a theoretical [indicator] of 5 jllM and a Kd 

of 2 pM (Table 5.6). The observed rate was calculated using the equation k0bs = (kon 

[Ca2+] + koff), where k„ff = 91.84 ± 0.06 s'1 and k0„ = 45.92 x l0 6(± 5) M ‘s '.
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5.8 In Vitro Calibration of Fluorescence Signal of 

HY2C17MDCC

Although raw fluorescence signals from intracellularly trapped Ca2+ indicators can be 

informative in a qualitative way, one still must perform an in vitro calibration to be 

able to quantitatively analyse these signals in terms of the intracellular free Ca2+ 

concentration, [Ca2+]j. The intracellular changes in [Ca2+] for most cell types are 

reported to be in the range 100 nM to > 1 pM and hence it is of interest to calibrate 

the signal of HY2C17MDCC in this physiological range.

For the calibration of HY2C17MDCC fluorescence signal, a precise set of 

fluorescence curves was generated by varying the [Ca2+]free of the buffer solution 

while holding the indicator concentration, pH, ionic strength and temperature 

constant. Standard solutions of EGTA and CaEGTA were used for a series of cross

dilutions to produce buffers with varying [Ca2+]free in the range 0-40 jiM (section 

3.2.6). The fluorescence response of HY2C17MDCC was measured in each buffer in
9-i-the range 400-550 nm with excitation at 430 nm. Estimates of free [Ca ] of an 

unknown solution can then be made via the following equation:

[Ca2+]free = Kd x [F - Fmin]/[Fmax-F] (Equation 5.8)

Where F is the fluorescence at the unknown free [Ca2+] and is the dissociation 

constant of the Ca2+-indicator complex. Fmax and Fmin are the maximum (+ Ca2+) and 

the minimum (- Ca2+) fluorescence values at the maximum wavelength of the 

calcium loaded state (465 nm). Figure 5.8.a shows the fluorescence scans obtained 

for each cross-diluted sample. The pH was readjusted to 7.4 after each cross-dilution 

to ensure the same experimental conditions for each curve. There was little or no 

response up to 100 nM [Ca2+]free, after which there was an increase in the 

fluorescence with increasing free Ca up to a maximum of 40 pM.

One assumption in the above equation is the selectivity of our indicator for Ca2+ ions 

over other ions, most importantly Mg2+. The interference effect from other ions poses
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a major problem in calibration and estimation of Kj. Most BAPTA based indicators 

e.g. fura-2 and indo-1 (see section 2.5) have some selectivity for Ca2+ over Mg2+, 

although not complete. For example Mg2+ acts as a competitive inhibitor of Ca2+- 

binding and associated fluorescence change of Quin2, although the selectivity against 

Mg2+ (about 104 fold) is much better than arsenzo m  or ion-selective electrodes 

(section 2.5). To investigate the interference of Mg2+ with the fluorescence properties 

of HY2C17MDCC, the indicator was calibrated in the presence and absence of this 

ion. Figure 5.8.b shows the fluorescence spectral changes of HY2C17MDCC in the 

presence and absence of 1 mM free Mg2+ at 37 °C. Results show that there is no 

major effect of this ion on the calibration curve, which indicates that under 

physiological conditions Mg2+ has no effect on the fluorescence properties of this 

indicator.

From the maximum and the minimum fluorescence values at X,max of the Ca2+ bound 

state, a ratio of Fmax / Fmjn = 3.5 ± 0.12 was calculated. In principal in vivo Ca2+ 

concentrations can be estimated from fluorescence recordings by reference to this 

ratio. However, the validity of this ratio should be supplemented by measurements in 

which defined ion concentrations are imposed on the cell, to see if equivalent results 

are obtained, i.e., an in vivo calibration (will be described in section 6.5). Apart from 

the risk that the Kd may be somewhat different in the cell from that under the in vitro 

experimental conditions, there is also the possibility that the fluorescence properties 

of the indicator may be different in the cell.
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Figure 5.8:

(A) Ca2+-dependent changes in the HY2C17MDCC fluorescence emission 

spectrum. HY2C17MDCC at a concentration of 1 |iM was placed in solutions 

containing different concentrations of free Ca2+ (see section 3.2.6 for full details). 

The excitation wavelength was at 430 nm and the emission was recorded in the range 

400 to 550 nm. All measurements were carried out in 100 mM KC1 and 10 mM 

MOPS at pH 7.2.

(B) The in vitro calibration curve for the fluorescence response of 

HY2C17MDCC to changes in [Ca2+]free in the presence an absence of Mg2+.

The % increase in the fluorescence emission intensity was calculated using the 

equation: 100 x (F - Fmin)/(Fmax -  Fmin), where F is the fluorescence measure at

465nm at any given [Ca2+]free, Fmjn and Fmax are the emission intensities at 465nm in
2+the absence and presence of Ca respectively. The plotted data is an average of 3 

independent calibration experiments both in the absence and presence of ImM 

[Mg2+]free with 2-5 % error on each data point.
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5.9 Conclusions

In chapter 5, the systematic design and characterisation of a fluorescent Ca2+ 

indicator with a potential for use in both in vitro and in vivo applications were 

described. A single cysteine residue was substituted at different positions mainly 

along the peptide portion of the H2CaM protein. The spectroscopic, Ca2+ binding, 

and dissociation properties of the fluorescent labelled proteins, were analysed in the 

light of the 'ideal indicator properties' and by comparison with those of known 

indicators. The highlights of this work can be concluded as follows:

I) Stoichiometric Ca2+ titrations showed that the spectroscopic changes are 

significantly smaller than those for the peptides with the corresponding positions.

II) HY2C17 labelled with either DM or MDCC exhibits the largest enhancement in 

intensity, from the apo to the holo state, in comparison with the other labelled HY2- 

cysteine mutants.

III) The average Ca2+ binding affinity of HY2C17MDCC (K  ̂ = 2 ± 0.2 pM) is 

sufficiently low to avoid potential buffering of cellular Ca2+ concentration. In 

comparison, an E4QC17 mutant labelled with MDCC showed a surprisingly higher 

average affinity.

IV) The Ca2+ dissociation rate is fast (~ 90 s'1) hence rendering this indicator suitable 

for most in vivo biosensor applications. Calculations based on a cellular [indicator] of 

5pM showed that, under conditions of a Ca2+, HY2C17MDCC would be saturated by 

about 83 % with a relaxation time of about 2 ms.

168



Chapter 6: In vivo Calcium Biosensor Experiments 

Using HY2C17

6.1 Preliminary Experiments Using Rhodamine Labelled 

HY2C17 in 3T3 Fibroblasts

Signals from calcium biosensors are most readily interpreted under circumstances 

in which the indicators distribute themselves uniformly throughout the compartments 

in which they are placed, and remain there at constant concentration. The goal of 

these preliminary experiments (carried out in collaboration with Dr. Gerard Marriott, 

MPI, Martinsreid, Germany) was to visualise the distribution pattern of these labelled 

proteins in cells and to gain some experience in loading and imaging of fluorescence 

molecules in vivo. Apo HY2C17 was labelled with rhodamine maleimide, and loaded 

into Swiss 3T3 fibroblasts by the scratch loading method (section 3.2.7).

Figure 6.1 shows the phase and the fluorescence pictures of a typical Swiss 3T3 cell 

loaded with rhodamine maleimide labelled HY2C17 after an hour of recovery. There 

is an even distribution of HY2C17 in these 3T3 cells (as expected for a 20 KDa 

protein without targeting signals), with a greater fluorescence intensity in the nuclear 

region of the cell. This does not necessarily indicate that the dye is concentrated in 

the nucleus; it could simply mean that these cells possess more depth in the central 

region and are flat in the cytoplasmic region. The other interesting observation is the 

exclusion of the labelled protein from vacuoles. If these cells are imaged at a later 

stage (a few hours later), the labelled protein is taken up into the vacuoles 

presumably after being broken down by the cell (not shown). So the conclusions 

drawn from this experiment are that:

I) The labelled HY2C17 is relatively easy to load into the cell using either a 

membrane rupture method, such as scratching or wounding, or by electroporation 

(section 3.2.7). These methods, in comparison with microinjection, offer little control 

over the amount of the indicator loaded into the cell. A high intracellular
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concentration of a biosensor, in combination with a high affinity, may result in 

buffering of intracellular Ca2+ (section 5.6). There is initially an even distribution of 

the indicator in these cells in the cytoplasmic and nuclear regions, with exclusion 

from the vacuoles. This distribution pattern is advantageous in comparison with 

Quin2 and related dyes, which show compartmentalisation into organelles. A few 

hours after loading, there is a change in the distribution pattern into the vacuoles. 

This has been observed to be a common fate for most fluorescent labelled proteins 

loaded into cells (G. Marriott, personal communication) and may represent the longer 

term response of the cell to the introduction of an excessive amount of a foreign 

protein.

II) Rhodamine maleimide used for labelling HY2C17 is an extremely bright 

fluorophore (eM= 91000 M ^cm 1, quantum efficiency = 0.97, for structure see section 

3.2.3). However the fluorescence properties of this fluorophore are not sensitive to its 

surrounding environment and hence there is no change in these properties upon 

binding to Ca2+. Therefore MDCC labelled HY2C17 was used in the biosensor 

experiments which will be described in the following sections.
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Figure 6.1:

Phase and fluorescence pictures of a typical Swiss-3T3 cell loaded with 

rhodamine maleimide labelled HY2C17. The cells were scratch-loaded with 

rhodamine labelled HY2C17 (section 3.2.7) and allowed recovery for an hour before 

imaging. The imaging was carried out using a Zeiss inverted microscope, a 

Hamamatsu cooled CCD camera, and a 100 x 1.3 NA water immersion objective (in 

collaboration with Dr. G. Marriott, MPI, Martinsried, Germany). The cells were 

excited at 540 nm and were imaged at 570 nm. The indicator exhibits an even 

distribution in these cells, in the cytoplasmic and nuclear regions, with exclusion 

from the vacuoles.
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6.2 The Extent of Photobleaching of Coumarin

All experiments described in this section and the following sections were carried out 

in collaboration with the division of Neurophysiology at NIMR (J. Home and T. 

Carter). To test the usefulness of HY2C17MDCC as a Ca2+ biosensor for in vivo 

applications, the microscope image needed to be calibrated on the basis of the 

maximum fluorescence intensity of the Ca2+-loaded protein. The extent of 

photobleaching of MDCC, under the conditions intended for in vivo experiments, 

also needed to be investigated. The imaging was carried out using a Zeiss inverted 

microscope and a Hamamatsu cooled CCD camera with filters for a 430 nm 

excitation wavelength and 470-510 nm emission (section 3.2.8). Sample evaporation 

during experimentation was prevented by engulfing 20 pM HY2C17MDCC in the 

presence of 200 pM Ca2+ into ~ 50 pm sealguard vesicles.

Figure 6.2.a shows the fluorescence image of a vesicle containing HY2C17MDCC as 

described in section 3.2.8. The vesicles were bright and easy to image. To investigate 

the extent of photobleaching with MDCC, the sample was constantly illuminated for 

10 minutes (note: this length of time was well beyond the exposure time necessary 

for the intended experiments). Figure 6.2.b shows the photobleaching profile of the 

sample under observation as a function of time. There is about 40% photobleaching 

of the signal after about 10 minutes of full illumination (4% per min). This indicates 

that MDCC is photostable and hence suitable for live cell experiments.
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Figure 6.2:

(A) Fluorescence image of a ‘seal-guard’ vesicle engulfing HY2C17MDCC. 5 pL

of a 20 pM stock of HY2C17MDCC was engulfed in seal guard vesicles (~ 50 pm in 

diameter) in the presence of 200 pM Ca2+. The imaging was carried out using a Zeiss 

inverted microscope and a Hamamatsu cooled CCD camera with filters for a 430 nm 

excitation wavelength and 470-510 nm emission (section 3.2.8). The figure was 

prepared using the software Adobe Photoshop 5.1.

(B) The photobleaching profile of HY2C17MDCC. HY2C17MDCC engulfed in a 

‘sealguard’ vesicle was constantly illuminated with the full illumination intensity for 

10 minutes. A 90% neutral density grey filter was placed in front of the light source 

so that photobleaching was reduced by at least 10-fold. There was 40% 

photobleaching of the fluorescence signal after about 10 minutes (4% per min). In 

collaboration with Dr. J. Horne, Division of Neurophysiology, NIMR.
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6.3 HY2C17MDCC in Non-Excitable L929 Fibroblasts

Can the labelled HY2C17 work as a Ca2+ biosensor in mammalian cells? In order 

to answer this question a simple test was primarily carried out on non-excitable L929 

fibroblasts loaded with HY2C17MDCC.

The purpose of this exercise was to investigate the extent of Ca2+ induced fluorescent 

changes of HY2C17MDCC in vivo. A non-physiological method was employed to
9-i-produce a sudden high concentration of intracellular Ca , using a high concentration 

of an ionophore (A23187) to introduce Ca2+ into the cells. The ionophore forms a 

lipid-soluble complex with divalent metal ions and hence increases the permeability 

of biological membranes to Ca2+. This causes a sudden flow of Ca2+ ions from the 

extracellular buffer (which contained 2mM [Ca2+]) into the cells, causing a sudden 

high (> 2 pM) intracellular [Ca2+]. It was hoped that the fluorescence of the indicator 

would change in response to this change in [Ca2+].

The first important consideration was the introduction of the indicator into the cells. 

There are many well-established methods for introducing large macromolecules into 

eukaryotic and prokaryotic cells, since these are too large to cross intact cell 

membranes. For these experiments, electroporation of cells grown on a coverslip to a 

subconfluency population was chosen because it seemed to be the easiest method for 

introducing the indicator into many cells (see section 3.2.7).

20 minutes after electroporation (to allow recovery of the cells) the coverslip was 

inserted into the incubation chamber (heated to 37 °C) on the microscope and the 

cells were imaged as described in section 3.2.8. Dead cells seemed to be extremely 

fluorescent and round with the edges granulated in appearance. Healthy cells were 

fluorescent with an even distribution of the indicator and high fluorescence intensity 

in the nuclear region of the cell.

A region of healthy-looking loaded cells was brought into focus and an image was 

captured every 10 seconds (sections 6.2 and 3.2.8). Application of the ionophore

174



A23187 by direct pipetting into the extracellular buffer containing 2 mM Ca2+ gave 

rise to an increase in the fluorescence of HY2C17MDCC, which decreased in 

intensity with time over a period of several minutes. This disappearance of the 

fluorescence is probably not a real measure of how the cell is buffering the excess 

Ca2+, but rather shows a reduction in the local concentration of the ionophore in the 

extracellular buffer by diffusion. Figures 6.3.a and 6.3.b show the fluorescence 

images of L929 fibroblasts loaded with HY2C17MDCC before and after the addition 

of A23187.
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Figure 6.3:

Images of L929 fibroblasts loaded with HY2C17MDCC before (A) and after (B) 

addition of the ionophore, A23187. L929 cells, grown to sub-confluency on a 

coverslip, were loaded with HY2C17MDCC using electroporation at 75 v. About 1 

\iM A23187 was applied by direct pipetting into the extracellular buffer consisting of 

135 mM KC1, 5 mM NaCl, 20 mM HEPES pH 7.4, 2 mM Mg2+, 10 mM glucose and 

2 mM Ca2+ at 37 °C. For details of image analysis see legend of Figure 6.2.A. The 

figure was prepared using the software Adobe Photoshop 5.1 in collaboration with 

Dr. J. Horne, Division of Neurophysiology, NIMR.



6.4 HY2C17MDCC in Excitable Rat Dorsal Root Ganglion 

Neurones

Excitable cells e.g. neurones contain voltage-dependent Ca2+ channels that enable 

these cells to increase cytosolic Ca2+ levels dramatically in response to stimuli 

(Clapham, 1995). In these experiments rat dorsal root ganglion (DRG) neurones were 

used to test the response of HY2C17MDCC to Ca2+ transients induced by membrane 

potential depolarisation leading to stimulation of voltage-gated channels. To induce 

Ca2+ transients in these cells, a buffer with an elevated K+ concentration ([K+] = 135 

mM) was perfused in the vicinity of cells under observation, which were loaded with 

the indicator. This led to depolarisation of the membrane potential and activation of 

the voltage-gated Ca2+ channels. These in turn open and allow Ca2+ to enter the cell, 

leading to an increase in the fluorescence intensity of the indicator which can be 

calibrated to allow determination of intracellular free Ca2+ concentration.

The cells, grown to near confluency on a coverslip, were loaded with the indicator 

using electroporation at 130 V. A puff-perfusion system was set up in the microscope 

chamber containing the cells (section 3.2.9). This system does not remove the high 

K+ stimulatory agent effectively since the perfusion into the chamber is only at a flow 

rate controlled by gravity. The camera was set to capture an image every 10 seconds. 

For stimulation, 5 pulses of the high K+ buffer were puffed near the cells via a patch 

pipette every 30 seconds, each lasting 200 ms.
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Figure 6.4 shows the response of HY2C17MDCC in a typical healthy DRG neurone, 

following each pulse. The fluorescence intensity rises immediately by a factor of 1.3 

on average after each pulse and decreases to baseline level before the next pulse. The 

observed rate of signal disappearance is probably a combination of the rate of Ca2+ 

dissociation from the indicator, the rate at which the cell buffers its suddenly 

generated excess Ca2 and the rate of diffusion of the high extracellular K+ away from 

the cell. For a better resolution of these processes, one needs to set up a controlled 

system where the buffer surrounding the cells is perfused at a controlled rate.
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Figure 6.4:

The fluorescence response of HY2C17MDCC to increases in intracellular 

[Ca2+]free via membrane depolarisation in a dorsal root ganglion. DRG’s grown 

on a coverslip were loaded with HY2C17MDCC by electroporation at 130 V and 

mounted on an open incubation chamber (warmed to 37 °C). For stimulation, 5 

pulses (200 ms) of high K+ buffer (135 mM KC1, 5 mM NaCl) with 30 seconds 

intervals, were directly puffed at the imaged cell. To determine Fmax in vivo the cell 

was washed and subjected to repetitive treatment with A23187 every 30 seconds, 

recording the image every 10 seconds. Work carried out in collaboration with Dr. J. 

Horne, Division of Neurophysiology, NIMR.
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6.5 End of Experiment In Situ Calibration of 

HY2C17MDCC in Loaded DRG’s

In section 5.8, from in vitro calibration of the fluorescence response of 

HY2C17MDCC to [Ca2+], a ratio of Fmax / Fmin = 3.5 ± 0.12 was calculated. This 

ratio can be used to directly convert the in vivo fluorescence responses into 

intracellular free [Ca2+]. However, as with other indicators, there are problems with 

straight conversion of in vivo fluorescence results into ion concentrations using in 

vitro calibration ratios. Apart from the obvious reason that very different 

experimental (optical) systems are used for measurement of fluorescence in vitro and 

in vivo, there may also exist the risk that the IQ may be somewhat different in the cell 

from that in the calibration solution. There is also the possibility that the fluorescence 

properties of the indicator may be different in the cell, and such effects have been 

observed for fura-2 (Williams et al., 1985). An attempt was made to measure Fmax in 

vivo by repeated subjection to treatment with A23187. The same cell that was 

subjected to depolarisation via application of high K+ (section 6.4), was washed, 

allowed to recover and then treated repeatedly with A23187 every 30 seconds, 

recording the image every 10 seconds (Figure 6.4). The fluorescence increased for 

the first three applications after which there was no further change. This fluorescence 

intensity at the plateau can be taken to be Fmax, i.e., the fluorescence response to the 

maximum [ C a ] j ntraceiiuiar upon saturation by repeated treatment with Ca2+ / ionophore.

Experimental determination of Fmin in vivo is more difficult and tedious. This 

involves loading the cell with an esterified Ca2+ chelator such as BAPTAJAM along 

with the indicator, and clamping the external Ca2+ to zero with EGTA in the presence 

of an ionophore (Miyawaki et al., 1997). As well as the differences existing between 

cells, the aqueous solubility of ester dyes is problematic in loading adequate 

concentrations into cells (section 6.1). Employing this protocol to determine Fmin 

also means that the cells need to be treated twice, once for electroporation and a 

second time for ester permeabilisation, which reduces the viability of the cells.
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For the sake of simplicity Fmin was determined from the calculated in vitro Fraax / Fmin 

ratio, although the accuracy of this value is based on the assumption that the ratio 

Fmax/Fmin remains unchanged, once the protein is in the intracellular environment. 

Using equation 5.8, values for [Ca2+]free in the resting and excitation states were 

calculated to be ~ 250 nM and 600 nM respectively, which are similar to previously 

reported values of 100-400 nM (Bootman and Berridge, 1995).

6.6 Histamine and ATP Stimulation of Non-Excitable 

Human Umbilical Vein Endothelial Cells

The response of HY2C17MDCC to intracellular changes in [Ca2+]free was 

investigated as a result of stimulation using histamine or ATP in non-excitable cells. 

In non-excitable cells such as blood cells, hepatocytes and endothelia, the slow 

inositol (l,4,5)-triphosphate (InsP3)-mediated pathway predominates. InsP3 acts as an 

intracellular second messenger by binding to the specialised receptor that spans the 

endoplasmic reticular (ER) membrane and triggers release of Ca2+ from the ER. Ca2+ 

can also enter non-excitable cells by crossing the plasma membrane (Berridge, 

1997a).

Histamine and ATP are two stimulatory agents, which can trigger release of Ca2 from 

ER in these human umbilical vein endothelial cells (HUVEC), leading to observed 

waves and oscillations (T. Carter, personal communication). HUVECs grown on 

glass coverslips were loaded with HY2C17MDCC using electroporation at 75 V. 

After a 20 minutes recovery, an area containing healthy indicator loaded cells was 

brought into focus and images were recorded every second. Once the images showed 

a stable condition, a submaximal dose of histamine (~1 jiM) was applied to the bath. 

Figure 6.6 shows the response of an indicator-loaded HUVEC to histamine 

stimulation. There was a 1.3 fold enhancement in the fluorescence of 

HY2C17MDCC following stimulation. This intensity enhancement is identical to 

that observed in DRG cells (section 6.4) which may be suggestive of similar levels of 

intracellular [Ca2+] reached following stimulation. A maximal dose of ATP (10 pM)
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added (following a wash), stimulates another increase in [Ca2+]i of similar magnitude 

to the initial histamine response (data not shown). This response has been observed 

to eventually convert into oscillations and waves as a well-known behaviour of non- 

excitable cells (Berridge, 1997a).
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Figure 6.6:

The fluorescence response of a HY2C17MDCC loaded HUVEC to histamine 

stimulation. HUVECs grown on glass coverslips were loaded with HY2C17MDCC 

using electroporation at 75 V. For stimulation, a submaximal dose of histamine (~1 

pM) was applied to the bath and images were recorded every second. Work in 

collaboration with Dr. T. Carter, Division of Neurophysiology, NIMR.
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7.0: GENERAL DISCUSSION
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The aims of this study have been to explore the use of fluorescent labelling to:

a) study the mechanism of the Ca2+-dependent interaction of CaM with typical target 

sequences, and

b) generate a new series of fluorescent molecules based on the H2CaM hybrid protein 

which can be used as Ca2+ biosensors.

The approach to these aims has been to use the knowledge of calmodulin structure 

and function in vitro in applications at the level of living cells, in the design of 

fluorescent Ca2+ biosensors. Cysteine-containing target peptides of CaM were 

synthesised, fluorescent labelled and their interaction with CaM was studied. Based 

on the knowledge obtained from these studies, cysteine containing mutants of a 

CaM-peptide hybrid molecule were produced, labelled, characterised in vitro and
9 -1-evaluated as the basis for a Ca biosensor in vivo. The discussion below addresses 

the principles behind the experimental procedures and findings of each aim of this 

thesis work in turn.
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7.1 Interaction of the Fluorescent Labelled Target

Peptides with Calmodulin

7.1.1 The CBP Target Peptides

In this work, cysteine variants of CBP peptides were synthesised with a cysteine 

residue at positions 0, 3, 8, and 17. The amino acid sequences of these variants are 

listed in Table 4.1. The rational for choosing these positions has been described in 

section 4.1. CBP is a model peptide (Cox et al., 1985) mainly composed of repeating 

units containing the hydrophobic leucine and positively charged lysine residues. Due 

to the absence of an intrinsic fluorophore in the sequence of CBP, the stoichiometry 

and affinities of the unlabelled peptides were determined by competition with Trp- 

containing peptides of known affinities for the binding site of CaM. This method 

depends on the direct competition of the silent peptide with a Trp containing peptide, 

with a 1:1 stoichiometry, for a single binding site on CaM.

The affinities of all unlabelled CBP-cysteine peptides were in the pM range, i.e. 

similar to the native CBP peptide indicating that cysteine substitution at the indicated 

positions of the peptide did not significantly alter the affinity for CaM (Table 4.1.2). 

The reason for this may be that the high affinity of this peptide is due to its extreme 

helical and positively charged design which is relatively unaffected by replacing one 

(or two) residues by a cysteine.

CBP and different variants of it were first designed to obtain evidence in support of 

the hypothesis of the basic amphiphilic a-helix (BAA) being a recognition 

requirement for CaM-binding regions (Section 2.3.3). O’Neil and co-workers 

designed a series of CBP analogues in which a Trp residue was systematically moved 

throughout the sequence of this peptide (O’Neil et al., 1987). The fluorescent 

properties of these peptides, upon interaction with CaM, were then examined as a 

function of the position of the Trp in their sequences. It was found that these 

properties (emission maximum, anisotropy and Stem-Volmer constants for
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acrylamide quenching studies) were periodic in nature and had a repeating period that 

matched that of an a-helix. Interestingly, placing a Trp at any position in the peptide 

chain did not significantly alter its affinity, similar to the results obtained with the 

CBP-cysteine peptides.

As described in section 2.3.3, in a review by Rhoads and Friedberg (1997), the Ca2+- 

dependent CaM-binding motifs were grouped into two major classes, designated as 

motifs 1-8-14 (types A and B) and 1-5-10, based on the positions of conserved 

hydrophobic residues. Thus the CBP peptide is best classified under the 1-8-14 (type A) 

motif due to the presence of Leu residues at positions 1, 5, 8, and 14, according to the 

conserved hydrophobic residue numbering (see Tables 2.3 and 4.1).

7.1.2 The 2:1 Stoichiometry of CBP Binding to Calmodulin

CBPCO was labelled with dansyl maleimide (DM), a cysteine specific fluorescent 

probe whose fluorescence emission was highly sensitive to its surrounding 

environment. Evidence from the fluorescence titration data of CaM with the labelled 

CBPCODM suggested that the stoichiometry of binding of this peptide to CaM is 2:1. 

Further resolution of the data for the two binding processes showed that the major 

spectroscopic change appeared to be associated with binding to a higher affinity site 

(denoted site A, Kd ~ 2 nM), at 1:1 stoichiometry. There was also some spectroscopic 

change associated with a lower affinity site (denoted site B, Kd ~ 1 pM) at an overall 

2:1 stoichiometry. These results were further supported by the data from the titration 

of DM labelled CaM (at position 111) with the native CBP, also showing a 2:1 

binding stoichiometry, simultaneously carried out by Dr. Stephen Martin (NIMR, 

unpublished results).

There are other known examples of 2:1 binding of target peptides to CaM, such as 

the bee venom peptide, melittin, which although binding to CaM with 1:1 

stoichiometry in the presence of Ca2+, binds at 2:1 stoichiometry in the absence of 

Ca2+ (Maulet and Cox, 1983). More recently, it was found that a 26-residue peptide
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derived from the petunia glutamate decarboxylase also binds with a 2:1 stoichiometry 

(Yuan and Vogel, 1998). Other examples include short peptides derived from p- 

endorphins (Giedroc et al., 1983) and a venom peptide, mastoparan (S. Martin, 

unpublished results). The 2:1 binding of targets to CaM may present another mode of 

interaction of CaM with targets, different from those classified by Rhoads and 

Friedberg (1997).

These initial labelling studies with the CBP peptides confirmed the environmental 

sensitivity of the probe (DM) to the formation of CaM-peptide complexes. They also 

helped to establish experimental procedures. However, it was concluded that the 2:1 

binding of CBP peptides to CaM could be problematic, involving assumptions in the 

data analysis. This part of the work also presented a particular problem of working 

with very dilute solutions of positively charged peptides. It was found that these 

highly charged CBP peptides adhere to the walls of glass cuvettes and plastic pipettes 

used for mixing, hence reliable estimates of concentration and affinity were difficult 

to obtain reproducibly. It was therefore decided to proceed with the WFF target 

peptides.

7.1.3 The WFF Target Peptides

The 1:1 stoichiometry of binding of WFF and variant peptides to CaM is well 

established (Findlay et al., 1995a, 1995b; Bayley et al., 1996). The choice for 

cysteine substitution at positions 0, 8, 17, and 19, of this peptide has been discussed 

in section 4.1 (also see Table 4.1 for sequences). As with the unlabelled CBP 

peptides, the affinities of the unlabelled WFF-cysteine variants (determined by 

competition) were in the pM range (Table 4.2.2). In the case of WFFCO, the sequence 

GlyCys was added to the N-terminus of the peptide, leading to > 10-fold higher 

affinity (Kd = 16 ± 5pM) compared to the native unprotected WFF (Kd < 200pM). 

This could possibly be due to the removal of the charged amino group, from the 

immediate environment of the first interacting residues of the N-terminus of the 

peptide, leading to a more favourable electrostatic interaction with the negative Glu
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residues of CaM e.g. Glul27 (Figure 2.3.2.C). Similar results are obtained when the 

acetyl and amide end protected WFF peptide and its variants interact with CaM; the 

affinities are observed to be significantly increased (S. Martin, unpublished results).

In the case of WFFC8, the Phe8—>Cys substitution led to a 3-fold increase in the 

affinity (Kd = 60 ± 15). This result was not expected since Phe8 has also been shown 

to make a number of important interactions with residues in the C-domain of CaM 

(Ikura et al., 1992). For WFFC17, the change Phel7—>Cys resulted in a 2.5-fold 

reduction in the affinity attributable to the importance of this Phe residue as a 

hydrophobic anchor (Kd = 500 ± 120). Similarly, the Lys—>Cys substitution in 

WFFC19 led to a 4-fold reduction in the affinity (Kd = 800 ± 300). The Gibbs free 

energy of binding (AGbmding = - RT lnKa = -2.3RT log Ka) is -12.5 kcal for WFFC19 

and -13.3 kcal for WFFU. Therefore, Lys 19—>Cys substitution gives rise to a decrease 

in the free energy of binding of 0.8 kcal (6 %). This suggests a small contribution of 

the electrostatic interaction between Lys 19 and Glu83 of CaM, to the high affinity 

interaction between WFF and CaM.

The interaction of the WFF-cysteine peptides can be considered in relation to the 

molecular binding model by Afshar et al. (1994), based on the available coordinates 

of the NMR structure of CaM:M13 complex (Ikura et al., 1992). Afshar and co

workers noted that the binding surface of CaM corresponds to charged margins 

separating a hydrophobic core formed by residues from both N- and C- domains. 

This binding surface displays a tunnel with 4 pockets which can accommodate 

hydrophobic peptide residues at relative positions Trp4 and Phe8 in pocket A (1100, 

1125, V136 and F141); V alll in pocket B (V91); Alal4 in pocket C (V35); Alal3 

and Phe 17 in pocket D (127 and 163) (Figure 2.3.2.c). Pockets A and B are made from 

the residues of the C-domain while pockets C and D are made from those of the N- 

domain. Pockets A and D are large enough to accommodate more than one peptide 

side-chain. In this model residues Phe and Leu serve as pocket separators: F92 and 

A88 separate pockets A and B; L39 and LI 12, pockets B and C; F19 and L32, 

pockets C and D. Therefore these Leu and Phe residues, surrounded by Met side 

chains (9 in total) can adjust to many different target sequences. Thus, a fluorescent
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probe at positions 8 and 17 is likely to be accommodated in pockets A and D, 

respectively. It was however difficult to predict an interaction between a probe at 

position 0 of WFF and CaM, since there are no detected NOE’s beyond residue 3 of 

M l3 in the NMR structure of CaM:M13.

Afshar and co-workers also suggested that positive residues on both sides of Trp4 are 

important in the electrostatic interactions between the peptide and CaM. Other 

electrostatic interactions have also been predicted between Lys 18 and Lys 19 at the C- 

terminus of the peptide, and Glu83 and Glu87 in the flexible region of CaM. The 

distribution of charges in this proposed model, however, differed from the BAA 

model by O’Neil and Degrado (1990) in that the charges surrounding the Trp4 

residue do not correspond to a hydrophilic and a hydrophobic side. These 

electrostatic charges are suggested to play a role in promoting the conventional 

orientation of binding and target recognition of WFF and its variants (Findlay et al., 

1995b) because CaM itself is negatively charged at neutral pH. It has been suggested 

that removing the first two basic residues (ArglLys2) from N-terminus of the RS20 

peptide (derived from the CaM-binding sequence of sm-MLCK) decreased its 

affinity for CaM about 8-fold (Lukas et al., 1986). Results in this work showed that a 

Lys 19—>Cys substitution resulted in a small reduction in the binding free energy (0.8 

kcal), indicating a small contribution to the overall high affinity of this interaction.

Table 7.1.3 shows the Afshar model of CaM binding requirements and the aligned 

sequences of M l3, RS20 (CaM-binding region of smMLCK) and CBP peptides. The 

model peptide has positively charged residues at both ends, with a hydrophobic core. 

Peptides M13 and RS20 both show a high degree of alignment with respect to the 

positions of the hydrophobic and positive residues. The CBP peptide only has a 41 % 

sequence similarity with this model (calculated on the basis of the conserved basic 

and hydrophobic residues) and in fact aligning the reverse sequence of this peptide 

(CBPrev) shows a greater sequence similarity (65%) with the model. Hence this 

peptide may bind to CaM by an altogether different mode, and may even be in a 

different orientation from that of M l3 and RS20. In addition, alterations in the 

affinities of the unlabelled cysteine variants of WFF (Table 4.2.2), compared to the 

native WFF, showed that there are precise determinants in the sequence of WFF for

190



the binding to CaM. In contrast, the CBP-cysteine variants showed no significant 

variation in the affinities, compared to the native CBP, consistent with a more 

diverse CaM-binding nature with no determinant sequence features of this peptide.
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Table 7.1.3:

Sequence alignments of M13, RS20 and CBP peptides based on the Afshar et a l., 

1994 model for CaM-target recognition. The model was proposed by Afshar et al., 

(1994) following simulation studies on the interaction of target peptides with CaM 

(see text for details); +++ (basic residues), B (bulky hydrophobic), H (small 

hydrophobic), and X (can be hydrophobic or basic). M l3 is the CaM-binding region 

of sk-MLCK, RS20 is the CaM-binding region of sm-MLCK, CBP is a synthetic 

CaM-binding sequence and C B P rev is the reversed sequence of CBP.



123456789 0123456789 0123456
Model +++B++HBX HBxBB++B
Ml3 KRRWKKNFI AVSAANRFKK ISSSGAL
RS2 0 RRKWQKTGH AVRAIGRLSS S
CBP LKLKKLLKL LKKLLKLG
C B P r e v  g l k l l k k l l k l l k k l k l
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Fluorescent labelling affected the affinity of the WFF-cysteine peptide for CaM to 

various degrees depending on the position of the probe (Table 4.2.2). Labelling at the 

N-terminus of the peptide affected the affinity to a greater extent than labelling in the 

C-terminus of the peptide. Two reasons may explain this position-dependence effect 

of labelling on the affinity of the peptide for CaM. First, it has been observed that 

interaction of the N-terminal region of the peptide with the C-domain of CaM 

appears to be an important initial step in the target recognition process (Findlay et al., 

1995a, Persechini et al., 1994). Barth et al. (1998a) showed that the C-domain of 

CaM has a higher affinity for the N-terminal region of WFF than the N-domain for 

the C-terminus of the peptide. Therefore introducing a fluorescent probe in the N- 

terminus of the peptide may interfere with the interaction of Trp4 to the C-domain 

leading to a reduction in affinity. Second, a fluorescent probe in the N-terminus of 

the peptide may sterically hinder the favourable electrostatic interactions between the 

basic residues surrounding Trp4 to the negative Glu residues (e.g. Glul27, G lu ll, 

and Glu 14) in CaM.

In contrast, energy minimisation studies on the interaction between CaM and a 

Trp4-»Phe/ Phe 17—»Trp analogue (FFW) have suggested that, only minor local 

structural adjustments in the side chains of the peptide and CaM are required to 

accommodate the bulkier Trp 17 side chain (Findlay et al., 1995a). This may also 

apply to substitution of Phe 17 by a bulky DM in WFF and hence a smaller effect on 

the affinity of the interaction. Although affected, the dissociation constants of the 

labelled peptides were in the nM range and hence the affinities were still sufficiently 

high for tight-binding complexes to form.

7.1.4 Spectroscopic Characterisation of the Labelled 

WFF:CaM Complexes

Fluorescence titrations of the labelled WFF-cysteine peptides with C a^aM  (Table 

4.2.3) showed that all free labelled peptides exhibit an emission maximum at 550 

nm, however, the emission maximum wavelength of the bound state is different for
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each CaM-peptide complex. The enhancement in fluorescence intensity is also 

different for each interaction. These results indicate that, in each peptide, the probe 

experiences a different environment. For WFFCODM and WFFC17DM, there were 

significant changes in the fluorescence properties of the probe upon complex 

formation. This result was expected in the case of WFFC17DM, since the 

accommodation of the probe in this position was predicted to be in pocket D (127, 

163) of CaM based on the model by Afshar et al. (1994). In the case of WFFCODM, 

the results are interesting in that, in the NMR structure of CaM.M13 complex, 

residues of M13 beyond Arg3 were ill defined and appeared to be disordered in 

solution. However these results show that at this C-terminus end of the peptide, there 

are hydrophobic interactions with the binding pocket of CaM resulting in large 

fluorescence changes.

There were also significant fluorescence changes corresponding to formation of the 

CaM:WFFC8DM complex (8-fold intensity enhancement and a shift of 550—>511 

nm), though smaller than those for the WFFCO and WFFC17 peptides. A probe in 

this position was predicted to fit into pocket A (1100, 1125, V136 and F141) of the 

binding surface of CaM. In the case of WFFC19DM, the changes in the fluorescent 

properties were very small in comparison with the other peptides (only a 2.4-fold 

intensity enhancement and a shift of 550—>526 nm). This showed that upon binding 

to CaM, DM in position 19 of the peptide was still considerably exposed to a polar 

environment and possibly external to the hydrophobic cavity of CaM. These results 

were in good agreement with the NMR data and the model of Afshar et al., which 

predicted only electrostatic interactions of Lys 19 of M13 with Glu83 and Glu87 of 

CaM and no hydrophobic interactions with CaM in this region of the peptide.
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7.1.5 Conformation of the Labelled WFF Peptide:CaM 

Complexes

Near-UV CD (250-340 nm) was used to derive information about the environment of 

the bound aromatic residues, specifically the bound DM, for each labelled WFF 

peptide. The signal arises principally from the precise geometry of the chromophoric 

residues (Trp, Tyr, Phe, Cys, and DM) and from the electronic interaction with other 

side chains and the backbone. The magnitude of the CD signal (which can be + or -) 

indicates the degree of immobilisation of these aromatic groups, however precise 

structural information can not be easily derived. The near UV CD spectrum of 

holoCaM showed prominent bands at 262 and 268 nm, which derive from the nine 

Phe residues. The signal at longer wavelengths (275-282 nm) derives from the single 

Tyr 138 in the C-terminal domain of CaM.

There was negligible CD signal from the free native WFF (nor from the free labelled 

peptides), which is consistent with that the free peptide being unstructured in 

solution. Binding of a ligand to a protein in general generates a CD signal which is 

much more intense than that of the free ligand (Bayley and O’Neil, 1980; Delabar et 

al., 1982). The spectrum for the Trp residue in WFF:CaM complex is, however, 

intense in the signals of both the 'La and the !Lb transitions (Findlay et al., 1995c; 

Figure 4.2.5.a). The near-UV CD of the RS20 peptide (from sm-MLCK) complexed 

with CaM has been also shown to be similar, which indicates that the Trp residue in 

these peptide experiences similar environments (S. Martin, unpublished results). 

Based on the solved structures of CaM.M13 and CaM.RS20 complexes (Ikura et al., 

1992; Meador et al., 1992), these CD signal changes, from the free to the bound 

peptide states, indicate that the Trp side chain in each bound peptides is strongly 

immobilised in an asymmetric environment.

All labelled peptides (with the exception of WFFC19DM) showed a strong broad 

signal in the region 300-400 nm, with a peak at around 330 nm, and a second sharp 

intense band at < 300 nm, derived from the bound DM (Figures 4.2.5.b-e). The signal 

in the 300-400 nm region was strongly positive (Aem = 0.97 M^cm'1) in the case of
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WFFCODM and strongly negative in the case of WFFC17DM (-0.95 M^cm'1). These 

results suggest the different steric environments experienced by DM at these peptide 

positions and are diagnostic of the immobilisation of DM in an asymmetric 

environment (e.g. the hydrophobic core or surfaces of CaM). They are also consistent 

with the large fluorescence wavelength shifts and emission intensity enhancements 

observed for the interaction of these labelled peptides with CaM. It is therefore 

reasonable to postulate that in WFFCODM, DM is interacting with the hydrophobic 

binding pocket in the C-domain of CaM and, in WFFC17DM, it is interacting with 

the N-domain. Acrylamide quenching studies are useful to gain information 

regarding the extent of burial of DM in the hydrophobic binding pocket of CaM and 

hence confirm the results of CD and fluorescence experiments. All attempts at 

acrylamide (or iodide) quenching experiments, using even the free labelled WFF 

peptides, failed to achieve quenching of DM fluorescence even up to a 5 mM 

concentration of acrylamide (results not shown) due to the insensitivity of DM 

fluorescence to quenching by acrylamide (or iodide).

The large DM CD signals in the labelled WFF.CaM complexes obscure the !La and 

]Lb transitions of the Trp4 so that the difference spectra do not resemble that of the 

bound native WFF, with the exception of WFFC19DM, in which the DM CD signal 

is very weak. However, from the difference spectra for peptides WFFCODM, 

WFFC8DM, and WFFC17DM, contributions of the two peaks of JLb transition (at 

281 and 288-294 nm) can still be observed and it is reasonable to assume that Trp4 is 

binding to CaM in the same way as the native WFF.

7.1.6 Evidence for the Existence of a Ca2CaM.Peptide 

Intermediate Species

Extensive previous work in this laboratory and by many other investigators has 

considered the role of individual CaM domains in target recognition and activation. 

A general mechanism was proposed by Bayley et al. (1996) based on the observation 

that the two isolated domains of CaM display different affinities for target sequences
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(section 2.3.3 and Figure 2.3.3). This is equivalent to a differential sensitivity of the 

two interactions (N- and C- domains with the target) to [Ca2+]. These authors 

suggested the possibility of the existence of an intermediate species (Ca2.CaM.target) 

at resting [Ca2+] whose function is to uncouple the initial step of binding from 

subsequent enzyme activation.

In this work, apoCaM was titrated with Ca2+ in the presence of labelled WFF 

peptides in search of further evidence for the existence of a Ca2CaM.peptide
O - X -intermediate species. The fluorescence changes, in response to Ca titration of 

apoCaM in the presence of WFFCODM, were effectively complete after the addition 

of 2 molar equivalents of Ca2+ (Figure 4.2.6). This result is similar to the observation 

made by Martin et al. (1996), for the titration of apoCaM with WFF which was 75-80 

% complete after addition of 2 [Ca2+]/[CaM], indicating that DM in WFFCODM is 

interacting with the same domain of CaM as Trp4 (C-domain). These results indicate 

that the preferential interaction is between the C-domain of CaM and the N-terminal 

sequence of WFF. Hence, the complex present at 2 [Ca2+]/[CaM] in the presence of 

WFFCODM must be predominantly CaiCaM.peptide, with two Ca2+ at the C-domain 

sites, and the CaM N-domain presumably not interacting with the target sequence.

In the case of WFFC17DM, only 20% of the total fluorescence change was observed 

at 2 [Ca2+]/[CaM] and the other 80% was observed with the addition of a further 2 

equivalents of Ca2+. These results also indicated the existence of an intermediate 

species at 2 [Ca2+]/[CaM]. At this [Ca2+] (R = 2), 80% of complex molecules 

undergo a conformational change only in the C-domain of CaM (interacting with the 

N-terminus of the peptide), and since the fluorescent reporter is at the C-terminus of 

WFF, only a small fluorescence change is detected. As more Ca2+ is added, the sites 

in the N-domain of CaM are occupied, hence this domain interacts with the peptide 

leading to further changes in the fluorescence properties.

In general, isolated CaM domains show low efficiency as activators either in isolation 

or in combination (Newton et al., 1984). Persechini et al. (1994) showed that in the 

case of skMLCK, smMLCK, and neuronal nitric oxide synthase (NOS) target 

enzymes, activation is only achieved up to a maximum of 65-80% of the maximum
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by the simultaneous binding of isolated C- and N-domains of CaM. It was deduced 

that CaM itself binds to the target enzyme in an ordered mechanism with the C- 

domain binding with higher affinity. In the presence of the target sequence, the 

affinity of all Ca2+ binding sites are increased and the pattern of KiK2 > K3K4 is 

conserved. However, efficient activation apparently requires the interaction of both 

CaM domains to the target enzyme.

Johnson et a l  (1996) first noted that Ca2+ dissociates -170 times faster from the N- 

terminal Ca2+ binding sites than from the C-terminal sites. Since Ca2+ binds to the C- 

terminal sites with -  2.6-fold higher affinity than the N-terminal sites (Kdc = 1 pM, 

KdN = 2.6 pM), it was suggested (from the average values of Kd’s for the two 

domains) that the on-rate of Ca2+ binding to the N-terminal sites is -  70 times faster 

than that for the C-terminal sites (kon = k0ff / Kd). These observations were likened to 

the reported faster on-rate, lower affinity of the N-terminal sites in Troponin C (TnC) 

compared with the slower on-rate, higher affinity Ca2+-Mg2+ C-terminal sites. At 

resting [Ca2+] levels, TnC stabilises the troponin complex with its Ca2+ bound C- 

domain, and the rapid exchange of Ca2+ with the N-terminal sites regulates 

contraction and relaxation (Potter and Johnson, 1981). Therefore the N-domain of 

TnC is considered to be the regulatory domain.

It was suggested by Johnson et al. (1996) and Bayley et al. (1996) that the same 

mechanism might also exist for CaM; at resting [Ca2+], the higher affinity C-terminal 

lobe may be bound to some target proteins. While this would presumably not result 

in activation, the subsequent rapid binding of Ca2+ to the N-terminal sites of CaM (in 

a Ca2+ transient) would allow this domain to bind and activate the enzyme. As 

[Ca2+]free falls in a Ca2+ transient, the N-terminal sites would dissociate first, hence 

deactivating the enzyme. Therefore while the C-terminal lobe may function as a 

recognition, binding and stabilising domain, the N-terminal lobe may function as a 

regulatory domain. Also the existence of a Ca2CaM. target intermediate may be a 

point where further kinetic regulation could be introduced by virtue of differences in 

the target sequences, and hence could contribute to the diversity of CaM-target 

regulation.
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7.2 Generation of a New Ca2+ Biosensor based on the 

H2CaM Hybrid Protein

7.2.1 Properties bearing on the Suitability of a Fluorescent 

Indicator for Intracellular Use

Detailed information on the properties of conventional fluorescent Ca2+ indicators 

has been included in section 2.5 and throughout chapters 5 and 6 of this thesis. It is 

clear that the fluorescence of an ideal indicator should be sensitive to small changes 

in [Ca2+] within the physiological range of 10'7 to 10'6 M. The signal should be easily 

detected and ideally accompanied by a significant wavelength change (emission or 

excitation) to allow dual measurements. This in turn renders the measurements 

independent of intracellular dye distribution or concentration.

There should be none or insignificant influence of environmental factors such as pH 

and other cations (specifically Mg2+) on the fluorescence of the indicator. Another 

property of an indicator, which determines its suitability for use in in vivo 

applications, is its speed of response. An ideal indicator should be able to follow 

rapid changes of intracellular [Ca2+] without a significant lag e.g. in the case of a 

sudden Ca2+ transient which may be complete in only a few tens of millisecond.

The loading method is of immense importance. In this thesis work methods such as 

scratch loading, wounding and electroporation were used. Loading should be non- 

disruptive to the membrane to maintain the cellular integrity and viability. It is also 

highly desirable to control the loaded amount of indicator to avoid problematic 

buffering and toxicity exerted on the cell.

The indicator itself should distribute evenly throughout the compartment into which 

it is placed and should remain there at a constant concentration.
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Compartmentalisation and diffusion and loss across membranes is a common 

problem with some BAPTA-based indicators.

7.2.2 Design and Characterisation of Fluorescent Calcium 

Indicators

In this work a series of Ca2+ indicators were designed through site-directed 

mutagenesis of a H2CaM hybrid protein (section 2.5.4). A quick-change mutagenesis 

technique was used to introduce a single cysteine residue at different positions 

mainly along the peptide portion of H2CaM. The choice for the positioning was 

governed by the results obtained with the WFF peptide labelling studies. Thus, 

positions 0, 8, and 17, which were found to undergo large conformational changes 

upon interaction with CaM, were chosen for cysteine substitutions. Three further 

mutants had cysteine residues at positions 4, 13 and 92 of CaM in H2CaM. Trp4 

fluorescence undergoes significant changes upon interaction with CaM and it is 

suggested to accommodate into the binding pocket A in the C-domain of CaM. 

According to the model by Afshar et al. (1994), A lai3 of M13 (along with Phel7) 

fits into the binding pocket D in the N-domain of CaM, and hence this position was 

chosen for cysteine substitution in the hope that binding to C a^aM  would subject 

the fluorescent probe to significant changes in its microenvironment. Finally Phe92 

of H2CaM was replaced with a cysteine, since studies have shown it to be an 

important functional residue, directly involved in target binding and activation 

(Meyer et al., 1996), and separating binding pockets A and B in the C-domain of 

CaM.

For the initial characterisation of these mutants, dansyl maleimide (DM) was once 

again the fluorescent probe of choice. Choosing positions for cysteine substitution, 

which are known to be involved in hydrophobic interactions, is an important 

consideration from the point of view that labelling can be difficult if the amino acid 

of choice is sterically hindered. Such difficulty was experienced with some mutants; 

specifically HY2C0, HY2C8, and to some extent with HY2C13, in which labelling in
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the presence of excess EDTA was found to be incomplete without the use of a 

denaturant (section 3.2.3). It is interesting that DM labelled HY2C0 and HY2C8 (but 

not HY2C13) both showed a red-shifted wavelength change (515 —>512 nm and 517 

—» 520 nm, respectively) and only a 1.2 fold enhancement in fluorescence emission 

intensity when titrated with Ca2+ (Table 5.2). These results suggest that in these 

mutants, the probe is buried in a hydrophobic environment in the absence of Ca2+ and 

it becomes exposed to the solvent as Ca2+ is bound. These observations are in 

contrast to the results obtained when apoCaM was titrated with Ca2+ in the presence 

of WFFCODM and WFFC8DM (Table 4.2.6) and indicate that these two positions 

are in different environments in H2CaM in comparison to the labelled WFF:CaM 

complexes.

All labelled HY2-cysteine mutants showed intensity enhancements in the range 1.2- 

3.6 fold upon titration with Ca2+. The mutant HY2C17DM exhibited the greatest 

enhancement in the fluorescence intensity (3.6 fold), analogous to WFFC17DM 

peptide, which shows the greatest fluorescence change (36 fold) upon binding CaM. 

Furthermore, values for both enhancement in intensity and shift in the wavelength for 

HY2C17DM were comparable to those obtained for the titration of apoCaM with 

Ca2+ in the presence of WFFC17DM peptide (3.5 fold, 511 —» 488 nm).

Stoichiometric Ca2+ binding affinities of all DM labelled HY2-cysteine mutants were 

measured by competition with a chromophoric chelator. All average association 

constants were in the range 105 -  107 M '1 (Table 5.3). The pattern of KiK2 ~  K 3 K 4  

observed for H2CaM, also held for mutants HY2C0DM, HY2C4DM, and 

HY2C8DM. However mutants HY2C13DM, HY2C17DM, and HY2C92DM 

displayed the KjK2 > K 3 K 4  pattern, similar to the behaviour of CaM and CaM plus 

WFF in binding Ca2+. These results indicated that cysteine substitution and labelling 

in positions 13, 17, and 92 of H2CaM interfere most with the peptide-induced 

increase in the Ca2+-binding affinity of H2CaM (see appendix A.4). Results of 

fluorescence spectroscopy and stoichiometric affinities measurements indicated that 

HY2C17 was found to be the most suitable mutant for further work with a view to

201



developing a potential Ca2+ biosensor, with a 3.5-fold enhancement in intensity, a Ka 

of ~ 106 M '1, and a monophasic Ca2+ saturation profile (Figure 5.3.b).

7.2.3 HY2C17 Transformation from Indicator to Biosensor

It is clear that not every indicator is suitable for use as a biosensor. In chapter 5 

characterisation of all DM labelled HY2-cysteine mutants showed HY2C17 to be the 

most suitable candidate for a potential biosensor exhibiting the largest Ca2+-induced 

changes in spectroscopic properties (3.6-fold enhancement in intensity and a shift of 

516—>419 nm) and the most suitable range of stoichiometric Ca2+ binding affinities 

(log Kavg = 6). However, further improvements were required to transform HY2C17 

from an in vitro indicator to an in vivo biosensor. First of all, DM was replaced by a 

more suitable fluorescent probe, coumarin maleimide (MDCC) with a higher 

extinction coefficient, quantum yield, and an excitation wavelength in the visible 

range of the spectrum (46800 M^cm'1, 0.83, and 430 nm, respectively, Brune et a l, 

1998). The additional sensitivity of MDCC has the advantage of enabling one to 

illuminate the cell with a less intense excitation light, which reduces the problem of 

photobleaching of the fluorophore. It also means that a smaller amount of the 

indicator can be loaded into the cell which in turn avoids problematic buffering and 

toxicity.

Other cysteine specific fluorescent probes were also tested for suitability e.g. 

Rhodamine maleimide, an extremely bright fluorophore (£m= 91000 M^cm"1, 

quantum yield = 0.97, Xexc = 541 nm, and Xem\s = 567 nm). However the fluorescence 

properties of this fluorophore were not sensitive to its surrounding environment i.e. 

there was no detectable change in these properties upon binding of HY2C17 to Ca2+.

Spectroscopic characterisation of HY2C17MDCC showed that there was a slightly 

larger enhancement in the fluorescence intensity of this indicator upon binding Ca2+ 

in comparison with the DM labelled moiety (4-fold and 3.5-fold, respectively). 

However, as with HY2C17DM, no significant shift in the emission wavelength was
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observed. These results indicated that this indicator was only suitable for single as 

opposed to dual wavelength measurements e.g. for fura-2.

Determination of stoichiometric Ca2+ binding affinities of HY2C17MDCC showed 

that replacing DM by MDCC resulted in a 1.1 fold reduction in the log K3K4 value, 

which in turn slightly reduced the average log K value. This indicated that labelling 

with different probes can cause a modification in the overall Ca2+ binding affinity 

and hence Ca2+ sensitivity of this indicator, which could be an added advantage. 

Interestingly, an E l40 —> Q mutation in site IV of CaM in HY2C17, which was 

generated to alter the Ca2+ binding affinity of this protein, unexpectedly resulted in a

1.2 fold higher log K 1K2 value than the values for HY2C17MDCC. In contrast to the 

simple monophasic Ca2+ saturation profile for HY2C17, the profile for this mutant 

was biphasic (Figure 5.6).

The rates of Ca2+ dissociation from MDCC labelled HY2C17 and E4QC17 were 

studied by stopped-flow experiments at 20 °C and at physiological 37 °C (section 

5.6). In the case of the original H2CaM, there are two dissociation rates measured at 

20 °C with values of 0.77 ± 0.05 and 0.18 ± 0.02 s '1, corresponding to fast and slow 

processes as determined previously (Martin et al., 1996). The measured off rate of 

chelator-induced Ca2+ dissociation from HY2C17MDCC (91 ± 0.06 s"1, at 37 °C) was 

found to be comparable with those of conventional Quin2 based indicators, such as 

fura-2 with a k0ff value of about 97 s '1 (Cobbold and Rink, 1987). This single rate 

was 26 fold faster than the fast phase of H2CaM, consistent with the reduced 

stoichiometric Ca2+ affinities of this mutant compared to the native H2CaM. This 

rate is likely to be Ca2+ dissociation from all sites in parallel, or from the higher 

affinity pair of sites with a much faster dissociation from the lower affinity pair of 

sites not detected by the stopped-flow apparatus.

The relaxation rate for HY2C17MDCC was calculated in the range 10'8 to 10"4 M 

free Ca2+ concentration, base on the values of IQ, k0ff, and kon at 37 °C, and a 

theoretical intracellular concentration of 5pM (Figure 5.7.b). These calculations 

showed that under conditions of cellular excitation ([Ca2+]j > 1 p,M), this indicator
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would only be saturated to about 35 % with a relaxation rate of about 3 ms. This rate 

is much faster than the reported physiological rates of Ca2+ signalling events ranging 

from 30 ms in sympathetic neurones to hundreds of ms in cardiac myocytes 

(Bootman and Berridge, 1995). Therefore, theoretically the kinetics of this indicator 

are fast enough to allow the use of this indicator for in vivo applications of measuring 

and tracking changes in intracellular [Ca2+]free.

Following fluorescence, Ca2+ binding, and kinetics characterisation of 

HY2C17MDCC, it was necessary to calibrate the fluorescence signal of this indicator 

in response to a range of [Ca2+]free under physiologically relevant experimental 

conditions. Theoretically, an in vitro calibration would allow the signals from in vivo 

experiments to be directly converted into values of [Ca2+]free, however, in practice 

one needs to perform calibration studies in vivo. The in vitro calibration of the 

fluorescence signal of HY2C17MDCC showed that this indicator was capable of 

responding to [Ca2+] in the physiological range 100 nM tol pM. Another important 

finding of these studies was that the fluorescence signal responded the same in the 

presence of 1 mM free [Mg2+], which indicates the selectivity and specificity of this 

indicator for Ca2+ against Mg2+. This is an advantage compared to the Quin2-based 

conventional Ca2+ indicators, which only exhibit a weak selectivity against Mg2+.

A further goal of this thesis was achieved by introducing HY2C17MDCC into 

different cell types to address the potential use of this indicator as a biosensor. Initial 

microscope calibration experiments showed that even under continuous intense 

illumination with an excitation light at 430 nm, MDCC (in HY2C17MDCC) was 

photobleached by only 40% after 10 minutes. This indicated the photostability of this 

fluorescence probe suitable for live cell multiple imaging and video microscopy 

experiments.

HY2C17MDCC was loaded into cells by methods such as scratching, wounding and 

electroporation, which are all membrane-disruptive methods. However, these 

methods (especially electroporation) were found to be extremely efficient for loading 

many cells at the same time. Loaded cells in general showed an even distribution of 

this indicator with no compartmentalisation. This behaviour was expected as CaM
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and its M l3 target are already fused together and preferentially interact only with 

each other intramolecularly in the presence of Ca2+. Therefore this construct senses 

Ca2+ without interfering with or being perturbed by excess CaM or CaM-binding 

proteins. Experiments using excitable rat dorsal root ganglions showed this biosensor 

to be capable of following and successfully reporting the changes in intracellular 

[Ca2+]free as a result of stimulation by membrane depolarisation. More controlled 

experiments and appropriate in vivo calibration are, however, required for accurate 

conversion of fluorescence signals of HY2C17MDCC into [Ca2+]free values.

7.3 Conclusions

In summary this work can be seen to address 2 questions: 1) How can fluorescent 

labelling be used to study the mechanism of the Ca2+-dependent interaction of CaM 

with its target sequences? and 2) Can the information obtained from answering the 

above question be utilised to generate novel fluorescent indicators based on the 

H2CaM hybrid protein?

The first question was answered by a systematic design, preparation, and 

characterisation, of fluorescent labelled peptides based on the known solved structures 

for CaM.target complexes. For each labelled peptide, the fluorescence emission spectra 

of the complexes formed were characterised in terms of the maximum wavelengths and 

intensities in the free and the bound states. Circular dichroism studies were performed 

to gain information regarding the conformation of the chromophores in each labelled 

peptide-CaM complex. In both fluorescence and near-UV CD studies, the fluorescent 

probe at the N- and the C-termini of the peptide gave rise to large signals upon 

interaction with CaM. In the case where the probe was placed at the N-terminus of the 

peptide (in WFFCODM), these results were particularly interesting in that in the NMR 

structure of the CaM.M13 complex, no NOE’s were reported for this region of the 

complex.
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The binding of each labelled peptide was also analysed in terms of stoichiometry and 

affinity. All peptides bound with 1:1 stoichiometry, a mode not adopted by all CaM 

target interactions, as in the case of the CBP peptides which bound with 2:1 

stoichiometry. Another important observation from these experiments was the 

apparently small contribution of the electrostatic interaction at the C-terminus of the 

WFF peptide (Lysl9) to the overall binding energy (0.8 kcal).

Stoichiometric Ca2+ titrations of the apo labelled WFF.CaM complexes provided 

evidence for the existence of a stable Ca2CaM.peptide intermediate species. No doubt it 

is more biologically relevant to label target enzymes and observe the functional 

importance of this intermediate species in vivo which may be the next progress in this 

field. Another experimental testing for the existence of this intermediate species may be 

to design fluorescent peptides specific for the N-terminus, which should inhibit 

activation without necessarily causing dissociation of CaM.

9 4 -Can all the above stmctural information be used to generate a new series of Ca 

indicators with potential for in vivo applications?

This second question was answered through the design, cloning, expression, 

purification and fluorescent labelling of cysteine containing mutants of the H2CaM 

protein. Those positions in the WFF peptides, which resulted in large spectroscopic 

changes and others based on available stmctural and simulation information, were 

chosen for cysteine substitutions. All labelled mutants were characterised with a view 

towards developing a Ca2+ indicator in terms of spectroscopic and Ca2+ binding 

properties. It was found that only position 17 on the peptide portion of H2CaM 

exhibited similar properties to the corresponding WFFC17 peptide whereas positions 0 

and 8 experienced different environments compared to their parent peptides (WFFCO 

and WFFC8).

Comparisons were drawn throughout chapters 5 and 6 with the more conventional 

Quin2-based indicators. Where possible improvements were introduced in the design of 

the indicator, although there is still much to be explored in terms of new fluorescent
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probes and alterations in the design of this hybrid protein to achieve yet more desirable 

properties.

The properties measured and calculated for HY2C17 labelled with MDCC fulfilled 

most of the ideal indicator properties described in section 7.2.1. As a final 

experimental test for the possibility of using one such indicator for cellular 

applications, HY2C17MDCC was introduced into different cell types and successfully 

used to measure intracellular free [Ca2+]. It was, however, concluded that for more 

reliable measurements controlled cellular experiments were required.

Finally, this indicator can be conveniently expressed, purified, and labelled on a 

small laboratory scale, since it is only required in small quantities for in vivo 

experiments. It is therefore possible to use the systematic approach used in this thesis 

to other systems to detect the level of ligands and activity of proteins other than CaM 

both in vitro and in vivo.
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A .l Determination of Affinities of Target Peptides

The interaction between CaM and target peptides was characterised in terms of 

stoichiometry and the affinity of the interaction. Fluorescence spectroscopy was used 

in these experiments to investigate the binding of both labelled and unlabelled target 

peptides to CaM. When the affinity of the peptide for CaM is low relative to the 

experimentally accessible concentration, the end point is difficult to determine and 

hence determinations of the stoichiometry and affinity are difficult. In contrast if the 

affinity is high then the end point is well defined and the stoichiometry is clearly 

established. However Figure A.l shows that for titrations at 10 jllM  peptide 

concentration, all curves look the same above a limiting value of Ka ~ 107 M '1 and 

only a lower limit can be reported for the dissociation constant.

The lower limit for the concentration suitable for fluorometric signal detection is 

0. IjllM in the case of Trp containing peptides and 0.05 |iM in the case of DM labelled 

peptides. For peptides with affinities in the nM range a direct fluorometric titration 

method was used to determine these affinities. However the affinities of tighter 

binding peptides (Kd < nM) were determined by a fluorometric competition assay.

A. 1.1 By Direct Titration Method

For determination of dissociation constant by direct fluorometric titration, the 

concentration of the peptide used needs to be relatively close to its Kd. The 

experiment in this thesis involved titration of aliquots of CaM into a solution 

containing the DM labelled peptide (section 4.2.4). The increase in the fluorescence 

intensity at the maximum wavelength of the CaM-peptide complex, is a direct 

measure of the concentration of the bound peptide. For the interaction of CaM + P<=> 

CaM.P, the dissociation constant (Kd) is given by:

Kd = [CaM].[P]/[CaM.P]

225



where P is the peptide and [CaM] and [P] are the free concentrations of CaM and 

peptide respectively.

The total concentrations of Ca and peptide are known and given by:

[CaM] total = [CaM] free + [CaM.P]

[P] total = [P]free + [CaM.P]

Therefore by substitution, the Kd can be expressed as:

Kd = ([CaM]totai - [CaM.P])([P]totai -  [CaM.P])/[CaM.P]

which may be expanded to give:

[CaM.P]2 -  [CaM.P]([CaM]tota| +[P]total + Kj) + [C aM W [P ]total = 0

[CaM.P] is then obtained as the solution of the quadratic equation ax2 + bx + c = 0,

where a = 1, b = - ([CaM]totai + [PJtotai + Kd), and c = [CaM]totai-[P]totai.

The fluorescence signal from the titration is fit to the equation:

Signal = GcaM.[CaM] + Ep.[P] + s  complex' [CaM.P]

where e CaM, e p, and e complex are the specific optical properties (e.g. molar extinction 

coefficients or fluorescence intensitites) of CaM, peptide and CaM.peptide complex. 

A probable error of 1-2 % is assumed for the analysis based on instrumental noise 

and the data is fitted with a single dissociation constant using the non-linear least 

squares technique of Marquardt (Bevington, 1969). There are 6 parameters in the 

fitting procedure (EQFIT4A, written by Dr. S Martin): the Kd, intensity coefficients 

of the protein, the peptide and the complex, and factors to correct for errors in CaM 

and peptide concentrations. %2 minimisation is used to determine the best fit. %2 is 

defined as X ( F caiCuiated - F 0bserved)2/ Z ( e r r o r ) 2 . Each parameter contributing to the fit is
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varied in turn and %2 is minimised with respect to each parameter independently. For 

an appropriate value of the experimental error and an acceptable fit to the data, the 

value of %2 approximates 1.

A. 1.2 By Peptide Competition Method

Examples of this method are in sections 4.1.1 and 4.1.2 and 4.2.2 where a 

competition assay was used to either determine the concentration of the unlabelled 

silent CBP peptides, or the affinities of unlabelled CBP- and WFF-cysteine peptides. 

The ratios of the dissociation constants for pairs of peptides were determined. In 

section 4.1.2, the Kd of a spectroscopically silent peptide (S) was determined by 

competition with a Trp containing peptide (W) for the binding site of CaM (C). In 

this case S replaced W from its complex CW and the ratio of the dissociation 

constants of peptide W and S for C is defined as:

Kd (W) = [W][C1/[CW]

Kd(S) = [S][C]/[CS]

therefore:

Kd(W)/Kd(S) = ([W][CS])/([CW][S])

The experiment is performed under conditions where there is no free CaM. If X is the 

fraction of CaM with peptide W bound and providing that the concentration of free 

CaM is small throughout the titration then:

[CW] = X.CT 

[CS] = CT - X.CT 

[W] = WT - X.CT 

[S] = ST - CT + X.CT
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where CT, WT, and ST are the total concentration of CaM, Trp-containing peptide, 

and spectroscopically silent peptide, respectively. Therefore, the ratio of the 

dissociation constants, R [= Kd(W)/Kd(S)] is given by:

R = [(WT - X.CtXCt- X.CT)] / [(X.CT).(ST - CT + X.CT)]

and X is given by the solution of a quadratic:

X = [-b + V (b2 - 4.a.c))/(2.a)

where a = R.Ct - Cj, b = R.St - R.Ct + Wt + Cj and c = -Wt

The measured fluorescence, F330 is related to X by the equation:

F 330  =  X (F q  -  Fco) +  Foo

where Fo and F^ are the fluorescence intensities observed at [S] = 0 and as [S]—> °o. 

F0 is the emission intensity at 330 nm of the mixture of CW and free W peptide 

present before the addition of S. F^ is the emission intensity at 330 nm of the free W 

peptide. In the fitting program EQFIT6 (Dr. S. Martin) Fo, F^ and R are treated as 

adjustable parameters in the fitting procedure and a %2 minimisation is again used to 

obtain the best fit (see A. 1.1).

In section 4.2.2 the Kd’s of Trp containing peptides (WFF-cysteine variants) were 

determined by competition with a spectroscopically silent peptide (CBP). The same 

principle as described above also applies here. In both cases (sections 4.1.2 and 

4.2.2), the unknown Kd is calculated from the known one (Kd(W) or Kd(S)) and the 

experimentally determined value of R.
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Figure A.l:

Theoretical binding curves for the reaction of P + L <-» PL. L is the ligand at 10 

|LiM concentration and P is the protein for reactions with affinities (Ka) in the range 1 

x 105 to 1 x 109 M"1. These theoretical curves were calculated using the equation 

[PL]/[P]totai = Ka[L] / (1+ Ka[L]) for a range of [L].
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A.2 Determination of the Stoichiometric Ca2+ Binding 

Association Constants

The stoichiometric (also called macroscopic) Ca2+ binding constants were obtained 

from titrations of the apo labelled HY2-cysteine proteins in the presence of a 

chromophoric chelator (5 ,5 /-Br2BAPTA or Quin2) as described by Linse et al., 1 9 8 8 ,  

1991). For a protein (P) with four binding sites for Ca2+, the overall binding process 

may be described in terms of stoichiometric association constants (Ki) by the 

following general scheme:

K, K2 K3 K4

P + Ca Ca.P <=> Ca2.P <=> Ca3.P <=> Ca4 .P

where [P] and [Ca] are the free concentrations of protein and Ca2+ respectively. 

[Ca.P] represents the sum of the concentration of all stoichiometric species in which 

a single binding site (I, n, HI or IV) is occupied, [Ca2.P] is all the species in which 

two sites are occupied and so on [It is important to note that the stoichiometric 

association constants give no information about occupancy of individual sites on the 

protein]. Therefore the stoichiometric association constants (Ki, K2, K3, K4) can be 

calculated as:

K, = [Ca.P]/([Ca][P])

K2 = [Ca2.P]/([Ca][Ca.P])

K3 = [Ca3 .P]/([Ca][Ca2 .P])

K4 = [Ca4 .P]/([Ca][Ca3.P])

The equilibrium concentrations are related to the total concentration of protein [P ]totai 

and calcium [C a]totai by the following equations:

[P]total = [P] + [Ca.P] + [Ca2.P] + [Ca3 .P] + [Ca4 .P] (Equation A . 3 . 1 )

and
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[Ca] total = [Ca] + [Ca.P] + 2[Ca2 .P] + 3[Ca3 .P] + 4 [Ca4 .P)

(Equation A.3.2)

The total calcium bound to protein can be derived from equation A.3.2 to be: 

[Ca]bound = [Ca.P] + 2[Ca2.P] + 3[Ca3 .P] + 4 [Ca4 .P] (Equation A.3.3)

Also from the definitions for Ki, K2, K3 and K4 one can write:

[Ca.P] =K,[Ca][P]

[Ca2 .P] = K,K2[P][Ca] 2 

[Ca3.Pl = K,K2K3[P][Ca] 3 

[Ca4.Pl = K,K2K3K4 [P][Ca] 4

By substitution in equation A.3.1:

[Pltcai = [P](l + K,[Ca] + K,K2[Ca] 2 + K,K2K3[Cal3 + K,K2K3K4 [Ca]4)

Similarly by substitution in equation A.3.3, the total calcium bound to protein can be 

expressed as:

[Ca]bound = [P] (K, [Ca] + 2 KiK2[Ca] 2 + 3 K,K2K3[Ca] 3 + 4 K,K2K3K4 [Ca]4)

Therefore the ratio of [Ca bound to protein]/[Total protein] (or degree of saturation 

by Ca) can be described in terms of free calcium concentration (the Adair equation):

[Protein bound to Ca]/[Total protein] = (Ki[Ca] + 2 KiK2 [Ca]2+ 3 KiK2K3 [Ca] 3 + 4 

KiK2K3K4 [Ca]4)/ (1 + K,[Ca] + K,K2 [Ca] 2 + K,K2K3[Ca] 3 + K,K2K3K4 [Ca]4)

(Equation A.3.4)
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By substitution in equation A.3.4 for the term [Protein bound to Ca2+] from equation 

A.3.3:

([Ca.P] + 2[Ca2.P] + 3[Ca3.P] + 4[Ca4.P]) / [P]totai =

(Kj[Ca] + 2 K]K2[Ca]2+ 3 K]K2K3[Ca]3 + 4 K,K2K3K4 [Ca]4)/ 

(1 + Ki[Ca] + KiK2[Ca]2 + KiK2K3[Ca]3 + KiK2K3K4 [Ca]4) (Equation A.3.5)

Substitution of equation A.3.5 in equation A.3.2 gives:

[Ca]tota[ - [Ca] - {[P]t01al(K,[Ca] + 2 K,K2[Ca]2 + 3 K1K2K3[Ca]3 + 4 

K,K2K3K4 [Ca]4)/(l + K,[Ca] + K,K2[Ca]2 + KiK2K3[Ca]3 + K,K2K3K4 [Ca]4)}= 0

(Equation A.3.6)

Similarly, the binding of a single Ca2+ to the chromophoric chelator (Q) is 

represented by:

Kca.Q
Q + Ca <=> Q.Ca (Equation A.3.7)

From equation A.3.7: Kca.Q = [Ca.Q]/([Q][Ca]) 

and

[Q] = [Q]tota!-[Ca.Q] 

by substitution 

Kcaq = [Ca.Q]/{[Ca]([Q]total-  [Ca.Q])} 

KCa.Q = [Ca.Q]/([Ca][Q]total -  [Ca][Ca.Q])

[Ca.Q] = KcaQ([Ca][Q]total -  [Ca][Ca.Q])

= Kca.Q[Ca][Q]totai -  Kca.Q[Ca][Ca.Q] 

[Ca.Q](l + Kca.Q[Ca]) = KCa.Q[Ca][Q]totai

[C a.Q ] =  Kca.Q[C a ][Q ]totai/(l+Kca.Q[Ca]) (Equation A.3.8)

In the presence of the chromophoric indicator, equation A.3.2 can be modified to:
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[CaJtotai = [Ca] + [Ca.Q] + [Ca.P] + 2[Ca2.P] + 3[Ca3.P] + 4[Ca4.P)

(Equation A.3.9)

By substitution of equations A.3.5 and A.3.8 in equation A.3.9, a similar expression 

to equation A.3.6 is obtained:

[Ca]total - [Ca] -  (Kca.Q[Ca][Q W (l+K ca.Q[Ca])} - {[P]total(K,[Ca] + 2 K,K2[Ca]2 +

3 KiK2K3[Ca]3 + 4 K .K ^ ^ tC a ] 4)^! + K,[Ca] + K,K2[Ca]2 + KjK2K3[Ca]3 + 

K,K2K3K4 [Ca]4))= 0

(Equation A.3.1.0)

Equation A.3.1.0 can be solved using a standard Newton-Raphson method of 

successive iterations to find the positive root of the equation giving a value of [Ca] 

[program EQFIT2, Dr. S. Martin).

Variation of absorbance with free calcium concentration

The absorbance of Quin2 (or BAPTA) at 263 nm decreases when it binds Ca2+, and 

the absorbance at any point (i) can be calculated as:

A j = eca.Q-[Ca.Q] + gq[Q] + A P (Equation A . 3 . 1 . 1 )

where AP is the absorbance of the protein which is assumed not to change as the free 

[Ca] changes. Hence the changes at A263nm were assumed to arise from the chelator 

only.

A ] =  e  caQ.[C a.Q ] +  g  q ([Q ]total -  [C a .Q ]) +  A P 

By substitution of equation A . 3 . 8  for [C a.Q ] in the above equation:

A i =  G CaQ {Kca.Q[Ca][Q]total/(l+Kca.Q[C a])} +  G q  { [Q ] total" (K ca.Q [C a][Q ]total/(l +

K c a .o t C a ] ) ) }  +  A P
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-  e Q [Q] total +  {Kca.Q[Ca] (G Ca.Q[Q] total " G Q[Q]total)/(l +  K ca.Q[Ca])} +  Ap

As Ca2+ approaches infinity, then A ^ e  Ca.Q[Q]totai + AP (= Amax, absorbance in the 

presence of saturating Ca2+), conversely, when A approaches zero then A—> e q[Q]total 

+ Ap (= Amin, absorbance in the complete absence of Ca2+). Therefore the above 

equation becomes:

A i — A mjn +  ( A max A m in) Kca.Q[Ca]/(l+Kca.Q[Ca]) 

and one needs to correct for dilution using the following equation:

A j =  A min "I" (A m ax — A m in) K Ca.Q [Ca]/(l+K ca.Q[C a]).([Q ] total/[Qltotal(S)

(Equation A . 3 . 1 . 2 )

where [ Q ] totai(S) is the total concentration of Q  in the starting solution, and [Q ]totai is 

the actual concentration. The optical signal is fit to equation A . 3 . 1 . 2 .  The fixed 

parameters in the fit are [Q V a i, K Ca.Q and [C a ]totai and [C a] is calculated using 

equation A . 3 . 1 . 0 .  Variable parameters are Kj through to K4 , Amax, A min and factors to 

correct for errors in concentrations of protein, chelator and Ca2+ (program E Q F I T 2 ,  

Dr. S. Martin).
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A.3 Relationship Between Intrinsic and Stoichiometric 

Association Constants

For the case where all four sites are different in affinity for Ca2+ and independent (i.e. 

no cooperativity) the relationship between stoichiometric association constants (Ki, 

K2, K3, K4) and intrinsic (site) constants (Ki, Kn, Kra, Krv) are described by the 

following equations:

K] = Ki + Kn + Km + Kpv

K2 = (KiKn + KiKm + KiKiv + KnKm + KnKiy + KmKiv)/(Ki + Kn + Km + Kiv)

K3 = (KiKjiKm + KiKnKiv + KjKmKiv + KnKmKiv)/ (KiKn + KiKm + KiKrv + KnKm + 

KnKiv + KmKiv)

K4 = KiKnKniKiv/(KiKnKm + KiKnKpv + KiKmKrv + KnKmKrv)

These relationships are useful to set limits on the relative affinities of individual sites, 

but in practice, are difficult to apply to sites which differ in affinities or which show 

cooperativity of binding.

A.4 The Ca2+-Induced Increase in the Affinity of CaM for 

Targets
The formation of Ca2+.CaM.WFF complex may formally be represented as follows:

K
4Ca + CaM + WFF <̂> Ca^CaM + WFF

It
Kd
U

(Equation A.4.1)

4Ca + CaM-WFF <=» Ca4-CaM-WFF 
K'
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Where K is the average affinity of a Ca2+ ion for CaM in the absence of added WFF 

peptide. This is given by (KiK^K^IQ)174, where K\ values are the measured 

stoichiometric association constants for Ca to CaM in the absence of added peptide. 

K for Drosophila CaM has been reported to be 2.12 x 105 M ' 1 (Martin et al., 1996). 

The constant K' value is the average affinity of a Ca2+ ion for CaM in the presence of 

added peptide. This is given by (K'iK'2K'3K'4)1/4, where the K'i values are the 

apparent stoichiometric dissociation constants for Ca2+ to CaM in the presence of 

target peptide. The value of Recalculated from the measured K'i values has been 

reported as 1.175 x 107 M"1 in the presence of WFF (Martin et al., 1996). The Ca2+ 

induced increase in the affinity of CaM for a particular target peptide may, in 

principle, be calculated from experimentally determined dissociation constants in the 

presence (Kd) and absence (K'd) of Ca2+. However, because the latter value is not 

accessible experimentally, an estimate of the ratio of the dissociation constants (K V  

Kd) is frequently obtained from the measured K and K' by Hess’s law:

K'd/ Kd = (K '1K '2 K'3K'4 )/(K1K2K3K4 ) (Equation A.5.2)

For WFF peptide, K'd/ Kd is 9.4 x 106 i.e., there is a 107 fold increase in the average 

affinity of CaM for Ca2+ in the presence of this peptide. For the H2CaM, K' is 5.6 x 

107 and the ratio (K'iK'2K'3K'4)/(KiK2K3K4) is therefore 4.85 x 109, close to three 

orders of magnitude more than for the WFF peptide. For the hybrid protein, as used 

in this work, this thermodynamic cycle (Eq.A.4.1) no longer applies since the peptide 

is not dissociable. Nonetheless, this ratio gives an approximate measure of the 

enhanced binding propensity of the attached peptide.

A.5 Calculation of Ca-EGTA Buffers

Ca-EGTA buffers are governed by the following equations:

[Ca2+lfree + [EGTA]free <=> [CaEGTA]
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where [EGTA]f (all forms of EGTA not bound to Ca2+ or Mg2+)= [EGTA4'] + 

[H.EGTA3] + [H2.EGTA2]

Likewise, where Mg2+ is included:

[M g ]free +  [E G T A ]free [M g E G T A ]

[MgEGTA] is defined as [all MgEGTA complexes] = [MgEGTA2'] + [MgHEGTA'] 

Therefore:

Kdca = [Ca][EGTA]free/[CaEGTA] 

and [CaEGTA] = [Ca][EGTA]free/Kdca

Similarly:

KdMg = [Mg][EGTA]free/[MgEGTA]

[MgEGTA] = [Mg2+]free.[EGTA]WK,,Mg

[EGTA]totai = [EGTA] free + [CaEGTA2] + [MgEGTA]

[Ca]lolal = [Ca]free + [CaEGTA2]

[M g ] total =  [M g 2+]free +  [M g E G T A ]
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