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ABSTRACT

Calmodulin (CaM) inhibits mammalian phosphofructokinase (PFK) in a calcium
dependent manner; however the putative CaM binding sequence is not homologous to
those of other well characterized systems. This work addresses the structural and
functional properties of complexes of CaM with selected target peptides from PFK using
calcium binding and optical spectroscopic methods. Wild-type CaM, site-directed mutants
of CaM, and cleaved domains of CaM were studied in complex with PFK target peptides
of different length and amino-acid composition. Comparison of equilibria and structural
data from these complexes allowed definition of the sequence involved in the interaction
and conformation of the complexes.

The effect of binding different peptides on the calcium affinity of CaM has been
determined by an indicator method. The presence of the PFK target peptide apparently
causes a 200 fold increase in the affinity of the first two stoichiometric binding constants
(K; & K,), however there is little effect on K5 & K,. Interestingly the change in far-UV,
near-UV CD, and fluorescence spectroscopic signals generated by the interaction of CaM
with the target sequences are essentially complete on addition of two molar equivalents
of calcium to 1 molar equivalent of CaM:PFK peptide complex, consistent with a
differential function of the two domains.

The dissociation rates of calcium from CaM:PFK peptide complexes has been
determined in stopped-flow experiments using the calcium chelators EGTA and Quin-2.
Calcium dissociation kinetics are biphasic, with 2 sites having higher affinity. Enzyme
acttvity studies show PFK inactivation to be CaM concentration dependent and the
addition of PFK target peptide reverses the inhibition.

A mechanism for the calcium dependent interaction of CaM with the PFK target
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sequence is presented. In comparison to the three closely related known CaM:target
peptide structures the interaction of CaM with the PFK target sequence apparently results
in a complex with a conformation of lower peptide helicity and with significantly less
calcium dependence of interactions. Hence the CaM:PFK complex appears to define a
new type of CaM interaction, distinctively different in structure from that currently
considered for the binding of CaM in apo- or holo-form to sequences from other target
enzymes. This novel interaction has also been addressed by crystallographic methods and
details of optimal crystallization conditions for the CaM:PFK peptide complex are

described.
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ABBREVIATIONS



ABBREVIATIONS

CaM, calmodulin; Ca,CaM or holo-CaM, calcium saturated calmodulin; apo-CaM,
calcium free calmodulin; PFK, phosphofructokinase; PFKpep, phosphofructokinase
peptide; sk-MLCK, skeletal muscle myosin light chain kinase; sm-MLCK, smooth muscle
myosin light chain kinase; CaMKII, CaM kinase II; 5,5’-Br,BAPTA, 5,5’-dibromo-1,2-
bis(O-amino-phenoxy)-ethane-N,N,N’ /N’-tetra-acetic acid; EGTA,
[ethylenebis(oxyethylenenitrilo)]tetra-aceticacid; EDTA, ethylenediaminetetra-aceticacid;
Quin-2, 2-[[2-bis(carboxymethyl)amino]-5-methyl-phenoxy]methyl]-6-methoxy-8-[bis-
carboxymethyl)-amino]quinoline; SBTI, soy bean trypsin inhibitor; TPCK-trypsin, N-
Tosyl-L-phenylalanine chloromethyl ketone trypsin; Tris,
tris(hydroxymethyl)methylamine; CNBr, cyanogen bromide; TnC, troponin-C; TR1C,
calmodulin residues 1-77; TR2C, calmodulin residues 78-148.

One and three letter codes for amino acid residues:

A=Ala=alanine, C=Cys=cysteine, D=Asp=aspartate, E=Glu=glutamate,
F=Phe=phenylalanine, G=Gly=glycine, H=His=histidine, I=Ile=isoleucine,
K=Lys=Ilysine, L=Leu=leucine, M=Met=methionine, N=Asn=asparagine,
P=Pro=proline, Q=GIn=glutamine, R=Arg=arginine, S=Ser=serine,

T=Thr=threonine, V=Val=valine, W=Trp=tryptophan and Y=Tyr=tyrosine.

Mutant notion

Calmodulin mutants: B2K= E67K calmodulin, B2Q= E67Q calmodulin, B4K = E140K
calmodulin, B4Q= E140Q calmodulin.

Peptides: A variant of the peptide sequence is denoted as (X#Y), where X
is the wild type residue, # is the number of the residue in the
sequence, and Y is the residue which replaces the wild-type

residue.
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Figure 1

Scheme representing the synthetic peptides used in these studies based on amino-acid

residues 371-397 from rabbit muscle enzyme.
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INTRODUCTION



2.1 Calcium Ion as a Physiological Regulator

Calcium ion has long been known as an important physiological regulator,
particularly of processes related to nerve conduction and muscle contraction. The resting
concentration of Ca** in the cytoplasm is low, at 107-10® M whereas outside cells [Ca®*]
is 10 M. Induction, propagation and termination of the Ca>* signal requires an elaborate
system of channels, pumps, and exchangers, see figure 2.1. Specific channels that open
in response to electrical or hormonal stimuli allow Ca** to enter the cytoplasm from
outside the cell or from internal organelles, (Davis, 1992).

To control calcium within cells, evolution has selected reversible complexation by
specific proteins which are either soluble, organized in non-membranous structures or
intrinsic to membranes. One result of the increase in intracellular calcium concentration
is binding of Ca’* to regulatory proteins such as calmodulin or troponin-C.
Conformational changes induced by calcium binding to these proteins provide binding
surfaces for interactions with target receptors (see section 2.3), setting off a cascade of
metabolic events. Immediately following Ca?* release within the cell, the Ca**
concentration is regulated by calcium buffering proteins such as recoverin and
parvalbumin, (Kawasaki & Kretsinger, 1994). Termination of the calcium signal is
achieved by the action of Ca’>*ATPases which actively pump Ca** out of the cytoplasm
until the intracellular Ca** concentration returns to its basal level.

2.2 Calmodulin
2.2.1 Calmodulin structure

Calmodulin (calcium modulating protein) is a ubiquitously expressed intracellular

protein which mediates calcium induced effects through specific binding of calcium ions.

The crystal structure of mammalian calmodulin, M, = 16,800, was solved originally by



Figure 2.1

Calcium transport systems in eukaryotic cells are shown as characterized so far.
Three systems are known in the plasma membrane: an ATPase, a sodium-calcium
exchanger, which normally imports calcium but sometimes exports it, and calcium
channels of several types, two in the sarcoplasmic reticulum (calcium-ATPase and a
release channel sensitive to different effectors) and two in the inner membrane of the
mitochondria (electrophoretic uptake and calcium-releasing sodium-calcium exchange).
The soluble calcium-binding proteins of the cytosol have been included also in the figure
since these mediate the physiological effect of intracellular calcium. The nuclear envelope
is also depicted in the figure, however, the calcium transport systems in the nucleus are

not understood, illustration adapted from Carafoli, (1994).
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Babu and coworkers in 1985 at 2.2A and independently solved at 1.9A by Kretsinger et
al., (1986). Since this time further structural refinements have been published (Babu et
al., 1988; Chattopadhyaya et al.; 1992; Rao et al., 1993). The crystal structure of
Drosophila melanogaster calmodulin, the species used in these studies, has been
determined (Taylor et al., 1991). The sequence of Drosophila melanogaster calmodulin
differs from the mammalian form in 3 amino acid positions (Watterson et al., 1987;
Smith et al., 1987; Yamanska et al., 1987). In bovine calmodulin the Drosophila
melanogaster calmodulin residues Phe 99, Thr 143, and Ser 147 are replaced by Tyr,
Glu, and Ala respectively. The two structures are however closely similar, (Babu et al.,
1988; Taylor et al., 1991). Ca,CaM is a molecule composed of two very similar terminal
domains. From the Ca,CaM crystal structure two distinct globular domains are separated
by an apparently continuous a-helix, see figure 2.2.1. The NMR structure, Barbato et
al., (1990) is comparable to the crystal structure in most respeéts but shows that in
solution (more representative of physiological conditions) the central «-helix is
discontinuous, resulting in a flexible tether permitting closer proximity of the terminal
domains, Barbato et al., (1990). Using CD spectroscopy, Bayley and Martin , (1992)
showed that the helical content of calmodulin is increased under the solution conditions
used in protein crystallization.

Each domain of calmodulin contains two helix-loop-helix, EF-hand, calcium ion
binding sites. The EF-hand structural motif was first defined from the crystal structure
of parvalbumin, (Kretsinger et al., 1973) and it has since been identified in numerous
other proteins, including calmodulin. The EF-hand consists of two perpendicularly
oriented o-helices and an interhelical loop, which together form a single Ca®*binding site,

(Tkura, 1996; Kawasaki & Kretsinger, 1995 for review). The 2 calcium sites within each



Figure 2.2.1

X-ray crystal structure of Ca?*CaM determined at 2.2 angstroms resolution. Residues
78-81 of the connecting helix (comprising residues 65-93) show some deviations from

ideal helix geometry, Babu et al., (1988).
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domain are connected via a short strand of beta-sheet such that the calcium binding sites
are linked back to back. Recent studies, (Browne et al., %171 ) suggest that point
mutation of the individual beta-sheet residues in calmodulin destabilizes the wild type
structure.

2.2.2 Calmodulin: Calcium-binding

In each of the four EF-hand calcium binding sites of calmodulin the calcium is
chelated by seven oxygen ligands, five of these are provided by carboxylate side-chains.
one by a backbone carbonyl and one by a water molecule. Positions 1, 3, 5, 7, 9, and
12 of the loop regions for all four EF-hands provide the calcium liganding positions.
Position 12 is a glutamate in all EF-hands and provides a bidentate chelation. The
glutamate at position 12 is considered important because it appears to enclose the calcium
within the binding site, (Beckingham, 1991). Mutation of the glutamate to glutamine or
lysine at position 12 demonstrates that the bidentate chelating glutamate has an important
structural role in the calcium induced conformational changes of calmodulin, (Maune et
al., 1992).

Since most intracellular calcium induced effects are mediated through the binding
of calcium to calmodulin it is not surprising that there has been a great deal of interest
in quantifying the binding of calcium to calmodulin. The stoichiometric binding constants
for a number of calmodulins have been determined from a variety of techniques and these
data are summarised in table 2.2.1. The constants are generally measured by flow-
dialysis, (Porumb, 1994) or using a chromophoric calcium chelator, (Linse et al., 1991).
Moderately good agreement is noted between independent determinations using either
technique and with a number of different sources of calmodulin, see table 2.2.1. The

binding of calcium to calmodulin has been described in a number of models.



Table 2.2.1

Stoichiometric calcium binding constants for wild-type calmodulin from Drosophila,
Bovine, Xenopus, Ram, and Scallop sources. Binding constants are estimated using
either the chromophoric chelator (CC) method, Linse et al., (1991) or by flow-dialysis
(FD), Porumb, (1994). Data is presented as log K;-K, or log K,.K, and log K;.K, to

facilitate comparisons between species and techniques.
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An early model, (Milos et al., 1986) treated the binding as due to four
independent sites and subsequently it has been treated as four identical sites with positive
cooperativity, (Haiech et al., 1988; Porumb et al 1994). However, knowledge of the
structure involved, and the results of more detailed analysis suggest that the binding is
best characterized as two independent pairs of sites with cooperativity within each
domain, (Forsen et al., 1986; Martin & Bayley, 1986; Linse et al., 1988). The validity
of this model was further addressed by Linse and coworkers in 1991 using proteolytically
cleaved domains of bovine calmodulin. The isolated domains of calmodulin can be
generated by a controlled tryptic cleavage to yield TR1C (residues 1-77) and TR2C
(residues 78-148) (N- and C-terminal domains respectively). The ion-binding properties
of the intact calmodulin are effectively reproduced as the sum of those of the two
domains, table 2.2.1. The NMR and CD properties of TRIC & TR2C may also be
summed to give those of intact calmodulin, (Thulin et al., 1984; Martin et al., 1985).
The binding constants of the fragments show that the average Ca?* affinity is 6 fold
higher for the C-terminal domain than for the N-terminal domain, (Linse et al., 1991)

table 2.2.1.

From the data of the tryptic fragments the C-terminal domain sites evidently
contain the higher affinity calcium binding sites. However, it is not possible to assign
binding constants to individual sites. Stoichiometric binding constants take no account of
the distribution of the calcium ions within individual binding sites on the protein, instead
they represent the sum of the calmodulin species with a given number of calcium ions

bound.



There have been attempts to describe the mechanism of calcium binding to
calmodulin in terms of intrinsic binding site constants, eg: (Kilhoffer et al., 1988, 1992).
However, meaningful mechanistic information requires the presence of a probe to reflect
a change in a specific calcium binding site. Mutagenesis (eg: to insert Trp residues) or
labelling could provide probes at any calcium binding sites; however protein functional
integrity may be altered and one cannot exclude the possibility that the probe influences
the calcium uptake mechanism of the other calcium binding sites.

The cooperative binding of calcium by calmodulin is an important biological
feature of calmodulin. Cooperativity exists in a protein when occupancy of one binding
site influences the affinity of remaining sites within the protein, ie: there must be some
kind of structural interaction between the binding sites. The advantage of positive
cooperativity of calcium uptake by calmodulin is that the regulatory effect of Ca,CaM can
be achieved over a smaller range of free calcium concentration than would otherwise be
the case. Therefore a more rapid cellular response is achieved when intracellular calcium
concentration increases in vivo. Positive cooperativity appears to exist for a number of
the EF-hand proteins including troponin-C, (Grabarek et al., 1983; Teleman et al., 1983;
Pearlstone et al., 1992), parvalbumin, (Cave et al., 1979), and calmodulin (Crouch &
Klee, 1980; Linse et al., 1991).

It is typical for EF-hand sites to occur as tightly coupled pairs, with conservative
hydrogen bonding and hydrophobic interactions between two sites providing stabilization
and a potential bridge for cooperativity. One component of this coupling between EF-
hands within a domain is an antiparallel B-sheet interaction between residues 7 to 9 of
two adjacent calcium binding loops. In addition to this B-sheet communication the two

coupled sites of a domain exhibit extensive interactions between their four helices, termed



A-D. The strongest interaction is between helices A and D (preceding EF-loop 1 and
following EF-loop 2 respectively) as well as the analogous interaction between helices B

and C.
2.2.2.2 Specificity of calcium for calmodulin

The question of the metal specificity of the four EF-hand binding regions for
calcium was addressed by Chao and coworkers in 1984, who studied the activation of
calmodulin by various metal cations as a function of ionic radius. In general, the closer
the radius of a metal cation to that of calcium, the more effective was the cation in
Substibubng for calcium. These ions include cadmium, mercury, and lead. The ability of
calmodulin to bind magnesium and terbium has also been addressed, (Kilhoffer et al.,
1981; Reid and Procshyn, 1995). In all these studies the metal succeeds in binding the
EF-hand. The relative extents of stimulation of phosphodiesterase by cations and the
ability of metal cations to inhibit calcium binding were also related to their ionic radii.

Calcium-proton antagonism has been studied in calmodulin, (Milos et al., 1986;
Haiech et al., 1981), In the latter study the effect of pH on the affinity of calmodulin for
calcium was studied. The number of moles of calcium bound per mole of protein

(monitored by flow dialysis) was 4, 3, and 1 at pH values 7, 5, and 4 respectively.

2.2.2.3 Calmodulin: Calcium induced conformational changes
Since the activation of target enzymes by calmodulin is usually calcium dependent
one presumes that the conformational change induced by the binding of calcium is the
regulatory trigger for Ca,CaM regulated activation. The lack of knowledge of the details
of these structural changes has been a major barrier to understanding this critical aspect

of Ca’* signalling at the molecular level. Recently, this understanding improved when
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the three-dimensional structure of the apo-protein was described. Two independent studies
have determined the structure of intact apo-CaM (Zhang et al., 1995; Kuboniwa et al.,
1995). In addition a structure of the isolated C-terminal domain of CaM has been
reported (Finn et al 1995). Recent NMR studies of apo-calmodulin show that in analogy
with the calcium ligated form of the protein, it consists of two small globular domains
separated by a flexible linker, with no stable, direct contacts between the two domains.
In the absence of calcium, the four helices in each of the two globular terminal domains
form a highly twisted bundle, capped by a short anti-parallel 8-sheet. It is evident from
comparison of the apo- and holo-forms of the protein that calcium binding to calmodulin
involves a marked decrease in protein dynamics.

Solution techniques such as small angle X-ray scattering, (Heidorn & Trewhella,
1988; Heidorn et al., 1989; Klevit et al., 1985), NMR (Barbato et al., 1992; Fisher et
al., 1994; Ikura et al., 1992; Yazawa et al., 1987), fluorescence (Malencik & Anderson,
1982; Malencik and Anderson, 1983; O’Neill, et al., 1987; O’Neill & Degrado, 1990)
and CD (Heidorn et al., 1989; Klevit et al., 1985; Maune et al., 1992) have been used
to study the calcium induced conformational changes in calmodulin. These data, and the
known structures of apo- and holo-calmodulin, support a model in which calcium binding
to the two EF-hand calcium binding sites within a globular domain leads to pronounced
changes in the inter-helical angles within the EF-hands of the domain. Specifically for
apo-CaM, (Kuboniwa et al., 1995; Zhang et al., 1995) the EF-hands are in a closed
conformation in contrast with an open conformation when calmodulin is calcium loaded,
(Babu et al., 1988; Barbato et al., 1990). Furthermore, these data indicate that as a
consequence of calcium binding two hydrophobic surfaces are exposed and these provide

an environment suitable for binding hydrophobic targets.

11



.........

2.2.2.4 Calmodulin: Requirement of calcium binding for target recognition

Binding of Ca** by CaM stimulates a major conformational change in the protein,
leading to a more compact and more highly helical structure, which substantially
increases the affinity of calmodulin for a number of regulatory target proteins, the exact
details of target recognition are reserved for consideration later (section 2.3).

Upon binding of calcium, the interhelical angles of the calcium binding EF-hands
change. The extent to which this happens appears to be different for the two domains of
calmodulin. The C-terminal domain of calmodulin was recently described as having a
semi-open conformation, (Swindells et al., 1996). Houdusse & Cohen, (1995) proposed
earlier that such a conformation was feasible in apo-CaM and that it was induced as a
result of binding IQ-motif peptides such as neuromodulin and unconventional myosin in
a calcium independent way. The study, carried out by Swindells et al., (1996), used the
NMR coordinates of apo-CaM, (Zhang et al., 1995) to study further the feasability of the
C-terminal domain having a semi-open conformation. In contrast to the results of
Houdusse & Cohen, (1995) Swindells et al., (1996) propose that the semi-open
conformation of the C-terminal domain of apo-calmodulin is independent of interaction
with 1Q-motif peptides. However, despite this it is interesting to note that a semi-open
conformation might explain the increased affinity of the C-terminal domain calcium
binding sites for calcium compared with those sites in the N-terminal domain.

To date the only physiologically relevant target proteins which bind apo-
calmodulin with high affinity are the neural specific proteins, neuromodulin and

- neurogranin (Masure et al., 1986; Apel et al 1990; Baudier et al 1991). In contrast to the
other identified calmodulin binding enzymes (~ 30 to date, see Crivici & Ikura, 1995)

for review) these proteins will not bind the calcium saturated form of calmodulin, but will

12



bind apo-calmodulin with nM affinity.

The majority of targets interact with calmodulin in a calcium dependent manner.
The mechanism of the calcium dependent interaction was first proposed by Persechini &
Kretsinger, (1988) in which through calcium binding of calmodulin each globular domain
could interact with one of two hydrophobic patches approximately 180 degrees apart in
the helical form of the sk-MLCK peptide, M13. The main concept of this model, which
uses the central helix as a flexible tether, proved to be correct, but the detailed model of
interaction between the peptide and globular domains of calmodulin was not accurately
predicted. Strydnadka & James, (1990) later proposed a model which accurately
described the orientation of the target peptide helix with respect to calmodulin although
unlike the model of Kretsinger & Persechini, (1988) no attempt was made to alter the
conformation of the calmodulin central helix. A detailed description of the interaction of
calmodulin with its targets is reserved for section 2.3.

To determine the influence of a mutation in calcium binding on enzyme activation
Gao et al., (1993) determined whether a series of calcium binding site mutants of
calmodulin could activate the enzymes smooth and skeletal muscle myosin light chain
kinase, adenylylcyclase, and plasma membrane Ca’*-ATPase. In each mutant, the
conserved bidentate glutamate of one of the Ca’>* binding sites is mutated to glutamine
or lysine, Maune et al., (1992a). The glutamate at position 12 is considered important
because it encloses the calcium within the binding site, (Beckingham, 1991). The effect
of this study was mostly a decrease in enzyme activation. The effect of mutation at a site
in the C-terminal domain appears more detrimental to activity than mutation of a site in
the N-terminal domain, this is presumably reflective of the extent to which each mutant’s

competence to interact with target binding regions has been compromised.
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2.2.2.5 Calmodulin: Calcium binding in the presence of target enzymes
To determine the calcium saturation of calmodulin necessary and sufficient to

induce the conformational change which allows activation of enzymes, several groups

have determined the stoichiometric binding constants for calmodulin in complex with
target enzymes or peptides based on the calmodulin binding region. Specifically, the
stoichiometric constants have been determined for calmodulin in complex with:
calcineurin peptide, (Stemmer & Klee, 1994) sk-MLCK peptide, (Martin et al., 1995);
melittin, (Maulet & Cox, 1983); troponin-I peptide, (Keller et al., 1982); and peptides
from the plasma membrane Ca?* pump, (Yazawa et al., 1992). For all of these
complexes the presence of the target enhances the affinity of calcium for all 4 sites. Table
2.2.2.5 demonstrates the influence of calcineurin, troponin-I, and a target peptide from
sk-MLCK on the stoichiometric calcium binding constants for calmodulin. Early models
describing calmodulin activation of target enzymes suggested that calmodulin bound 4
calcium ions before it bound its target enzyme. A recent model proposes that a partly-
calcium saturated calmodulin may bind its target but not necessarily activate it in vivo,
(Bayley et al., 1996). The role of the partially calcium saturated CaM:Target species is
to allow a more rapid cellular response to increases in intracellular calcium concentration.
2.3 Target recognition by calmodulin

Most calmodulin target proteins are large and multimeric, making CaM:target
protein complexes difficult to study at the molecular level. Consequently, much of the
structural information available has been obtained from the study of synthetic peptides
or fragments of the CaM binding domains of several target proteins, (Crivici and Ikura,

1995).
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Table 2.2.2.5

Stoichiometric calcium binding constants for calmodulin in the presence of
calcineurin (CaN), skeletal-muscle myosin light chain kinase (sk-MLCK), and
troponin-I. A target peptide derived from the calmodulin binding site of sk-MLCK
enzyme was used for the sk-MLCK experiment. Binding constants are estimated using
either the chromophoric chelator (CC) method, Linse et al., (1991) or by flow-dialysis
(FD), Porumb, (1994). Data is presented as log K;-K,. Kew.r-Keay represents the
difference in stoichiometric binding constants of calmodulin in the presence (Kcav.1) OF

absence (K, of target peptide or protein.
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2.3.1 Similarities in properties of calmodulin binding targets

When calcium is bound the structurally altered calmodulin reveals two
hydrophobic patches that bind to a large number of proteins, (over 30 to date, Crivici &
Ikura, 1995 for review). The calmodulin binding sequences share little homology, (figure
2.3a) however several share the propensity to form a basic amphipathic alpha-helix and
these peptides have since been known collectively as the "BAA" peptides, (O’Neill and
Degrado, 1990). This characteristic is observed in the NMR solution structure of
calmodulin in complex with a sk-MLCK peptide, (Ikura et al, 1992), and crystal
structures of complexes of CaM with sm-MLCK and CaM Kinase II peptides, (Meador
et al, 1992,93). For all of these structures the central helix of calmodulin is discontinuous,
allowing its two terminal domains to engulf the helical target peptide. In the structures
of CaM:sk-MLCKpep and CaM:sm-MLCKpep the helical peptides lie in a hydrophobic
channel with the N-terminal portion of the peptides interacting primarily with the C-
domain of CaM and the C-terminal portion of the peptides interacting primarily with the
N-domain of CaM. The presence of two hydrophobic residues spaced 12 residues apart
appears to be an important feature in the binding of the target peptide to calmodulin.
These similarities also apply for the structure of calmodulin in complex with CaMKII,
however it appears that the two important hydrophobic residues are spaced only 8
residues apart. These hydrophobic residues apparently make exclusive contacts with only
one domain of calmodulin, anchoring the peptide to either domain of the protein. Figure
2.3b shows the interaction between calmodulin and the basic amphipathic a-helical
peptide M13 from skeletal muscle myosin light chain kinase based on the NMR

coordinates from the Brookhaven protein data bank.
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Figure 2.3a

Primary sequences of -some known calmodulin binding domains of proteins.
Alignment of calmodulin binding domains was made by visual inspection based on the
alignment of the putatively conserved hydrophobic anchors that interact with the
hydrophobic patches on the C- and N-terminal domains of calmodulin, (Ikura et al.,
1992; Crivici & Ikura, 1995). The alignment therefore is based on the premise that all
peptides would adopt a basic amphipathic o-helical conformation. This is probably not
the case for glucagon, secretin, and phosphofructokinase based on their primary
sequence. Abbreviations: sk-, sm-MLCK, skeletal-, smooth-muscle myosin light chain
* kinase; CaMKinlI, calmodulin dependent protein kinase II; PFK, phosphofructokinase;

MARCKS, myristoylated alanine-rich C kinase substrate; F52, MARCKS like peptide.

References: 1) Blumenthal et al., (1987); 2) Lowenstein & Snyder, (1992); 3) Novack
et al., (1991); 4) Zhang & Vogel, (1994); 5) Payne et al., (1988); 6) Vorherr et al.,
(1993); 7) Graff et al., (1991); 8) Dasgupta et al., (1989); 9) Blackshear et al., (1992);

10 & 11) Malencik & Anderson, (1983); 12) Buschmeier et al., (1987).
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Four points are characteristic of the structures of the three bound peptides solved
to date. These characteristics are likely to prevail in several other targets based on their
primary sequence;

1. The peptides are predominantly «-helical when bound.

2. The peptides generally bind so that the N-terminal position of the peptide interacts
predominantly with C-terminal domain of calmodulin & vice versa.

3. The N-terminus of the peptide is rich in positive charge.

4. The interaction is predominantly hydrophobic. Two key hydrophobic interactions exist
involving a N-terminal and a C-terminal peptide hydrophobic residue fitting into
hydrophobic pockets in the C-terminal and N-terminal domains of calmodulin
respectively.

The similarities in the complexes formed by interaction of calmodulin with sk-
MLCKpep, sm-MLCKpep, and CaMKIIpep is not in peptide conformation only, but is
also accounted for by the similar change in calmodulin conformation on binding target.
Before the structures of calmodulin complexes were solved it was noted that binding of
calcium to calmodulin stimulated exposure of a hydrophobic patch on each domain of
calmodulin. Several groups therefore anticipated that each domain could bind a target
peptide. However, the structures of the CaM-target peptide complexes determined so far
(sm-MLCK, sk-MLCK or CaMKII) show that complex formation involves the protein
engulfing the target in such a way that calmodulin binds a single target peptide. The
overall structures of the three complexes are hence globular. This trend is not exclusive
however since small angle x-ray- scattering measurements reveal that for peptides from
the plasma membrane calcium pump theré is an elongated structural mode that is distinct

from the compact form, Kataoka., (1991). Furthermore, O’Hara et al., (1994) have found
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Figure 2.3b

Photograph depicting the complex formed between calmodulin and peptide M13
sequence (KRRWKKNFIA VSAANRFKKISSGAL) from skeletal muscle myosin light
chain kinase. Picture generated from NMR coordinates, Ikura et al., (1992). Model

generated from NMR coordinates using molecular graphics program Insight II.






using calmodulin with fluorophores attatched to each domain, that when calmodulin binds
the target peptide from cyclic AMP phosphodiesterase the distance between the two
fluorophores, one on each calmodulin binding domain, remains as great as in free
calmodulin. In contrast, as expected from the crystal structure, the fluorophores move
much closer together when calmodulin binds a MLCK target peptide.

It appears therefore that calmodulin may bind target peptides in several modes.
The interaction of calmodulin with its target does not appear to be chirally selective since
studies of calmodulin in solution with target peptides composed only of D-amino acids
(D-melittin or D-sm-MLCK (RS20)) demonstrated that complex formation was 1:1
stoichiometry with comparable affinity to the natural L-peptides, (Fischer et al., 1994).
The versatility of calmodulin in complex formation may arise through the flexible nature
of the protein which is a consequence of the flexible tether region, (Ikura et al., 1992;
Kretsinger 1992a & 1992b; Meador et al., 1995; Raghunathan et al., 1993)

The affinities of calmodulin for a series of target enzymes is provided in table 2.3.
The association between calmodulin and these targets is strong and undoubtedly of
physiological significance. Sometimes the affinities of calmodulin for target peptides
derived from these high affinity enzymes is even greater than from that of the whole
enzyme. This difference in affinities led several groups to believe that there may be an
interacting surface unaccounted for in the whole enzyme which directly or indirectly
inhibited the binding of calmodulin to the enzyme site. This effect has since been
rationalised as a consequence of a pseudosubstrate sequence which is present in the whole
enzyme. The enzymes are regulated by a form of molecular inhibition such that in the
absence of calmodulin, substrate binding is competitively inhibited by a pseudosubstrate

inhibitory sequence of the enzyme. Binding of calmodulin to the enzyme following an
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Table 2.3

Affinities of calmodulin for Type I Adenylylcyclase, smooth muscle myosin light
chain kinase, skeletal muscle myosin light chain kinase, Ca?*ATPase,
phosphofructokinase and calmodulin dependent protein kinase II (CaMKinll). K,,,
is the concentration of calmodulin required for half maximal activation of the enzyme.

See references for method of K., determination.
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increase in intracellular Ca’* results in a conformational change which relieves the
autoinhibitory action and allows activation of the enzyme. Pseudosubstrate regions have
been found in several enzymes eg: smooth muscle myosin light chain kinase, (Kemp et
al., 1987; Blumenthal et al., 1985; Takio et al., 1985) and phosphorylase kinase Lanciotti

& Bender, 1995; Dasgupta & Blumenthal, 1995).

2.3.2 Calmodulin binding targets: Peptides unlikely to conform to the BAA
conformation

No single consensus sequence for recognition by CaM exists, yet the complexes
formed are highly specific and have high affinity, see table 2.3. The three target
sequences for which a structure in complex with CaM has been solved have basic
amphipathic a-helical conformation, (Ikura et al., 1992; Meador et al., 1992, 1993).

This type of complex binding may not be the same for all calmodulin:target
peptide interactions since there are target peptide sequences which have little or no
propensity to form «-helical structure. In addition many sequences are not particularly
rich in basic and/or hydrophobic residues, (Crivici and Ikura, 1995). Some target
peptides even incorporate acidic residues within the sequence, e.g., glucagon, and
secretin, (Malencik and Anderson 1982). The primary sequences of these target sequences
are shown in figure 2.3a. The calmodulin-binding region derived from the mammalian
phosphofructokinase enzyme is an example of a sequence quite different from the
sequences of the "BAA" peptides for which a structure exists. The PFK target peptide
M1l (MNNWEVYKLLAHIRPPAPKSGSYTVAV) is unusual in three respects: it
contains a proline rich region of sequence, has few positively charged residues, and has

an acidic glutamate neighbouring one of the putative hydrophobic anchors involved in
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complex stabilization.
2.4 Phosphofructokinase

Phosphofructokinase (ATP: D-fructose-6-phosphate-phosphotransferase; EC
2.7.1.11) is a key element in glycolysis, catalysing the formation of fructose-1,6-
bisphosphate and ADP from fructose-6-phosphate and ATP and is the main regulatory
enzyme in glycolysis. Human PFK is a tetrameric enzyme, encoded by muscle, liver, and
platelet genes. Deficiency of muscle PFK (glycogenosis type VII, Tarui disease) is an
autosomal recessive disorder characterized by an exertional myopathy and a hemolytic
syndrome, (Uyeda, 1979 for review).

Mammalian phosphofructokinase is regulated, in a pH dependent manner, by a
number of ligands including substrates, reaction products, and various metabolites,
(Uyeda, 1979; Kemp & Foe, 1983). Of these, fructose-2,6-bisphosphate and AMP are
efficient positive effectors while ATP and citrate are potent inhibitors.

Phosphofructokinase exists in several polymeric forms, (monomer, dimer,
tetramer, oligomer) and the association state is influenced by protein concentration, ionic
strength, pH, temperature and a number of ligands, (Lad et al., 1973; Luther et al.,
1985). The association state of the enzyme is directly related to its catalytic activity. The
tetramer (Mol wt 320,000) is apparently the smallest active form of the enzyme, (Lad et
al., 1973). At concentrations of about 0.2mgmL", pH 8.0, 100mM phosphate buffer, the
enzyme exists in the active tetrameric form. The association state changes to give dimers
(and possibly monomers) at pH values below 8.0 and at low enzyme concentration,
consequently a reduction in specific activity of the enzyme occurs (Pavelich & Hammes,
1973). Active aggregates larger than the tetramer but having the same specific activity

are formed at higher pH values and at elevated concentrations ( > 0.2mgmL™). Since
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the intracellular PFK concentration is estimated to be 1mgmL" the predominant forms
of the enzyme in-vivo are likely to be the tetramer and higher oligomeric species, (Lad
et al., 1973).

Phosphofructokinase undergoes inactivation in the presence of several different
proteins including Zn?>* dependent inactivating protein purified from rat liver, (Brond &
Soling, 1986) and erythrocyte membrane band 3 protein, (Jenkins et al., 1985).
Calmodulin undergoes a high affinity interaction with phosphofructokinase (~nM, see
table 2.3) which is thought to be specific and physiologically relevant, (Mayr &
Heilmeyer, 1983). Binding of calmodulin induces a shift from the highly active enzyme
tetramer toward an inactive dimer (Mayr, 1984a,b). The influence of calmodulin on the
association state of PFK implies that calmodulin binds to the PFK dimeric interface.

The molecular mechanism of allosteric regulation of mammalian
phosphofructokinase is very complex and the influence of different effectors on enzyme
structure has not clearly been established. One of the reasons is the lack of a three
dimensional structure for mammalian phosphofructokinase.

Structures of phosphofructokinase from both Bacillus stearothermophilus and
Escherichia coli have been reported (Evans & Hudson, 1979; Evans et al., 1986;
Shirakihara & Evans, 1988). However, the bacterial enzymes are smaller proteins
consisting of four identical subunits with a molecular weight of 34,000 per subunit. This
is less than half of the size of the mammalian (rabbit muscle) enzyme which has a subunit
molecular weight of 83,000, (Luther et al., 1985).

Since the nature of the bacterial enzymes is so different from that of the
mammalian one, there is no reason to believe that these enzymes would share any

mechanism of regulation. However, Poorman and coworkers (1984) demonstrate clear
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homology among the N- and C- halves of rabbit muscle PFK and the Bacillus
stearothermophilus enzyme and propose an evolutionary relationship by series gene
duplication and divergance.

Doubling the Bacillus stearothermophilus PFK structure should therefore give a
rabbit muscle PFK tetramer with 8 active sites and 8 allosteric sites. Equilibrium binding
studies have revealed, however, that there are only 4 catalytic sites in rabbit muscle PFK.
Poorman et al., (1984) propose that only one of the duplicated sequences has retained
activity and that some of the catalytic and allosteric sites in mammalian PFK’s may have
differentiated, thereby producing a larger enzyme with an increased number of effectors.
It would appear therefore that the structure of Bacillus stearothermophilus PFK can
provide a basis for inferences concerning the structural organization of mammalian (rabbit
muscle) PFK. Alignment of the sequences of the bacterial and mammalian sources of
PFK demonstrate however that neither the high affinity (10nM) nor low affinity (1zM)
calmodulin binding sites (see section 2.5) has a corresponding sequence in the bacterial
enzyme. This is perhaps not surprising since bacterial PFK would not use eukaryotic

calmodulin.

2.5 Calmodulin:Phosphofructokinase interaction
Phosphofructokinase, (PFK) was first identified as binding calmodulin in 1983
when Mayr & Heilmeyer noted the presence of a high molecular weight species present
subsequent to an attempted purification of skeletal muscle myosin light chain kinase using
a calmodulin-Sepharose column. The species was characterized as phosphofructokinase.
The regulatory effect of calmodulin binding to a target enzyme usually manifests itself

in an increase in enzyme activity. However it has been shown that calmodulin inhibits

25



the activity of phosphofructokinase, (Mayr, 1984a).

Calmodulin has been shown to influence PFK activity through a change in
association state, preventing association of inactive dimers to active tetrameric enzyme,
(Buschmeier et al, 1987). Each subunit of the enzyme can bind two calmodulin
molecules. A cyanogen bromide cleavage of whole PFK identified the binding regions
and the peptides were termed M11 and M22. The peptides M11 and M22 were used in
equilibrium studies to determine their dissociation constants in complex with calmodulin
as 11nM and 1uM respectively. The M22 site is situated at the extreme C-terminus of
the PFK polypeptide. The M11 site is situated in the middle part of the polypeptide
linking the duplicated sequences such that calmodulin binding prevents association of
dimeric PFK to tetrameric PFK, see figure 2.5. It is presumably this structural feature
that accounts for the inactivation effect of calmodulin on PFK since the dimeric form of
PFK is inactive whilst the tetrameric form is active. Subsequent to Ca’* dependent
calmodulin binding to the high affinity site of dimeric PFK, a conformational change
occurs in the subunits which is apparently hysteretic, (Mayr, 1984a). Dissociation of
calcium by EDTA does not reconstitute active tetramers, (Mayr, 1984a). Instead, large
inactive polymers of PFK devoid of calmodulin are formed (Mayr, 1984a). The induced
polymerisation can be reversed, using a sufficient excess of Ca?*CaM to saturate the low
affinity (M22) CaM-binding sites, (Mayr, 1984b) plus an increase in ATP concentration
so that an allosteric ATP binding site is saturated. The effect of the ATP saturation can

however be mimicked by lowering the pH, (Mayr, 1984b).
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Figure 2.5

Localization of calmodulin binding domains in the three dimensional model of
phosphofructokinase. Two dimers are depicted in an orientation presumed necessary for
association to tetrameric enzyme, Buschmeier et al., (1987). Dark and light grey
cylinders represent the N- and C- terminal halves of each polypeptide subunit. CBS
corresponds to the high affinity calmodulin binding sites. The asterices depict the position

of the low affinity calmodulin binding sites.
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2.6 Aims of the project

The aim of this project is to study the interaction of calmodulin and the high

affinity calmodulin binding region of mammalian phosphofructokinase. The primary

sequence of the calmodulin binding region of phosphofructokinase is unlike the sequences

which give rise to the common basic-amphipathic a-helical structure present in the target

regions of sk-MLCK, sm-MLCK, or CaMKII complexed to calmodulin. An alternative

conformation thus seems possible and even likely in the CaM target sequence.

Equilibrium, structural and kinetic studies were therefore performed on the

calmodulin:phosphofructokinase system using peptides of different length and composition

corresponding to the high affinity CaM binding region of PFK in order to investigate:

1.

The conformational properties of the two components under calcium-free and
calcium saturated conditions and the affinity of calcium dependent peptide binding
to calmodulin, specifically: the role of specific charged and hydrophobic residues
in the target peptide sequence and the effect of peptide length on calmodulin
binding properties and protein:peptide complex interaction.

The macroscopic calcium binding constants of calmodulin in the presence of
several PFK target sequences and the kinetics of calcium dissociation reactions
from complexes of CaM plus PFK peptides.

The concentration dependence of PFK inactivation by calmodulin and the ability
of target peptides in reversing this inhibition.

The crystallization conditions and x-ray diffraction structure of calmodulin in

~ complex with target sequences from PFK.
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3.1 Sample preparations
Buffers
The working buffer is 25mM Tris, 100mM KCl, 1mM CaCl,, pH 7.0. All buffers
are prepared with distilled water and are filtered before use. For pH studies the buffer

was 25mM sodium acetate (pH <6) or 25mM borate (pH > 8) in place of 25mM Tris.

3.1.1. Wild Type protein purification

Drosophila melanogaster calmodulin was cloned by Dr Dai-Rong Su and was a
gift from Dr Kathy Beckingham, (Rice University). The calmodulin was overexpressed
in Escherichia.coli using the method described by Maune et al., (1992a). A 40L culture
of cells was grown in rich medium and the cells were spun down and resuspended in
1.5L of 25mM Tris, 50mM KCl, and 1mM CaCl,. The cells were lysed immediately
using a French press and the cell debris was spun down and the supernatant was stored
at -70°C. To purify calmodulin, the supernatant (250mL) was diluted 1:1 with 25mM
Tris, 50mM KCl, and 1mM CaCl,. This sample was then applied to a 350mL DEAE-
Sephacel column. The column was washed with buffers containing 100mM and 200mM
KCl. Calmodulin was eluted with buffer containing 400mM KCl, and applied to a 100mL
phenyl Sepharose affinity column. After washing with buffer containing 1mM CaCl, the
calmodulin was eluted using a ImM EDTA buffer. A small amount of a high molecular
weight impurity was removed by a G50 Sephadex gel-filtration column in 25mM Tris,
100mM KCl, and 1mM CaCl,. Purified calmodulin was stored at -20°C. The amount and
purity of calmodulin at each stage of purification was assessed using sodium dodecyl
sulphate gel electrophoresis, and the characteristic absorption spectrum of calmodulin,

see figure 3.1.1a for spectrum. The concentration of holo-CaM was calculated using
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Figure 3.1.1a

Absorption spectra of calmodulin. Top spectum is the absorbance scan uncorrected for
light scattering. Lowest curve represents the calculated contribution of light scattering to
the top spectrum. The remaining spectrum represents the true calmodulin absorbance,

corrected for the light scattering contribution.
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extinction coefficients calculated previously by Maune et al., (1992), see table 3.1.3.
3.1.2. Wild type calmodulin half molecule preparation.

A 20mg sample of calmodulin prepared as described above in 25mM Tris,
100mM KCl, 1mM CaCl,, pH7.0, 25°C was cleaved at position 77-78 by N-tosyl-L-
phenylalanine chloromethyl ketone (TPCK) trypsin (Sigma) at 1:80 weight ratio to yield
two half molecules of calmodulin, TR1C and TR2C corresponding to residues 1-77 and
78-148 respectively, using procedures modified from Findlay and Sykes, (1991) and
Persechini et al., (1994). After 1 hour incubation at room temperature a 25 fold excess
(100uL) of soy bean trypsin inhibitor (SBTI) (Sigma) was added to the 4.5mL solution
to stop the proteolysis. The sample was applied to a 350mL G-50 Sephadex gel filtration
column equilibrated and eluted with 25mM Tris, 1mM CaCl, pH7.0. The first peak
contains the high molecular weight trypsin-SBTI complex, free SBTI, and uncleaved
CaM. The second peak contains a mixture of the two fragments. The mixture was then
loaded onto a Mono Q anion exchange column (Pharmacia Biotech Inc.) equilibrated in
25mM Tris, 1mM CaCl,, pH 7.3. Bound proteins were eluted at a flow rate of 1mLmin™!
by linearly increasing the NaCl gradient from 0 to 500mM at a rate of 1%min™. The
absorbance of the eluate was monitored at 254nm, and column fractions containing
protein were monitored by absorption spectroscopy between 240-400nm to identify the
tyrosine containing TR2C fragment from the TR1C fragment (which lacks tyrosine and
has no aromatic absorbance signal at 280nm), figure 3.1.2a. Each fragment was pooled,
concentrated and desalted on a PD10 Sephadex column to remove NaCl from the buffer.
The final products were made 100mM in KCI and stored at-20°C. This preparation
yielded 10% TRI1C and 35-40% TR2C. Purification was assessed at each stage by

absorption spectroscopy, figure 3.1.2a; mass spectrometry
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Figure 3.1.2a

Absorption spectra of fragments TR2C (CaM residues 78-148), top spectrum and
TRI1C (CaM residues 1-75) generated by limited proteolysis. Spectra are corrected for

the contribution of light scattering.
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Figure 3.1.2b

Electrospray ionization mass spectra for Drosophila melanogaster calmodulin tryptic
fragments. Species generated from the proteolysis were (a) a mixture of N-terminal
fragment residues 1-75 and 1-76; (b) a mixture of C-terminal fragments residues 75-148
and 78-148. Spectrum (c) corresponds to the pure C-terminal fragment 78-148. The
spectral peaks are designated AX or BX where A and B correspond to two types of
fragments A & B within one sample. X is the net charge associated with the mass, hence
true molecular mass is calculated by multiplying the mass/charge ratio by the charge. The
TRI1C fragments are proposed to have a formyl methionine group at the N-terminus.
Because calmodulin is over-expresvsed in E.coli cells during protein preparation it is
possible that the enzyme responsible for cleaving the N-formyl methionine is not present
at sufficiently high concentration to operate effectively. The molecular weight of the N-
formyl methionine is 161, however on binding the N-terminus of calmodulin 2 protons
will be lost as a consequence of the N-terminus not binding hydrogen, hence the apparent
difference in molecular weight is 159. The two species in the sample corresponding to
spectrum (a) molecular weight’s 8475 and 8652 correspond to fragments 1-75 (+ 159

mass units) and 1-76 (+159 mass units) respectively.
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Figure 3.1.2¢

Polyacrylamide gel electrophoresis, Laemmli, (1971) of calmodulin fragments after
purification. The farthest right lane of PAGE (A) corresponds to the mixture of
fragments obtained after purification by G-75 sephadex gel-filtration. PAGE (B) shows
the separation of the fragments purified in PAGE (A). Only TR2C residues 78-148 (lane

nearest right) was used in spectroscopic studies.
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figure 3.1.2b and PAGE, figure 3.1.2c.

3.1.3. Preparation and purification of site directed mutants of calmodulin

The calcium-binding site mutants used in this study, (B2Q; B2K; B4Q; and B4K),
were cloned and expressed in Escherichia.coli and were a gift from Kathy Beckingham,
(Rice University). The point mutations are indicated in table 3.1.3. The mutants were
purified by Pete Browne using the protocol described by Maune et al (1992). Mutant
proteins were stored at -70°C in 25mM Tris, 100mM KCl, and 1mM CaCl, at pH7.5.
The protein concentrations were assessed using extinction coefficients obtained by Maune
et al, (1992a).

3.1.4. Apo-Calmodulin studies.
3.1.4.1. Preparation of calcium free buffers

Calcium free buffer was 25mM Tris, 100mM KCl, pH7.0 with Chelex beads
(Sigma) added to chelate any residual calcium. To ensure that calcium was removed the
calcium concentration in the buffer was calculated using the high affinity calcium
chelator, 1,2-bis (0-aminophenoxy) ethane -N,N,N’ N’- tetraacetic acid, (BAPTA). The
absorbance of BAPTA reflects the extent to which BAPTA is calcium saturated. Calcium

concentration in the buffer was determined as follows:

1. A stock solution of BAPTA is prepared in water and the concentration is
calculated using an extinction coefficient of 1.6x10* M s’ at 239nm in the

presence of excess calcium.
2. 600uL of Chelex treated calcium free buffer is placed in a cuvette and a spectrum

of the buffer is recorded, this is used as a baseline. 10uLL of BAPTA is added to
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Table 3.1.3

Extinction coefficients for calcium binding site mutants of calmodulin at the tyrosine
and phenylalanine absorbance maxima. Extinction coefficients were obtained by
measuring the UV absorbance spectrum of a stock solution whose concentration was
determined by each native protein in 6M guanadine HCI, 25mM KCl, 10mM HEPES,
pH7.6, and determination of the protein concentration for this denatured aliquot from the
extinction coefficient at 276nm of a 9:1 molar mixture of the N-acetyl methyl esters of

tyrosine and phenylalanine in the same 6M guanadine HCI buffer, Maune et al., (1992a).



Mutant | Mutation Extinction coefficient e at
(Anm) o )
CaM Drosophila CaM 1578 (278.9) | 2120 (258.9)
(wild-type)
B2K Drosophila CaM (E67K) 1582 (278.8) | 2088 (258.8)
B2Q Drosophila CaM (E67Q) 1599 (278.4) | 2109 (258.9)
B4K Drosophila CaM (E140K) | 1599 (277.2) | 2180 (258.8)
B4Q Drosophila CaM (E140Q) | 1541 (277.2) | 2116 (258.9)
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the cuvette to give a final concentration of 25uM and the absorbance at 263nm is
measured (A,).

3. A small volume (~ 10uL) EGTA is added to give a final EGTA concentration of
20uM and absorbance at 263nm is remeasured (A,).

4. 10uL of 10mM calcium is then added to the cuvette to give a calcium
concentration of 150uM and the absorbance at 263nm is remeasured (A;).
The effect of dilution on concentration is accounted for and buffer [Ca?*] is then

calculated as:

Ar-A, . [BAPTA]
A,-Aq

The addition of Chelex to the buffer removes residual calcium ions present.

Calcium concentration was always less than 2uM after Chelex treatment.

3.1.4.2. Preparation of Apo-Calmodulin

Apo-CaM was generated by adding SmM EGTA pH7.0 (approximately 10uL) to
a concentrated calmodulin solution (~ 600uM) in a total volume of 0.5mL. The sample
was then loaded to a 25mL PD10 Sephadex gel filtration column prequilibrated in buffer
prepared according to section 3.1.4.1. Once the sample has run onto the column the
protein is eluted in the same buffer. Apo-CaM elutes between 2.8 - 3.8mL. Salts are
eluted after 4mL. Apo-CaM is determined as being calcium free using atomic absorption
and absorption spectroscopy, the extinction coefficients for Drosophila melanogaster apo-

calmodulin were determined by Maune et al., (1992a) to be 1874 at 278.7 and 2179 at
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258.6nm respectively.

3.1.4.3 Titrations of Apo-Calmodulin with calcium

Stoichiometric calcium binding constants for apo-calmodulin and apo-calmodulin
in the presence of target peptides derived from the calmodulin binding region of
phosphofructokinase were performed using the chelator method described by Linse et al.,
(1991). The chelator used for binding was 5,5’Br,BAPTA. 5,5’Br,BAPTA is prepared
in water and the concentration of the solution is calculated using an extinction coefficient
of 1.6x10*  ~~'cm™ at 239nm in the presence of excess calcium. The determination of
calcium binding is based on the absorbance difference resulting from whether the chelator
is calcium bound or not, ie: the titrations involve calmodulin competing with the

chromophoric chelator for calcium. Calcium titration is performed as follows:

1. A 300uL solution containing 25uM apo-CaM + 75uM PFK peptide and 25uM
5,5’Br,BAPTA is held in a 1cm quartz cuvette in a thermostatted cuvette holder
at 20°C, solution A. The peptide is at 3 fold excess to ensure saturation of
protein. The same solution is prepared in the presence of ImM CaCl,, the latter
solution, solution B, is kept in an Eppendorf at 20°C.

2. The absorbance of solution A at 263nm is recorded when a stable reading is
reached. An aliquot of solution B is then added, the solution is mixed using a
plastic Pasteur pipette and the absorbance at 263nm is recorded again.

3. Step 2 is repeated until there is no further significant change in absorbance
indicating the end of the titration.

The analyses of the titration data to give calcium binding constants was performed using
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a program written by Dr S Martin (NIMR) as described in Appendix 2.

3.1.5. Peptide syntheses and purification

The phosphofructokinase, myosin light chain kinase, and Degrado peptides used
in this work were synthesized as unprotected sequences on an Applied Biosystems 430A
peptide synthesizer and purified by reverse phase HPLC by Peter Fletcher, NIMR.
Peptides P9-21 and P1-26 were synthesized at the Alberta Peptide Institute, Canada and
peptide P1-21 was synthesized by Prof R Ramage at Edinburgh University using similar
methods of synthesis and purification. Peptide purity was never less than 95%. Peptide
concentration is calculated using absorption spectroscopy. All the peptides used in this
study are listed in table 3.1.5 with extinction coefficients which were calculated as the
sum of the individual amino-acid contributions at a particular wavelength, see section

3.2.1.

3.2 Spectroscopic Analyses

3.2.1. Ultraviolet and Visible Spectra

Absorption spectroscopy has been used to determine protein and peptide
concentrations using known or calculated extinction coefficients. Extinction coefficients
for peptides were calculated as the sum of the contributions of individual aromatic amino
acid residues using the method of Gill and von Hippel, (1989). Thus, €0y, = Nr, X 5559
+ Ny, x 1197, for a peptide containing Nr,, and Ny, residues. Extinction coefficients
for holo Drosophila melanogaster calmodulin at 259 and 279nm are 1578 and 2120M'cm-
! respectively, (Maune et al., 1992a) and the extinction coefficients for calcium binding

site mutants of calmodulin are reported in table 3.1.3, (Maune et al., 1992a). The
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Table 3.1.5

Sequences of peptides used in this study with extinction coefficients used for
calculation of concentration. Extinction coefficients for peptides were calculated using
the method of Gill & Von Hippel (1989). sk-, sm-MLCK corresponds to skeletal or
smooth muscle myosin light chain kinase. Degrado is the model peptide prepared by

Degrado et al., (1986).
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extinction coefficients for peptides are listed in table 3.1.5.

Absorption spectroscopy was also used in calcium binding studies, sections 3.1.4
& 4.3 and in monitoring the purification of calmodulin from cell extract, and
proteolytically cleaved fragments of calmodulin from tryptic digestion. Since Drosophila
melanogaster calmodulin contains one tyrosine residue and eight phenylalanine residues
but no tryptophan residues it fortuitously has a very characteristic spectrum, see figure
3.1.1a.

3.2.2. Fluorescence Spectroscopy
A Spex fluorolog fluorimeter was used for fluorescence studies described in this
thesis. The instrument has a xenon lamp providing continuous light output from 270-
700nm, and features double monochromators and automated data collection.

Fluorescence emission spectroscopy was used for ligand binding studies of the
CaM:PFKpep complex. The fluorescence emission properties of a tryptophan residue
depend upon its environment. The emission maximum (A,,) for free tryptophan in
solution is approximately 356nm, the A, moves to shorter wavelength, typically 330nm,
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 frequently occurs.
Therefore fluorescence spectroscopy can be used to quantify the affinity of the calmodulin
binding site for the target sequence and determine the stoichiometry of binding.

A full example of the the binding of peptides to calmodulin determined by either
direct or competition methods is provided in sections 4.1.1. Titrations of calcium to apo-
CaM were also performed by fluorescence spectroscopy. Here, SuL aliquots of a stock
solution of calcium (mM) were titrated into a 4mL plastic fluorescence cuvette containing

60uM apo-CaM, thermostatted at 20°C. The stock solution of calcium is prepared at a
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concentrﬁtion such that after approximately 20 aliquots of calcium the protein will have
4 molar equivalents of calcium present. Protein concentration is typically 60uM, this is
high in comparison to the previously described ligand binding experiment since saturation
of signal is being monitored here and not affinities of calcium for calmodulin.

Emission spectra for all the mentioned titrations were recorded from 290-400nm
with A, =280 or 295nm. Excitation and emission monochromator slits were set at 0.4 and
2.35mm respectively, corresponding to spectral bandpasses of 1.51 and 8.86nm
respectively.

An increase in fluorescence intensity at 330nm was used to quantify binding of
peptide to protein. A profile of the titration of peptide P9-26 to protein B2Q is shown in
figure 3.2.2. Note the shift in A, toward the blue when the peptide tryptophan is buried.
Dissociation constants for all calmodulin:peptide complexes were determined using a
computer program written by Dr S Martin (NIMR) based on standard non-linear least
squares techniques, see appendix 1.

Fluorescence spectroscopy was also used in acrylamide Quenciing studies to
determine solvent accesibility of the peptide tryptophan in the PFK peptide or the
CaM:PFKpep complex. The instrumental parameters were similar for this experiment
although A,=296nm and emission at 340nm were used. In acrylamide titrations the
peptide or CaM:PFKpep complex was 0.5uM, (5uM for the weaker binding P1-15) and
the sample was held in a glass cuvette to which aliquots of concentrated acrylamide
(5.3M) were added. The spectrum was recorded and the procedure repeated until the
titration appeared to be complete. The data were then analysed by fitting to the modified
Stern-Volmer equation, (Eftink & Ghiron, 1976).

F/F = (1 + K [Q))e'@
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Figure 3.2.2

Fluorescence titration profile for the titration of calmodulin to peptide P9-26 at 2xM.
Buffer used was 25mM Tris, 100mM KCl, 1mM CaCl, at pH 7.0 using an excitation
wavelength of 280nm. Titration performed such that calmodulin aliquots ( < 10uL) were
added to 2mL of peptide in buffer. Curves were digitised directly on Spex fluorolog

fluorimeter. The contribution of a raman signal has been subtracted.
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In this equation F, and F are the fluorescence intensities in the absence and the
presence of quencher, respectively, [Q] is the concentration of acrylamide, Ky is the

Stern-Volmer constant for collisional quenching, and V is the static quenching constant.

3.2.3. Circular Dichroism

Absorption and fluorescence spectroscopy measurements are helpful in following
molecular changes. In order to interpret the measurements in terms of protein secondary
structure, techniques involving the use of plane polarized light have become important.
There are various ways in which light can be polarized. Most familiar is plane polarized,
in which the varying electric field of the radiation has a fixed orientation. Circular
polarization is also a means by which light can be polarized. Here the electric field
rotates either clockwise or anticlockwise with the frequency of the radiation. Symmetric
molecules exhibit a preference for the absorption of left or right circularly polarized light
and the resulting spectrum will reflect the symmetry of the molecule in question. CD is
therefore of particular use in the study of protein secondary and tertiary structure.
Specifically, far-UV CD experiments (200-250nm) were performed to quantitate the
secondary structure of the protein and peptide under various conditions. Near-UV CD
experiments (250-320nm) were performed to study the environment and mobility of the
aromatic residues of calmodulin, the peptides, and their complexes.

Circular dichroism spectra were recorded using a Jasco J-600 spectropolarimeter
at room temperature with 1mm path length fused silica cuvettes for far-UV CD and lcm
fused silica cuvettes for near-UV CD. Protein concentrations used for far and near-UV
CD were 10 and 60uM respectively. For studies of preten in complex with peptide, a

1.1 fold excess was generally used. The band widths and time constant used were 2nm
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and 0.5s respectively. Multiple (16) scans were averaged, baselines were subtracted and

a small degree of numerical smoothing applied. Temperature was controlled using a

Neslab RT-111 water bath. To determine the secondary structure of the PFK peptides
when complexed to calmodulin, equation 3.2.3a is applied. Aeygw is related to Aey
through equation 3.2.3c and to molar ellipticity by equation 3.2.3b. The molar
calmodulin concentration is used in the calculation of Aey comptexy AN A€y (cangy- Spectra
are presented as Ae in mean residue weight for far-UV CD spectra (see equation 3.2.3c)
in order to facilitate quantitative calculation of secondary structure for the different
peptides in solution, solvent, or in complex with calmodulin. In order to apply the models
for the helix - coil transition to the raw data, the mean residue ellipticity must be
converted into fractional helicity. This conversion requires a knowledge of [6],., fOr the
completely helical and completely coiled forms of the peptide; we employ the method of
Scholz et al., (1993) to do this. The expressions [6]y and [6] correspond to the ellipticity
at 222nm measured for model peptides in 100% or 0% helical form respectively. The
values of [f]y and [f]c are calculated according to equations 3.2.3d and 3.2.3e.
Temperature, T is in °C, n is the number of residues in the peptide chain and x is a
constant (2.5) used to correct for non-hydrogen bonded carbonyls that do not contribute
to []y. Knowing the ellipticity for a fully helical peptide the actual peptide helicity is

calculated from this.

Equation 3.2.3a. Aey peptide) =A€n compler) DM camg

Equation 3.2.3b. Aeyrw - 3300 = [0)yzw

Equation 3.2.3c. Aeygrw=Aey/no of peptide bonds

Equation 3.2.3d. [6]4=-40000.(1-x/n)+100.T deg.cm’decimole’
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Equation 3.2.3e. [6]c=+640-45.T deg.cm’decimole’

Equation 3.2.3f. % a-helicity = Aeypwaey / Aevrwaoos)

Part of the CD studies described later involve calculation of percentage peptide
helicity in the calmodulin bound form or in the presence of the helicogenic solvent
trifluoroethanol (TFE). The following example illustrates how helicity can be quantitated
for the 13 residue peptide P9-21 when complexed to calmodulin:

Equation 3.2.3d is used to determine the ellipticity of a fully helical peptide comprising

n residues. Therefore if P9-21 were completely helical in complex with CaM at 20°C:

[6];,=-40000.(1-2.5/12)+100.20 deg.cm?decimole’
= -29666.7
[6]c= +640-45.20 deg.cm’decimole’

= -260

The Aeyrw is calculated for the fully helical peptide as -8.911, using equation
3.2.3b, taking into account the contribution to ellipticity of random coil, see equation
3.2.3e. The Aeygw has been calculated for the calmodulin bound peptide as -3.5 (see
results), the value is calculated using: equation 3.2.3a, assuming no change in calmoduiin
secondary structure. Aeygrwpepice 18 Calculated using equation 3.2.3c, therefore the % a-

helicity of the bound peptide is calculated according to equation 3.2.3f as 39%.

3.2.4 Stopped-Flow Kinetics

A stopped-flow spectrophotometer is essentially a conventional spectrophotometer
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with the addition of a system for rapid mixing. Figure 3.2.4 is provided to illustrate the
mixing and observation system. Two syringes (B,) and (B,) contain the reactants to be
mixed. Flow is initiated by the drive plate (A) which operates pneumatically to drive the
reactants from the syringes. The solutions from the syringes pass from the syringe filled
valves (C) into the mixing chamber (D). The solution passes to the observation cell (E)
and the fluorescence is amplified by a photomultiplier (F). Flow is stopped when the
solution reaches the back syringe and this hits a metal stopping bar (I). In order to record
the signal with time a trigger switch is used which allows the signal to be observed before
flow stops. Stopped-flow experiments were performed on a High-Tech SF61-MX
stopped-flow spectrofluorimeter. A xenon lamp was used and excitation was 295 or
330nm for tryptophan or Quin-2 experiments respectively. Emission was measured using
cut-on filters corresponding to 330 or 360nm for tryptophan or Quin-2 experiments
respectively. All concentrations quoted are those prior to 1:1 volume stopped-flow
mixing. The dead time of the instrument is ~3ms at a drive pressure of about 4 bar. Any
loss of fluorescence signal during the dead time of the instrument is corrected for.
Dissociation of calcium by EGTA was achieved by mixing 2uM CaM:PFKpep
complex in 100uM CaCl, with an equal volume of 20mM EGTA, PFK peptide was 1.1
fold in excess of protein. The observed rates were independent of EGTA concentration
between 0.5-20mM. Dissociation of calcium by Quin-2 was studied by mixing 3uM
CaM:PFKpep complex in 20uM CaCl, with an equal volume of 90uM Quin-2, PFK
peptide was 1.1 fold in excess of protein concentration. Analysis of stopped-flow data is

considered in Appendix 3.
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Figure 3.2.4

Diagrammatic representation of a stopped-flow instrument. (a) Plan view of an
instrument stopped to the back syringe. A, drive; B, reactant syringes; C, filling valves;
D, mixer; E, observation cell; F, photomultiplier; G, emptying valve; H, back syringe;
I, stopping-bar. Diagram taken from Stopped—ﬂbw spectrophotometric techniques, J.F.
Eccleston, in Spectrophotometry & spectrofluorimetry: a practical approach, IRL press,

1987.
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3.2.5 Crystallography
Note: Crystallographic studies were performed in collaboration with Dr’s K
Henrick, M Hirshberg, B Xiao and Professor G Dodson from the Division of Protein

Structure (NIMR).

For crystallographic studies single, untwinned crystals of at least Imm in size are
ideally required. In these studies crystals of proteins were grown using the hanging drop
method, (McPherson, 1984). Crystals were produced by slowly and continuously
increasing the concentration of both the protein and a solute that encourages
crystallization, typically polyethylene glycol, see results for crystal growing conditions.

The crystals used were mounted and placed in the beam of x-rays. The protein is
frozen in the beam using a stream of liquid nitrogen vapour. The beam of x-rays was
usually produced by striking a target of copper with electrons accelerated in a high
voltage. A copper target provides x-rays with wavelength 0.154nm. Diffraction patterns
have aiso been obtained by using the intense x-rays available from a synchrotron source.
In this system, accelerated electrons are injected into an electron storage ring and these

orbiting electrons emit synchrotron radiation.
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RESULTS



4.1 Interactions of calmodulin with PFK peptides involving aromatic amino acids
studied by fluorescence spectroscopy.

Fluorescence spectroscopy was used to assess the interaction of calmodulin with
PFK peptide targets, see table 1 or 5.1 for sequences. The affinity of calmodulin for
target peptides was studied by either direct or competition methods. The experimental
design and limitations of these techniques with reference to two specific examples are
discussed. The accegibility of Trp residues in various complexes was studied using

acrylamide quenching.

4.1.1 Experimental Design for determination of the dissociation constants by
fluorescence spectroscopy

The absence of a tryptophan in Drosophila melanogaster calmodulin provides a
simple method for estimating calmodulin affinity for tryptophan containing target
sequences. All sequences studied have a tryptophan reporter probe at position 11 except
for peptide P1-8 which has been modified to include a tryptophan at position 7 in place
of the native phenylalanine residue. As the tryptophan containing peptide is titrated with
calmodulin the fluorescence emission spectral characteristics change, see figure 3.2.2.
This fluorescence characteristic was used in both direct and competition methods to
determine dissociation constants. The method of titration was governed by peptide affinity
for calmodulin, and the limit of the fluorescence signal itself. The quality of the data
obtained on the Spex fluorolog instrument permits working at concentrations as low as
100nM. The estimation of affinities below nM however requires that one works at a
concentration lower than 0.1xM, since the concentration of the peptide used determines
the range of K; which may be determined. A detaile_d example of how dissociation
constants were obtained follows for calmodulin in complex with peptides P9-21 (32nM)

53



and P1-21 (InM) assessed by direct and competition techniques respectively.

4.1.1.1. Direct Binding Technique for determination of dissociation constants

In this experiment a plastic or quartz cuvette containing buffer is held in a
thermostatted holder at 20°C. The fluorescence emission spectrum of the buffer is
recorded over the wavelength range 300-400nm with excitation at 295nm. The Raman
contribution was then subtracted from subsequent spectra. An aliquot of peptide P9-21
is added to the cuvette, and the spectrum of the peptide sample is recorded. The
concentration of peptide ideally needs to be relatively close to its Ky - but 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. A concentration is used so free ligand concentratn
during titration and stoichiometry of interaction can be determined see section 3.4.1. A
concentration of 0.5uM was chosen for the CaM:P9-21 titration. The protein is titrated
into the peptide in aliquots of approximately SuL and at least 25 points contribute to the
titration with at least 15 points prior to a 1:1 concentration of protein:peptide complex.
Following each addition the spectrum of the CaM:P9-21 is recorded. Despite previous
findings involving titration of calmodulin to peptide WFF from sk-MLCK, (Findléy et
al., 1995) it was found that there was no binding of peptide or protein to the walls of
either type of cuvette. The spectra for a complete titration of CaM to peptide P9-26 are
illustrated in figure 3.2.2. The presence of the isoemissive point indicates a simple
process for the binding of peptide by calmodulin. For all peptides the complete 300-
400nm spectrum is recorded for each aliquot. Having ensured that the process has an

isoemissive point, the repeat titrations (n = 4) are performed by measuring fluorescence
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intensity at 330nm and the fluorescence enhancement at this wavelength is used to
determine the dissociation constant. Single wavelength titrations are advantageous when
proteins are unstable with time or if samples are photobleached. These were not problems
in this research, single wavelength was used to reduce experimental time, and exposure
was minimized with narrow excitation slits.

When the titration was completed the fluorescence emission values at 330nm for
known protein and peptide concentration were imported into a spreadsheet where data
was manipulated into a format suitable for inputting to the data analysis program. The
fitting of the experimental data to an equation and subsequent determination of
dissociation constant is described appendix 1. The program has been developed by Dr S
Martin, NIMR. The program, EQFIT4A is a non-linear least squares fit to a single
dissociation constant. The dissociation constant and fluorescence enhancement are
obtained by a x> minimization procedure. Figure 4.1.1b shows the variation of x? as a
function of the K, for the CaM:P9-21 titration. The minimum x? is at K; = 30nM. The
values of four independent titrations of CaM to peptide P9-21 under identical conditions

with the average and the corresponding standard deviation are shown in table 4.1.1a.

4.1.1.2. Competition Binding Technique for determination of dissociation
constants
The competition experiment follows a similar principle to the direct method. In
the competition experiment of CaM with P1-21 or P1-26 one begins the titration with a
complex of protein and peptide at a ratio of 1:3. The elevated ratio is important to ensure
in subsequent analysis of the data that there is negligible free calmodulin present during

titration. Absolute calmodulin concentration is generally 0.5uM. The CaM:PFKpep
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Figure 4.1.1b

Determination of the dissociation constant of the CaM:P9-21 complex using a x’

minimization approach.
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Table 4.1.1a

Example of data averaging procedures for the determination of CaM:PFK peptide
affinities by fluorescence measurements by either direct or competition techniques.
The dissociation constant (direct titration) or ratio of dissociation constants (competition
titration) for each experiment is determined using x? minimization procedure.

Experimental procedures described in section 4.1.1.



Peptide | Titn | Competing | (1) K, (2) K,(PFKpep)/ | Average of 4
used in peptide determined | Ky (FFFpep) titrations with
CaM (Ky) of by direct determined by standard
complex competing method competition deviation
peptide for method
CaM
M
P9-21 1 3.1x10% 3.2 x 10+
2 4.2 x 10 5.1 x 10%
3 3.1x 10%
4 2.7 x 10°%
P1-21 1 sk-MLCK 25 Average ratio
2 (FFF) 25 from column
3 30 2 is 30.
4 (40pM) 40 Therefore K,
(P1-21) =
1.2 x 10& +
2.0 x 1071+
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species is then titrated with a competing "silent" peptide which does not contain a
tryptophan. The peptide used (FFF) is derived from the high affinity calmodulin binding
region of skeletal muscle myosin light chain kinase, sequence
KKRFKKNFIAVSAANRFK. The peptide has a dissociation constant of 40pM as
determined by competition experiment with peptide WFF, sequence
KKRWKKNFIAVSAANRFK. This is the calmodulin binding site of skeletal muscle
myosin light chain kinase and has a K, of 150pM for calmodulin, (Martin et al., 1996).
When FFF is titrated in CaM:PFKpep the FFF competes with the PFK peptide for the
high affinity binding site. Subsequent to each FFF addition the solution is mixed and
allowed to compete and requilibrate for five minutes. The dissociation of the tryptophan
containing PFK peptide from calmodulin is observed as a loss of fluorescence signal at
330nm. As in the direct method of analysis, initial titrations cover the wavelength region
300-400nm with excitation at 295nm to check that the titration curves show an
isoemissive point. Repeat titrations (n = 4) were performed by measuring the
fluorescence intensity at 330nm. The data are corrected for dilution and are analysed in
a non-linear least squares fit to peptide competition data, the fitting of the experimental
data and full data analysis method is described in Appendix 1. Figure 4.1.1c shows the
titration data and fit to the ﬁtraﬁon data for the compeﬁtion of CaM:Pl-Zl by peptide
FFF. The program EQFIT6 (Dr S Martin, NIMR) provides the fluorescence enhancement
and the ratio of the dissociation constants of the "silent" peptide and the PFK peptide.
Since the dissociation constant of the silent peptide for calmodulin is known the
dissociation constant of the PFK peptide for calmodulin can be calculated. Table 4.1.1a
shows the ratios, calculated dissociation constants, averaged dissociation constant and

corresponding standard deviation results of four independent titrations of peptide FFF to
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Figure 4.1.1c

Titration of peptide FFF to a complex of calmodulin bound to peptide Pi-21 at a
ratio of 1:3. Peptide FFF has sequence KKRFKKNFIAVSAANRFK and is a
spectroscopically silent peptide derived from the high affinity calmodulin binding
sequence of skeletal muscle myosin light chain kinase. The experiment is performed at
0.5uM protein concentration. The graph illustrates the experimental data (symbols) with
the non-linear least squares fit to the competition data (curve), see section 3.4.1.
Excitation wavelength was 280 or 295nm. Emission was measured at 330nm.

Monochromators were adjusted to 1 and 9nm for excitation and emission slits

respectively.
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CaM:P1-21.

4.1.2, Effects of peptide length.

The affinities of calmodulin for six PFK peptides (P1-26; P1-21; P1-15; P1-8; P9-
21; and P9-26) derived from the sequence of mammalian (rabbit muscle) PFK (see
scheme 1) were determined by fluorescence spectroscopy. The dissociation constants for
the complexes of the peptides with calmodulin are reported in Table 4.1.2 with the
standard deviation from four independent titrations. Stoichiometry is 1:1 under all
circumstances.

The affinity of binding generally increases with increasing number of residues,
except for peptide P1-15 which has markedly lower affinity for calmodulin. It is possible
that the 15 residue peptide is not long enough to interact with both domains of
calmodulin. The full length 26 residue sequence has high affinity (280pM) compared with
peptide P9-26 (11nM) indicating the potential importance of residues P1-8. However,
supplementing peptide P9-26 with peptide P1-8 only increases the apparent affinity of P9-
26 to 1nM. Thus the peptide sequence P1-26 must consist of a single entity for optimal
high affinity interaction. Comparison of dissociation constants of CaM complexed to
either pepﬁde P9-21 or peptide P9-26 indicétes that inclusion of the 5 C-terminal pei)tide-
residues in the target sequence increases affinity by 3 fold. This may appear surprising,
since the C-terminal region is rich in proline residues and since CaM targets are often

alpha-helices, such a region was not anticipated to contribute significantly in binding.
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Table 4.1.2

Dissociation constants with standard deviations calculated from four independent
titrations and fluorescence enhancements for the complexes formed between
calmodulin and target sequences from rabbit muscle phosphofructokinase between
0.1 and 10xM. All titrations performed at 20°C in 25mM Tris, 100mM KCI, 1mM
CaCl,, pH 7.0. Excitation wavelength was 280 or 295nm. Emission was measured at
330nm. Monochromators were adjusted to 1 and 9nm for excitation and emission slits
respectively. All dissociation constants were assessed using the direct non-linear least
squares fit to a single dissociation constant except for complexes with peptides P1-21, P1-
26 and P1-8 which were determined by a competition method, see section 3.4.1. The
dissociation constant for peptide P1-8 was determined using the competition method with
peptide [P1-8 (F7W)] for which the dissociation constant was calculated (by change in
tryptophan fluorescence on binding CaM) to be 10uM using an experimental calmodulin

concentration of 25uM.



Peptide | pH Dissociation Constant (M) Method of A F/Fo
K, Analysis
P1-26 7.0 2.8x 10" + 1.0 x 10" Competition | 333 2.22
P1-21 7.0 1.0 x 10° + 9.0 x 10'° Competition | 332 2.31
P1-15 7.0 1.0x 10% + 1.3 x 107 Direct 338 2.42
P1-8 7.0 |1.0x10% + 3.0x10°® Competition | N/D 1.7
P9-26 7.0 1.2 x 10® + 3.0 x 10° Direct 334 2.18
P9-21 5.0 7.5 x 101° + 3.9 x 107° Direct 333 2.3
P9-21 6.0 3.0x 10° + 5.0 x 10 Direct 333 2.32
P9-21 7.0 3.2x10% + 5.1 x 10° Direct 334 2.38
P9-21 8.0 6.0x10% + 1.9x 10° Direct 333 2.41
[P9-21 5.0 6.0 x 10° + 4.0 x 10'° Direct 333 2.38
(H20N)]
[P9-21 7.0 50x 10® + 2.2 x 10°® Direct 333 2.38
(H20N)]
P9-26 + | 7.0 1.0 x 10° + 2.6 x 10° Direct 333 2.34
P1-8
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4.1.3 Peptide Amino-Acid substitutions.

Interaction of the PFK target sequences with calmodulin was studied using
synthetic peptides based on the wild-type sequence containing specific amino-acid
substitutions. Fluorescence titrations were performed as described in section 4.1.1. The
target peptides are: [P9-26 (W11F)]; [P9-26 (Y14F)]; [P9-26 (E12Q)]; [P9-21 (E12K)];
and [P9-21 (H20N)].

The rationale for the choice of each peptide follows.

1. [P9-26 (W11F)] and [P9-26 (Y14F)]

In view of the importance of bulky hydrophobic groups in interactions involving
calmodulin, peptides [P9-26 (W11F)] and [P9-26 (Y14F)] were prepared to determine

effects of specific aromatic amino-acid residues W11 and Y14 on affinity for calmodulin.

2. [P9-21 (E12Q)]; [P9-21 (E12K)]: and [P9-21 (H20N)].

In order to study the importance of charge-charge interactions the above peptides
were synthesized. The presence of negatively charged glutamate acidic residues in CaM
binding targets is unusual. The role of this glutamic acid residue was studied by
substitution to eitﬁer a conservative neutral kgll‘xtamine Or a non-conservative basic lyﬁine.
The importance of the histidine residue was also examined; since the sequence is not
predominantly basic, the histidine could be important as a putative basic residue.

The fluorescence enhancement and dissociation constants of each peptide variant
in complex with CaM is given in table 4.1.3 along with the standard deviation of four
independent titrations for each complex. The affinity of the spectroscopically silent P9-26

(W11F) was assessed using competition with the tryptophan containing peptide WF10,
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sequence KKRWKKNIAYV, from skeletal muscle myosin light chain kinase (Ky = 790nM,

Findlay et al., 1995).

From specific amino-acid substitutions of the wild-type calmodulin-binding target

sequence of PFK the following conclusions may be drawn:

(a).

(b).

©).

Replacement of the tryptophan residue at position 12 by phenylalanine caused a
surprisingly large decrease in affinity, K, increasing >800 fold from |2nM to
more than 10uM. The presence of a tryptophan as a bulky hydrophobic anchor
seems characteristic in several target interactions, (Meador et al., 1993; Ikura et
al., 1992). It is interesting to note that for sk-MLCK peptide WFF the tryptophan
can be substituted for phenylalanine with only 8 fold reduction in affinity,
(Findlay et al., 1995). Therefore the tryptophan of the PFK target peptide appears

residue specific for target interaction with calmodulin.

The substitution of Tyr - Phe at position 14 has a lesser effect (~ 3 fold): The
dissociation constant of [P9-26 (Y 14F)] (K, 40nM) is only slightly higher than that

of the wild-type P9-26 sequence (K4 11nM).

There is little effect on affinity when the glﬁtamate residue of wild-type P9-21 (K
32nM) is substituted to either a glutamine (K; 20nM) or a lysine (K; 5nM),
although a slight increase is noted in both instances. Despite the small change in
affinity, the fluorescence enhancement is increased by 1.43 fold when the
glutamate is substituted with either a glutamine or a lysine. This suggests that the

tryptophan fluorescence is partially quenched by the acidic glutamate residue.
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Table 4.1.3

Dissociation constants with standard deviations calculated from four independent
titrations and fluorescence enhancements for the complexes formed between
calmodulin and target sequences from rabbit muscle phosphofructokinase with
specific single amino-acid substitutions within the sequence. Protein concentration
varies between 0.1 and 10uM. All titrations performed at 20°C in 25mM Tris, 100mM
KCl, ImM CaCl,, pH 7.0. Excitation wavelength was 280 or 295nm. Emission was
measured at 330nm. Monochromators were adjusted to 1 and 9nm for excitation and
emission slits respectively. All dissociation constants were assessed using the direct non-
linear least squares fit to a single dissociation constant except for complexes with peptide
[P9-26 (W12F)] which was determined by a competition method, using the native peptide

see section 3.4.1.



Peptide Dissociation constant Dissociation | Ky(wt)/ | A, | F/Fo
derivative | (M) wild-type sequence | constant (M) | K,(v)

variant

peptide
[P1-8 1.0 x 10° + 1.0x10° + | 1.0 1.7
F7TW)] 3.0x 10% 9.3x 10°¢
[P9-26 1.2x10% + > 1.0x10° | >800 | 334
(W12F)] 3.0x10°
[P9-26 1.2 x 10% + 40x 108+ | 3.3 334 | 2.36
(Y14F)] 3.0x 107 2.3x10°
[P9-21 3.2x10% + 20x10% + | 0.65 333 | 3.25
(E13Q)] 5.1x10° 5.7 x 10°
[P9-21 32x10% + 50x10°+ (0.15 333 | 3.25
(E13K)] 5.1x10° 1.1 x 1010
[P9-21 32x10% + 5.1x10% 1.6 334 123
(H20N)] 5.1x10°
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(d). Peptide [P9-21 (H20N)] (K, S1nM) bound with very similar affinity to the P9-21
sequence, (K; = 32nM) at pH 7.0. The pH dependence of the interaction of P9-

21 and [P9-21 (H20N)] is fully considered in section 4.3.

4.1.4 Affinity of complexes formed between site directed mutants of CaM or
proteolytic fragments of CaM with PFK peptides.

Site-Directed Mutants: The calcium binding site mutants (prepared by Pete
Browne, (NIMR) according to the method of, Maune et al., 1992a) have the conserved
glutamic acid residue in the twelfth position of one of the four calcium ion binding loops
mutated to either a glutamine or a lysine. Mutations in site 2 and 4 result in a major
reduction in calcium affinity for the mutated site whether the mutation is E-Q or E-K.
The mutants have been termed BnQ or BnK where n is the number of the mutated
calcium binding loop.

These mutants were used to investigate the requirement of an intact calcium
saturated site in the interaction of the mutant CaM with peptide P9-26, and to try to
identify the domain which interacts with the tryptophan of the target peptide by
comparing the affinities of the mutant CaM:peptide complexes.

Table 4.1.4 shows that the mutations have a mérked effect on thé affinity of the
calmodulin for peptide P9-26. Affinities of the mutants for peptide P9-26 were
determined at 0.5 or 2.0uM peptide concentration. The higher concentration (2.0uM) was
used in titrations involving peptide binding to site 4 mutants, since the effect of the
mutation in site 4 is far more detrimental to peptide binding than that in site 2. Compared
to wild-type calmodulin, the affinity decreases 3 fold and 13 fold for the site 2 mutants,

B2Q and B2K respectively, and 133fold or 83 fold for the site 4 mutants B4Q and B4K.
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Table 4.1.4

Dissociation constants with standard deviatiens calculated frem feur independent
titrations and fluorescence enhancements for the complexes formed between site-
directed mutants and proteolytic fragments of calmodulin with target sequences from
rabbit muscle phosphofructokinase. Protein concentration varies between 0.1 and
10uM. All titrations performed at 20°C in 25mM Tris, 100mM KCl, 1mM CaCl,, pH
7.0. Excitation wavelength was 280 or 295nm. Emission was measured at 330nm.
Monochromators were adjusted to 1 and 9nm for excitation and emission slits
respectively.. All dissociation constants were assessed using the direct non-linear least

squares fit to a single dissociation constant, see section 3.4.1.



Protein P1-26 K/ | P9-26 K/ | P9-21 K./
K, K4 K,
w wt wi
wild | Kd 28x10°+ (1.0 |12x10%+ [1.0 |3.2x10%+ | 1.0
type | M) 0.1 x 10™ 3.0x 10? 5.0x 10?
CaM | F/Fo | (2.22) (2.18) (2.38)
(W) A [333] [333] [334]
B2Q | Kd 4.0x 10 + [ 3.3
M) 5.0x 10°
F/Fo (2.25)
Ama [333]
B2K | Kd 1.6x 107 + |13
M) 1.1x 10®
F/Fo (2.14)
Amax [336]
B4Q | Kd 1.6 x 10% + | 133
M) 1.0 x 10°
F/Fo (2.55)
Amax [336]
B4K | Kd 1.0x 10% + | 83
M) 4.0 x 107
F/Fo (2.31)
Auuax [350]
TR2C | Kd 4.0x 107 + {1400 | 1.0x 107 + [8.0 { 1.0x 107 + | 3.1
M) 1.1 x 10® 3.0x 10% 2.3x 10%
F/Fo | (2.22) (2.19) (2.31)
Amax [333] [334] [335]




This implies that the C-domain contains the more important elements for P9-26 target
sequence binding. In addition to affinity data it is noticeable from the emission spectra
that the peptide tryptophan is more buried when bound to the B2 mutants than when
bound to the B4 mutants, The wavelength maximum at 350nm for B4K suggests that the
peptide tryptc;phan is significantly solvent exposed.

Proteolytic fragments: Studies of the isolated domains of calmodulin have
previously yielded information regarding the Ca,CaM:Target peptide interaction which
would have been difficult to interpret using the whole calmodulin. The isolated domains
not only yield data regarding inter-site and inter-domain cooperativity, but also indicate
sites of interaction between whole calmodulin and its targets. The question of orientation
in the peptide:calmodulin interaction was addressed by comparing affinities of TR2C (the
C-terminal domain of calmodulin, residues 78-148) for PFK target sequences of differing
length. |

The titrations and affinity determinations were assessed using the method
described in sections 4.1.1. TR2C concentration used in these titrations was 0.5uM.
Table 4.1.4 shows the affinity of the C-terminal domain (TR2C) for PFK target
sequences P1-26, P9-26, and P9-21. Stoichiometry was 1:1 for all TR2C:PFK peptide
complexes.

Using P9-21 as a control it is possible to deduce the effect on affinity of extending
at either the N- or C-terminal domain of the peptide. The affinity of P1-26 is reduced by
1400 fold compared with the interaction of the same peptide with intact calmodulin. This
indicates that the N-terminal domain of calmodulin is required for high affinity
interaction. The first 8 residues of the target sequence must be particularly important

since the affinities of CaM:P1-26 and TR2C:P1-26 differ by 1400 fold whereas the
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affinities of CaM:P9-26 and TR2C:P9-26 differ by only 8 fold. From this data it would
seem that the tryptophan at position 11 is located in the C-terminal domain of calmodulin
yet some or all of the first 8 residues of the target peptide make important contacts with
the N-terminal domain of calmodulin. Consistent with this interpretation, there was no
detectable interaction between TR1C and peptide P9-26 in experiments performed using
a P9-26 concentration of 10uM, data not shown.

This is strikingly different to the mode of binding found when CaM Kinase II, sk-
MLCK or sm-MLCK targets bind calmodulin, (Quiocho et al., 1992; Meador et al.,
1992, 1993). Since the dissociation constants of peptides P9-21 and P9-26 with TR2C are
the same (100nM) one can say that the residues -Pro-Pro-Ala-Pro-Lys- interact with
residues in the calmodulin N-terminal domain. The affinity of peptide P1-26 shows
slightly lower affinity for TR2C (400nM) this indicates that x~  optimum binding of
P1-26 the opening 8 N-terminal residues -Lys-Leu-Arg-Gly-Arg-Ser-Phe-Met- require the
presence of the CaM N-terminal domain.

The F/Fo values for all three peptides show fluorescence enhancements similar
to the interaction of the peptides with the intact protein. Since the F/Fo is based on the
fluorescence arising from the bound tryptophan spectra this indicates that the peptide

tryptophan for the PFK target sequence interacts with the calmodulin C-terminal domain.

4.1.5 Accegibility of peptide tryptophan in the CaM:PFK complex.

Quenching studies were used in order to reveal the localization of fluorophores
in proteins and their accesibility to quenchers, specifically acrylamide was used as a
quencher to compare the accesibility of the calmodulin bound peptide tryptophan for

peptides P1-26, P1-15, P9-26, and P9-21.
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Acrylamide quenching studies were performed by adding small aliquots of
concentrated acrylamide to a complex comprising calmodulin (0.5xM) and the peptide
of interest (0.6uM) or peptide alone (0.6uM) The results were analyzed using the
modified Stern-Volmer equation (Eftink & Ghiron, 1976), see section 3.2.2.

The values of the Stern-Volmer and static quenching constants for the complexes
of CaM:P1-26, CaM:P1-15, CaM:P9-26, CaM:P9-21, and peptide P9-21 are given in
table 4.1.5 as an average of four independent titrations with standard deviations on the
four calculations. The titration data is illustrated in figure 4.1.5. It is evident that the
tryptophan is buried to a similar extent in bound peptides P1-26, P9-26, and P9-21.
However the tryptophan of peptide P1-15 is significantly more exposed to solvent (Kgy =
3.4M™") although less so than the tryptophan of the free peptide P9-21 in solution (Kgy =
9.1M™), both show relatively large values of the static quenching constant. This indicates
two possibilities:

1. Peptide P1-15 is bound to calmodulin in a manner different from peptides P1-26, P9-
26, or P9-21.

2. Peptide P1-15 is bound to calmodulin in a manner similar to peptides P1-26, P9-26,
and P9-21, but is more exposed to solvent.

Peptide P1-15 has sequence KLRGRSFMNNWE VY K. It appears that
the tryptophan residue generally interacts with the C-terminal domain of calmodulin
whilst the preceding N-terminal residues may make contacts with the N- and C-terminal
domains. There are only 4 residues C-terminal to the tryptophan in peptide P1-15 and
therefore any regular structure which might exist in C-terminal extended peptides such
as P1-21 or P1-26 may not be present in the P1-15 peptide. This conformational effect

may itself influence the hydrophobic nature of the tryptophan in the CaM:P1-15 complex,
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Figure 4.1.5

Representative titrations of acrylamide to peptide P9-21 (x) or a complex of
calmodulin bound to peptide P1-26 (*), P1-15 (+), P9-26 ((J) or P9-21 (M) at
equimolar concentration. Peptide concentration is 10uM for P1-15 and 0.5uM
otherwise. Excitation wavelength was 296nm. Emission was measured at 340nm.
Monochromators were adjusted to 1 and 9nm respectively. Data is for single
representative titrations, experiments were repeated 3 times. The Stern-Volmer static
quenching constants, V and collisional quenching constant, K¢y are listed with standard

deviations in Table 4.1.5.
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Table 4.1.5

Acrylamide quenching data for the titration of acrylamide to peptide F9-21 or a
complex of calmodulin bound to peptide P1-26, P1-21, P1-15, P9-26 or P9-21 at
equimolar concentration. Peptide concentration is 10uM for P1-15 and 0.5uM
otherwise. Buffer is 25mM Tris, 100mM KCl, ImM CaCl,, pH 7.0. Excitation
wavelength was 296nm. Emission was measured at 340nm. Monochromators were

adjusted to 1 and 9nm for excitation and emission slits respectively.



Peptide/Peptide:Protein
complex

Stern-Volmer constant
Ky M

Static quenching constant
vV M!

CaM:P1-26 1.144 + 0.281 0.1441
CaM:PI1-15 3.437 + 1.961 1.382
CaM:P9-26 0.958 + 0.253 0.0487
CaM:P9-21 0.9634 + 0.295 0.2953
P9-21 9.128 + 0.5652 1.701
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alternatively the effect may be due to the inability of the "short" P1-15 peptide to bind

to calmodulin in such a way that the calmodulin can provide the hydrophobic environment

characteristic of CaM in complex with P1-26, P1-21, P9-26 or P9-21.

4.1.6 Influence of pH on fluorescence properties of the CaM:PFK complex.

The pH dependence of the affinity of peptide P9-21 for calmodulin was studied
in the range 5.0-8.0. Table 4.1.6 shows the dissociation constants (measured at 0.5uM
CaM) for CaM:P9-21 decrease significantly at lower pH. Figure 4.1.6a shows the pH
dependence of the fluorescence enhancements of CaM:P9-21. An F/Fo value > 1 reflects
that the peptide is bound to some extent since the increase in absolute intensity reflects
the solvent acassibiliby of the tryptophan residue in the target peptide. The wavelength
maximum also reflects the peptide environment since the wavelength maximum for free
and bound tryptophan are approximately 350 and 330ﬁm respectively, see section 3.2.2.
The pH dependence of peptide [P9-26 (W12F)] fluorescence reveals that there are three
distinct pH dependent processes, figure 4.1.6b. The first shif_t at pH 3.5-4.3 correlates
with protonation of the a-carboxyl groups of the peptide. The histidine protonation could
explain the change in intensity between 6.0 and 7.0 (His pK, 6.04). The third
fluorescence dépendent pH pfocéss is the ioniiation of fhe tyrosine to the negativély
charged tyrosinate species, pH > 8.0.

The large decrease observed in affinity for peptide P9-21 binding to calmodulin
between pH 5.0 and 7.0 suggested a possible involvement of the histidine residue present
in the PFK peptide since His has a pK, = 6.04. The residue would be protonated at pH
5.0 and could contribute an additional positive charge for interaction with the net

negatively charged calmodulin. This prompted synthesis of a P9-21 peptide analogue with
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Figure 4.1.6

(A) Fluorescence enhancements for the complex formed between calmodulin and
target sequence P9-21 from rabbit muscle PFK at equimolar concentration. Protein
concentration is 0.5uM. All titrations performed at 20°C in100mM KCl, ImM CaCl,.
Buffer is 25mM sodium acetate (< pH 7.0), 25mM Tris (pH 7.0-8.5), and 25mM sodium

borate (pH > 8.5). Excitation wavelength was 295nm. Emission was measured at 330nm.

(B) Fluorescence of peptide [P9-26 (w:2F )] at 10xM. Fluorescence is normalized so
that the lowest value (pH 12.8) = 1. The buffers used are as described in the legend for

figure 4.1.6a. Excitation wavelength is 280nm, emission was measured at 320nm.
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Table 4.1.6

. Dissociation censtants with standard deviaticns calculated from fcur independent
titrations and fluorescence enhancements for the complexes formed between
calmodulin with target sequence P9-21 at different pH values. Calmodulin and peptide
concentrations are 0.5 and 0.55uM respectively. Experimental buffer is 25SmM Tris,
100mM KCl, 1mM CaCl, for studies between pH 7.0 and 8.5. For studies above and
below these pH values 25mM sodium borate or 25mM sodium acetate was used in place
of 25mM Tris. Excitation wavelength was 280 or 295nm, emission was measured at

330nm.



pH K, M) F/Fo
2.0 1.00
3.0 1.00
4.0 2.32
5.0 7.5x 10" £+ 3.9 x 107 2.92
55 5.0x 10" + 1.0 x 101 2.69
6.0 3.0x 10° + 5.0x 10" 2.59
6.5 1.0x 10* + 1.4x10° 2.40
7.0 3.2x10* +5.1x10° 2.38
7.5 45x10% + 1.2x10° 2.31
8.0 6.0x 10® + 1.9x 10° 2.30
8.5 25x107 +4.6x10% 1.91
9.0 39x107 + 7.4x10° 2.07
10.0 1.8

11.0 1.4




His-Asn substitution, [P9-21 (H20N)]. The dissociation constant for the peptide variant
is reported in table 4.1.3 The affinity of peptide [P9-21 (H20N)] for calmodulin is 10
fold weaker at pH 5.0 and 1.5 weaker still at pH 7.0 compared with peptide P9-21;
however the affinity of [P9-21 (H20N)] for calmodulin is still pH dependent, having
approximately 10 fold stronger affinity at pH 5.0 than 7.0, (6nM cf. 50nM). The greater
than 30 fold increase in affinity for the P9-21 peptide over the same pH range suggests
that protonation of the histidine residue is involved in high affinity binding. However the
effect is small since in addition to this other pH dependent processes exist. The
fluorescence of peptide [P9-21 (H20N)] is not dependent on pH and the fluorescence of
its complex with calmodulin exhibits fluorescence characteristics similar to the complex
formed with the P9-21 peptide. Thus it does not appear that the presence of a protonated

histidine residue is a very significant part in the binding of the peptide by calmodulin.

4.1.7 Conclusions

From study of the interaction of calmodulin with target . sequences. from. . . .

phosphofructokinase by fluorescence it can be concluded that:

(1). Peptide P1-26 has picomolar affinity for calmodulin, the first eight residues of which
evidently make important contribution to binding. However, the full affinity of binding
is only seen when the sequence is composed as one intact peptide. Surprisingly, the 5 C-
terminal residues of the P1-26 sequence contribute to the affinity, this may involve the
PPAPK sequence or may be a result of the arginine binding more strongly when
protected by the additional 5-residue portion of sequence. The tryptophan of peptide P1-

15 may bind to calmodulin in a different mode to the same tryptophan in peptides P1-26,
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P1-21, P9-26 and P9-21, since the environment of the peptide tryptophan is far more
solvent exposed in the complex of CaM:P1-15 than for the complexes formed between

CaM and the other tryptophan containing peptides.

(2). It is likely that the tryptophan of the target peptide makes its most important (if not
all contacts) with the C-terminal domain of calmodulin. The tryptophan residue is specific
for binding since substitution for phenylalanine severely impairs affinity. Tyrosine,
(another aromatic amino-acid in the PFK target sequence) is a less critical determinant
in sequence recognition by calmodulin since the peptide tyrosine at position 14 was

substituted for phenylalanine with little effect on affinity.

(3). Residues 16-26 of the PFK sequence are required to provide the correct environment
for the binding of the peptide tryptophan to calmodulin. It may be that this is through

binding to the calmodulin N-terminal domain, providing a conformational change in the
protein which in turn provides a hydrophobi¢ channgl befween the domains for,peptide , .

to bind.

(4). The PFK target sequence is not particularly basic, and a protonated histidine might
provide some minor additional binding affinity. The fluorescence of the tryptophan is
quenched by a neighbouring acidic group; but, surprisingly, substitution of the acidic

group to a neutral or basic amino acid had little effect on affinity.
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4.2. Conformational studies of secondary and tertiary structure in calmodulin,
PFK peptides and the complexes formed by their interaction
As mentioned previously in chapter 2, consideration of the primary sequence of
the calmodulin binding region of PFK suggests that it is very unlikely to adopt the basic
amphipathic e-helical conformation that is noted in the calmodulin bound forms of sk-
MLCK, Ikura et al., 1992), sm-MLCK, (Meador et al., 1992) and CaMK II, (Meador

et al., 1993).

To investigate the conformational features of the PFK target sequence, circular
dichroism techniques were used; specifically, far-UV CD was used for study of the
peptides in solution, in the helicogenic solvent trifluoroethanol (TFE) and in the
calmodulin bound form. Near-UV CD was used also in these studies to assess the
environment of peptide aromatic amino acids in complexes of different PFK peptides with
calmodulin.

4.2.1.Far-UV CD spectroscopy of CaM and its complexes w1th

PFK target sequences, , [ . . (o (

4.2.1.1. Peptide length -effects (CaM bound and in TFE)

PFK peptides in aqueous solution and on binding to CaM
The PFK peptides, P9-21, P9-26, P1-21, and P1-26 display predominantly random
structure in aqueous solution, data not shown. Calmodulin alone has a far-UV CD
spectrum characteristic of a mainly a-helical protein (maxima at 207 and 222nm).
Intensification of the signal at 222nm indicates that the o-helical content of the complex
increases when any of the three peptides are bound to calmodulin, see Fig 4.2.1.1a. The

increase shown is relatively small since calmodulin contains substantial a-helix. The far-
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UV CD spectra of the bound peptides were calculated, assuming no conformational
change in calmodulin on binding peptide. The far-UV CD difference spectra is calculated
as {[CaM:PFK, ] - '[CaM]} and show that for all four peptides some a-helical structure
is induced on binding, Fig 4.2.1.1b. In order to apply the models for the helix-coil
transition to the mean residue ellipticity at 222nm. [0 ], Were converted into fractional
helicity, using the method of (Scholz et al., 1991) see section 3.2.3.

The extent of a-helical structure in the calmodulin bound PFK peptides is shown
in table 4.2.1. The P9-26 peptide (ny = 7.5) is somewhat more helical than the P9-21
peptide (ng = 5) when bound to calmodulin. It is unlikely that the additional five residues
"PPAPK" at the C-terminus can become helical. This might indicate that a sequence
within the P9-21 ;egion has higher a-helical propensity when further residues are added
to its C-terminal end.

The bound P1-26 peptide (ny; = 6.7) has little extra helicity compared to the P9-
26 peptide, this suggests that the extra 8 residues at the N-terminus do not adopt an a-

R ﬁclical, conformation upon binding td calmovdulin’.,’ Thé ,ihcfeaéed /intensity at 205-212nm
is consistent with these additional residues being unstructured (random coil).
Structure of the PFK peptides in triflucroethanol (TFE)

To determine the propensity of the peptides to form helix in solution
trifluoroethanol, (TFE), was added to the peptides and the intensity at 222nm was
recorded in 50% TFE, (Figure 4.2.1.1c, (Table 4.2.1). The helical propensities were
calculated using the same method as above. The 26 residue peptide appears to have the
greatest propensity to form helix, although in terms of peptide size the proportion of helix
per peptide is quite similar suggesting that neither the high affinity P1-26 peptide or the

lower affinity P9-21 peptide are predominantly helical in TFE unlike many other
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Figure 4.2.1.1

(a) Far-UV CD spectra for calmodulin and complexes formed by the interaction of
CaM and target peptides from PFK. Calmodulin concentration is 10uM, peptide
concentration is 11uM. The buffer used was 25mM Tris, 100mM KCl, ImM CaCl,,
pH7.0. Spectra were collected at room temperature. For each experiment a spectrum is

an average of 16 scans.

(b) Far-UV CD difference spectra for complexes formed by the interaction of CaM

and target peptides from PFK. Experimental conditions as above.

(c) Far-UV CD spectra for target peptides P1-26, P1-21, P9-26 and P9-21 from PFK
in 50% trifluoroethanol. 50uM peptide is dissolved in 50% trifluoroethanol in 25mM
Tris, 100mM KCI, pH7.0 at 20°C. For each experiment a spectrum is an average of 16

scans.

(d) The number of helical residues in peptides P1-26 ((J), P1-21 (¥), P9-26 (a) and
P9-21 (M) calculated in a solution with 50% trifluoroethanol, experiments performed
at 50uM peptide. Sample buffer is 25SmM Tris, 100mM KCI, pH 7.0. Spectra are
recorded at 20°C. Helicity is quantitated using the method of Scholz et al., (1993) as

described in section 3.2.3.
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Table 4.2.1

Far-UV CD extinction coefficients at 222nm of four PFK target peptides in either a
calmodulin bound state or in the presence of 50% trifluoroethanol (TFE). For
experiments in the presence of calmodulin the value of the mean residue CD of the
CaM:peptide complex is related to the molar CD by the equation Aeygw = A€y/n, where
n is the number of peptide bonds in the complex of calmodulin (147) plus the number of
peptide bonds from the target sequence. The CD arising from calmodulin alone can
similarily be calculated, and the signal arising from the bound peptide calculated as
([CaM:peptide]-[CaM]). The CD signal for the peptide (50uM) in trifluoroethanol is
obtained directly. All samples were prepared in 25mM Tris, 100mM KCI, 1ImM CaCl,,
pH7.0, 20°C. The signal obtained for an individual experiment is an average of 16 scans
and values quoted at 222nm are an average of four independent experiments with standard
deviation. The percentage helicity is calculated using the method of Scholz et al., (1993)

described in section 3.2.3.



CALMODULIN BOUND 20°C

PEPTIDE IN 50% TFE 20°C

Aeppw % a-helix | # helical | Aeprw % co-helix | # helical
(222nm) residues | (222nm) residues
(ny) (ng)
P9-21 | 3.5+ 0.2 | 39.0 5.0 3.4 +£ 0.6 | 37 4.8
P9-26 | 4.3 +0.4 | 41.6 7.5 45+ 03 |43 7.8
P1-21 | 3.8+ 04 |35.4 7.4 4.1 £ 0.7 | 39 8.1
P1-26 | 2.8+ 0.1 257 6.7 3.6 04 |33 8.6
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calmodulin binding target peptides, (O’Neill and Degrado, 1990). The helicity induced
as a function of TFE concentration is reported in Figure 4.2.1.1d. The maximum
inducable helicity occurs at approximately 30% TFE. The helicity of the PFK peptides
bound to calmodulin was comparable with the helicity of the PFK peptides in 50% TFE,
see table 4.2.1.

These findings are important for the recognition of the PFK target sequence by
calmodulin. It would appear that the higher affinity of P1-26 can probably be attributed
to the extra 3 basic residues of the P1-26 peptide compared with the P9-21 and P9-26
peptides. The increased affinity of calmodulin for the longer peptides is probably not
associated with an increased propensity of the longer peptides to form helix. This
suggests that the CaM:P1-26 interaction may be quite distinct from the basic amphipathic
a-helical calmodulin binding peptides discussed in the review by (O’Neill and Degrado,
1990).

4.2.2. Near-UV CD spectroscopy of CaM, and its complexes with
PFK target sequences.

Figure 4.2.2a shows the near-UV CD spectra of calmodulin alone and in complex
with each of the five PFK peptides, P1-26, P1-21, P1-15, P9-26, and P9-21. A single
tyrosine residue at position 138 in calmodulin contributes to the signal at 280nm. The
large difference in peptide CD signals at 280 and 295nm present upon peptide binding
to calmodulin is characteristic of the immobilization of the aromatic residues (1 Tyr, 1
Trp) in the target sequence. The spectra for the complexes formed between CaM and
peptides P1-26, P1-21, P9-26, and P9-21 are relatively intense and show similar
characteristic spectra, this indicates that the environment of the immobilized tryptophan

residue of P9-21, P9-26, P1-21 and P1-26 is similar and the mode of binding to
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calmodulin is independent of peptide length. Any small differences in spectra are likely
to be attributable to either baseline alignment problems or uncertainty in protein
concentration. The sbectrum of peptide P1-15 in complex with calmodulin is very
different at 280 and 295nm, this suggests that the tryptophan of this peptide is in a
different environment. It is possible that because residues 16-21 are not present in this
peptide that insufficient interaction occurs between the peptide and the two domains of
calmodulin so that the peptide tryptophan is in a different environment. The spectra for
the free peptides show very little near-UV CD intensity as anticipated for unstructured
polypeptides (data not shown).

The interaction of calmodulin with peptide WFF from sk-MLCK using near-UV
CD has been described by Findlay et al (1995). In the sk-MLCK peptide there is no
tyrosine residue, however, in sk-MLCK peptide (and target sequences from several other
sources) a tryptophan residue near the N-terminus is implicated in the high affinity
interaction. To determine whether the spectrum of the bound Trp in the CaM:P9-26
complex resembles the Trp spectrum resulting from interaction of calmodulin with sk-
MLCK target sequence the contribution of the tyrosine and tryptophan to the CaM:P9-26
spectrum were deduced. Figure 4.2.2b shows the spectra of bound P9-26 and [P9-26
(W12F)], each with the calmodulin contribution subtracted, the difference of the two
curves is also shown to illustrate the apparent contribution of the bound Trp. These
calculations assume (1) additivity of the tyrosine and tryptophan signals, and (2) the
spectrum representing the peptides P9-26 and [P9-26 (W12F)] bind in analogous fashion.
On this basis Trp of the bound PFK peptide was quite different from that of Trp of the
bound sk-MLCK peptide, see figure 4.2.2c. This suggests that the sk-MLCK and PFK

target sequences bind in different modes.
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Figure 4.2.2

(a) Near-UV CD spectra of calmodulin and complexes formed by its interaction with
peptides P1-26, P1-21, P1-15, P9-26 and P9-21. Protein concentration is SOuM and
peptide is 1.1 fold in excess. Spectra collected at 20°C in buffer comprising 25mM Tris,

100mM KCl, 1mM CaCl,.

(b) Difference spectra generated for the complexes formed between calmodulin and
peptides P9-26, [P9-26 (W12F)] and peptide WFF from sk-MLCK.

(i) = ([CaM:P9-26]-[CaM])

(i) = ([CaM:P9-26 (W12F)]-[CaM]

(i) = (i) - @)

(iv) = ([CaM:WFF]-[CaM])
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Figure 4.2.2¢

Near-UV CD difference spectra for the complexes formed between calmodulin and
peptides P9-26, WFF, and RS20 from the calmodulin binding regions of
phosphofructokinase, sk-MLCK, and sm-MLCK respectively. Calmodulin spectra was
collected at 50xM with a peptide concentration of 55xM. For each experiment protein
and protein:peptide complex spectra were collected as an average of 16 scans. Samples
were dissolved in a buffer comprising 25mM Tris, 100mM KCI, 1mM CaCl,, pH 7.0 at

20°C.
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To demonstrate that near-UV CD reflects tryptophan environment, near-UV CD
was used to compare the calmodulin bound conformations of the target peptides from sm-
MLCK and sk-MLCK. The 3D structures of the complexes with CaM indicate that the
bound peptides make similar contacts with calmodulin and the tryptophan of the two
peptides resides in the same hydrophobic pocket provided by calmodulin, (Ikura et al.,
1992; Meador et al., 1992). On the basis of the 3D structural evidence one would
therefore expect the environment of the calmodulin to be very similar for the sk- and sm-
MLCK peptides when bound to calmodulin. The difference spectra of CaM:sk-MLCK
and CaM:smMLCK shows that this is so, figure 4.2.2c.

Because near-UV CD is extremely sensitive to the environment of the
chromophore it can be concluded that all peptides P1-26, P1-21, P9-26 & P9-21 from
PFK bind to CaM in a similar manner, however the environment of the Trp sidechain of
the bound PFK peptide is probably quite different from that of the Trp in the bound sk

or sm-MLCK target peptides.

4.2.3. Structural studies using site-directed mutants of calmodulin in complex
with PFK peptide P9-26

A series of single calcium-binding site mutants of Drosophila melanogaster
calmodulin were used to determine the effect of mutation in calcium binding site on
interaction with peptide P9-26, (Maune et al., 1992a,b) also see table 3.1.3.

Near-UV CD (see section 3.2.3) was used to assess the environment of the
putative important hydrophobic tryptophan anchor in the PFK target sequence using
binding site mutants of calmodulin in complex with peptide P9-26. The effective

elimination of calcium binding in site 4 of calmodulin appears to effect the environment
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Figure 4.2.3

(a) Near-UV CD spectra for complexes formed between peptide P9-26 and either
calmodulin or one of the calcium binding site mutants of calmodulin, B2K, B2Q,
B4K or B4Q Spectra collected at 20°C in 25mM Tris, 100mM KCI, 1mM CaCl,, pH
7.0. CaM or calcium binding site mutants of CaM concentration is S0uM. Peptide P9-26

concentration is in 1.1 fold excess over protein.

(b) Near-UV CD difference spectra for the complexes in legend (a). Difference spectra
are calculated as ([Protein:P9-26]-[Protein]) where protein is CaM or a calcium binding

site mutant of CaM.



Aeyy M L.em™)

2.
1.5
1-
0.5
0 / et
-0.51 oK
B2Q
-1 4
B4K
-1.54 CaM
B4Q
-2 L} T L} { 1
- 250 260 270 280 290 300 310
3.5
b
34
82K
2.5
CaM
2
J B2Q
1.5 /
1 1 /4
0.5‘ . / /\/\
o A
-0.5- B4K
V 84Q
-1 ] V 11 T i 1 T
250 260 270 280 290 300 310 320

Wavelength (nm)

86



of the tryptophan in the bound peptide more significantly than the B2 mutants. Figure
4.2.3a shows the complexes formed upon interaction of calcium binding site mutants of
calmodulin with peptide P9-26. Figure 4.2.3b shows the difference spectra for each of
the calcium binding site mutants of calmodulin in complex with peptide P9-26. The
spectra indicate that the effect of mutation at site 4 in the C-domain is more detrimental
to complex formation than mutation of site 2 in the N-terminal domain. These spectra
are also consistent with the deduction that the peptide tryptophan is buried in a
hydrophobic pocket within the C-domain of calmodulin.
4.2.4 Conformational properties of the TR2C:P9-26 interaction

Figure 4.2.4a shows the near-UV CD spectra for Ca,CaM, Ca,TR2C and the
complexes formed with peptide P9-26. The spectra for the Ca,TR2C and Ca,CaM are
closely similar at 280nm suggesting that the tyrosine at position 138 in the protein is in
the same environment whether the N-terminal domain of the protein is present. The
spectra resulting from the complex of each protein with peptide P9-26 are similar in
shape implying that the overall interaction is similar, there is however a substantial
difference in intensity of the two signals and this may reflect the extent to which the
peptide tryptophan and possibly tyrosine are buried when complexed to protein. It is
easier to make deductions regarding the nature of the tryptophan, since there is only one
tryptophan in the system and it is in the peptide, furthermore this single tryptophan has
a characteristic signal arising only from a transition in the aromatic residue itself at
295nm. The signal at 280nm is more difficult to interpret since there are two tyrosines
in the complex system, one in the peptide and another in the C-domain of calmodulin at

position 138, furthermore the signal at 280nm arises from electronic transitions in

tyrosine and tryptophan.
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Figure 4.2.4

(a) Near-UV CD spectra for calmodulin, TR2C (CaM residues 78-148) and the
complexes formed with peptide P9-26. Spectra collected at 20°C using a buffer
comprising 25mM Tris, 100mM KCl, ImM CaCl,, pH 7.0. Protein concentration is

50uM and peptide P9-26 is S5uM.

(b) Near-UV CD difference spectra for the complexes formed between calmodulin
and TR2C (CaM residues 78-148) with P9-26. Difference spectra calculated as
([CaM:P9-26]-[CaM]) or ([TR2C:P8-26]-[TR2C]). Spectra collected under conditions

specified in legend for figure 4.2.4a.
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The difference spectra for CaM:P9-26 and TR2C:P9-26 complexes calculated as
[(Protein: P9-26)-(Protein)] (see figure 4.2.4b) supports these findings. It would appear
therefore that the tryptophan and possibly the tyrosine of the PFK peptide interacts with

the C-terminal domain of the protein.

4.2.5 pH related conformational effects in CaM:P9-21 system

To probe whether the pH dependance of CaM:P9-21 interaction correspocisto a
different mode of peptide binding, calmodulin and CaM:P9-21 complexes were studied
using CD techniques. There is no difference in the tertiary structure of calmodulin over
the pH range 5.0-8.0 as judged by near-UV CD, see figure 4.2.5a, however in the
complexes the intensity arising from the peptide tryptophan at 290-300nm is significantly
affected by a decrease in pH over this range. This correlates with a decrease in Kd
indicating that the tryptophan immobilization correlates with high affinity interaction.

Far-UV CD was used to study the conformation of the P9-21 peptide over the pH
range 5.0-8.0. There was little difference in peptide structure in aqueous solution, or TFE
in this pH range. This indicates that the pH dependent affinity of P9-21 for CaM is not

related to changes in secondary structure.

4.2.6 Effects of temperature on the secondary structure of the PFK peptides.
The PFK target sequences; P1-26, P1-21, P9-21 and P9-26 were prepared in 50%
TFE and monitored by far-UV CD at 222nm over a wide temperature interval to assess
helical propensities under these conditions.
Figure 4.2.6a-d illustrates measurements taken at 222nm for four PFK peptides

in 50% TFE, 25mM Tris, 100mM KCl, pH7.0 at different temperatures. The data
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collected at 10uM show that the helix - coil transition is approximately linear in the
temperature range 5-80°C. It was not possible to determine an equilibrium constant
associated with the trénsition for any of the peptides since this requires a knowledge of
[6]2220m for which the peptide is completely helical or completely coiled, and these
conformational states were not oﬁserved over the temperature range studied. The
temperature titrations were repeated three times and the average value of Aeygy along
with the corresponding number of helical residues in the peptide calculated as described
in section 4.2.1 is shown with standard deviation in table 4.2.6, NB: [(lygw =
Aeyrw-3300.

These studies indicate that the peptide has greater propensity to form a-helical
structure at lower temperature in the presence of 50% TFE than at higher temperatures

in the temperature interval 5-80°C, however the magnitude of the effect is relatively

small.
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Figure 4.2.5a

Near-UV CD spectra collected for calmodulin and the complexes it forms with
peptide P9-21 at pH 5.0, 6.0, 7.0 and 8.0. For each experiment the spectrum is an
average of 16 scans. Spectra collected at 20°C in a buffer comprising 100mM KCI and
ImM CaCl, and either 25mM sodium acetate for experiments at pH 5.0 and 6.0 or

25mM Tris for experiments at pH 7.0 and 8.0.
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Figure 4.2.6

Far-UV CD data corresponding to the helical propensities of peptides P1-26 (a), P1-
21 (b), P9-26 (c) and P9-21 (d) in 50% TFE over the temperature range 10-70°C.
Peptides were prepared at 50uM concentration in 25mM Tris, 100mM KCl at pH 7.0.
The CD intensity was measured at 222nm and is reported as Aeygw. The titrations were
typically performed by raising temperature, however the effect of temperature on far-UV

CD is fully reversible.
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Table 4.2.6

Far-UV CD extinction coefficients (-Aey,) at 222nm of four PFK target peptides
(50uM) at temperatures 10, 20, 30 and 70°C. All samples prepared in 25mM Tris,
100mM KCl, pH7.0. The values quoted at 222nm are an average of four independent
single wavelength scans with standard deviation, adjacent to the (-Agy) in brackets is the

calculated number of helical residues in the peptides, see text.



-Aepy £SD (# o-helical residues)

Temperature °C

10°C 20°C 30°C 70°C
P9-21 | 58.8 + 8 (6.1) | 552 +3(5.8) |52.8 +8(5.5 |45.6+54.8)
P9-26 | 81.1 + 7(7.8) |75.7+7(1.3) | 73.4 +5(7.1) | 68.0+ 5 (6.6)
P1-21 | 86.0 + 4 (8.1) | 79.0 + 4 (7.4) | 74.0 + 9 (7.0) | 68.0 + 8 (6.4)
P1-26 [ 96.9 + 10 (8.9) | 91.3 + 9 (8.4) | 89.4 + 5 (8.1) | 79.4 + 6 (7.3)
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4.2.7 Conclusions
From this work several structural features have been determined which describe the

interaction of CaM and PFK target peptide, specifically;

(1). The PFK peptides have a low propensity to form «-helix whether bound to
calmodulin (maximally 42 %) or in the presence of helicogenic solvent (maximally 45%).
Furthermore the effect of temperature on the transition of random coil to a-helix is small
(an increase in approximately 2 helical peptide residues is typical on lowering a solution

of peptide in 50% TFE from 70°C to 10°C.

(2). By adding residues P22-P26 to peptide P9-21 one notes a small increase in a-helical
content ( approximately 2-3 residues) consistent with residues in peptide P9-21 becoming

a-helical, through a stabilization of the C-terminal end of the peptide.

(3). Residues 1-8 within the longer sequences have no «-helical conformation in the

calmodulin bound conformation or in the presence of 50% TFE.

(4). Target peptides of different length have similar tryptophan conformation when

complexed to calmodulin. The conformation is unlike the conformation of the peptide
tryptophan in peptides WFF or RS20 from sk- and sm-MLCK respectively. However,
like the peptide tryptophan of the two MLCK peptides the peptide tryptophan of the PFK
sequence interacts with the C-terminal domain of calmodulin. Target peptide P1-15 binds
calmodulin in a different manner to peptides P1-26, P1-21, P9-26 or P9-21 indicating that

residues 16-21 are important in interaction. It may be that these residues make contacts
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necessary for the target peptide to span both domains of calmodulin.

5. The environment of the peptide tryptophan when bound to calmodulin is somewhat

sensitive to pH in the range 5.0-8.0.
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4.3 The calcium dependence of CaM:PFKpep interactions

Studies to determine the affinity of calcium for calmodulin using absorbance,
fluorescence, CD and NMR techniques show that sites 3 and 4 of the C-domain bind
more tightly and with strong positive cooperativity in calcium binding, (Martin and
Bayley, 1986; Forsén et al., 1986; Linse et al., 1990; Pedigo and O’Shea, 1995). Data
from tryptic fragments of calmodulin, (Linse et al., 1991) demonstrate that sites 3 and
4 in the C-terminal domain of CaM have 6 fold greater average affinity for calcium than
sites 1 and 2 in the N-terminal domain.

Early models describing calmodulin activation of target enzymes assumed that
both domains of the fully saturated holo form of calmodulin (Ca,CaM) were necessary
for activation of several enzymes. More recently, interest has focused on the role of
individual domains, raising the possibility that partially calcium saturated CaM:target
complexes may have a potential role in regulation, (Klee, 1988; Persechini et al., 1994,
1996; Bayley et al., 1996).

The work described so far has indicated the unusual features of the interaction of
CaM with PFK target sequences. The role of individual calmodulin domains can be
further examined by determining the influence of the target region of PFK on calcium
binding to calmodulin. In this section, this question is examined by quantifying calcium
binding in the presence of PFK target sequences. It is known that calcium binds to the
C-domain sites with higher affinity compared with the N-domain sites for apo-CaM and
this is thought to be preserved in the presence of the WFF peptide from sk-MLCK,
(Martin et al., 1996). It is clearly of interest to know whether this is also the case for the

PFK target peptides.
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4.3.1 Determination of stoichiometric calcium binding constants in calmodulin
complexed to a series of PFK target peptides

The effect of the target peptide on the stoichiometric calcium binding constants
of calmodulin was determined using the chelator indicator method, (Linse et al., 1987)
as described in section 3.1.4.3.

Titrations of calcium to protein or protein plus peptide were performed 6 times
for each sample. An example of the titration for apo-CaM and its complexes with
peptides P1-26, P9-26 and P9-21 is shown in figure 4.3.1a. The presence of any of the
target peptides appears to increase the affinity of calmodulin for calcium. In order to
quantify this effect of target peptides the stoichiometric calcium binding constants for
calmodulin and its complexes with target peptides were determined. A full description
of the data analysis procedure is provided in Appendix 3. The stoichiometric constants
are presented in table 4.3.1. The binding constants are an average of 6 independent
analyses with standard deviations.

Figure 4.3.1 and Table 4.3.1 show that the first stoichiometric calcium binding
constant (K,) is substantially increased in the presence of the target peptide (120 fold for
P1-26); the effect on the other stoichiometric calcium binding constants is much smaller,
though K; is increased in the presence of target peptide also (~ 30 fold for P1-26). This
is in marked contrast with the WFF peptide from sk-MLCK where all four stoichiometric
constants are increased by the presence of target peptide, (Bayley et al., 1996).

The relationship between the intrinsic (k;) and stoichiometric (K;) association
constants is described in Appendix 4. In its simplest form, the relationship represents
binding of four ligands to a protein and takes no account of cooperativity between sites.

It is, however, relevant in interpreting the binding data.
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Figure 4.3.1a

Calcium binding to calmodulin and complexes formed between peptides P1-26, P9-
26, and P9-21. Protein concentration is 25uM, peptide concentration is 75uM, BAPTA
concentration is 25uM. Samples dissolved in 25mM Tris, 100mM KCI calcium free
buffer prepared according to section 3.1.4 and temperature is maintained at 26°C.
Absorbance measured at 263nm reflects the extent to which calmodulin and BAPTA

compete for the binding of calcium.
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Table 4.3.1

Stoichiometric binding constants determined for calmodulin and calmodulin in the
presence of 3 target peptides (P1-26, P9-26 and P9-21) from PFK. The dissociation
constants for the complexes calmodulin forms with the target peptides is also shown,
these were determined as described in section 4.1.1. Stoichiometric binding constants
were determined at 25uM CaM, 25uM BAPTA (and 75uM peptide if applicable) using
the chromophoric chelator method described in section 4.3. Each set of macroscopic
binding constants K;-K, is determined 6 times for calmodulin or a calmodulin:peptide

complex and the standard deviation is calculated and is quoted directly below the K value.



CaM:P Ca4CaM'P Kl K2 K3 K4
complex
I(d

CaM:P1-26 |2.8x 1010 [277x107 | 1.77x 10° | 4.80 x 10° | 4.51 x 10°
S.D. 14% 23% 16% 42%
CaM:P9-26 | 1.2x10% |[1.39x107 |8.21x10° |2.38x10° | 7.36 x 104
S.D. 6% 8% 15% 31%
CaM:P9-21 [3.2x10% |1.01x107 | 1.77x10% | 1.14x 10° | 1.90x 10°
S.D. 14% 35% 8% 39%
CaM 239x 10° | 1.17x 10 | 1.25 x 10* | 6.02 x 10°
S.D. 5% 13% 9% 16%
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Table 4.3.1b

Relationship between intrinsic and stoichiometric association constants. The
relationship (described in Appendix 4) holds for a 4 ligand binding site protein with no

interaction between sites.

Figure 4.3.1b

Calcium saturation curves produced from theoretical stoichiometric association
constants for the binding of four ligands (calcium) to a protein. The curves
correspond to the stoichiometric binding constants described in table 4.3.1b above.
Therefore curve 1 corresponds to the data of line 1 in table 4.3.1b etc. Curve 5 is

described by log,, stoichiometric binding constants K, = 8, K, = 7, K; = 7, K, = 7.
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For illustration, for a range of theoretical intrinsic constants the corresponding
stoichiometric constants were calculated, see table 4.3.1b. The data in line 1 represents
a system for which the affinity of the four sites are equal. Line 2 represents a protein
which exhibits ligand binding similar to that of calcium binding by calmodulin, for which
binding is best described as two pairs of sites with one pair exhibiting higher affinity.

The pCa curves for the stoichiometric association constants calculated from
theoretical intrinsic constants are shown in figure 4.3.1b. Comparison of the data from
lines 1 and 2 of table 4.3.1b shows that increasing the intrinsic constants k, and k, mainly
affects the first two stoichiometric constants. This is also evident from the corresponding
pCa curves 1 and 2. As k; and k, increase further and k, and k, remain constant only two
out of the four (K, and K,) stoichiometric constants are influenced. This correlation is
seen in figure 4.3.1b curves 3 and 4. The effect of an increase in all four stoichiometric
association constants is depicted by curve 5. Since the effect of PFK target peptide on
calcium binding is associated with increases predominantly in K; and K, these calculations
suggest that the PFK target peptide influences predominantly 2 intrinsic calcium binding
constants for calmodulin only.

Previously determined stoichiometric binding constants for CaM in complex with
peptide WFF from sk-MLCK and those determined here for calmodulin in complex with
peptides P1-26, P9-26 and P9-21 have been used to calculate the degree of saturation
versus Log [Ca free], see figure 4.3.2.

The increased affinity of calmodulin for calcium in the presence of target peptide
represents the effect of the PFK (or sk-MLCK) target peptides on the cooperative uptake
of calcium by éalmodulin. The effect is more pronounced in the case of sk-MLCK for

which the binding of all four sites seem to be influenced. In the case of the PFK target
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Figure 4.3.2

Calcium saturation curves for calmodulin in the presence of peptides WFF & WF10
from sk-MLCK and peptides P1-26, P9-26, and P9-21 from PFK. The pCa curves are
created using the determined stoichiometric calcium binding constants for calmodulin in
complex with the peptide, see section 3.1.4. The protein concentration is 25uM, peptide
concentration is 75uM. Samples are dissolved in calcium free buffer (section 3.1.4)
comprising 25mM Tris, 100mM KCl, pH 7.0. Panel A shows the influence of target
peptides P1-26, P9-26 or P9-21 (b) on calcium saturation of calmodulin (a). Panel B
demonstrates the influence of target peptides WFF (a), WF10 (b) and P1-26 (c) on

calcium saturation of calmodulin (d).
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peptides it appears that only the affinity of the first two calcium ions for calmodulin are
increased substantially, see table 4.3.1. Although it is not necessarily valid to assume that
the two sites affected are those in the C-domain, the result is analogous to the effect of
the shorter peptide WF10 (first 10 residues of WFF) where the more marked effect on
the calcium binding to the C-domain results in a biphasic calcium binding curve, (Bayley
et al., 1996) also see figure 4.3.2.

The calcium induced increase in the affinity of calmodulin for a particular peptide
may, in principle, be calculated from experimentally determined dissociation constants
for the peptide in the presence (Ky) and absence of calcium (K’y). However, because the
latter value is not generally accessible experimentally, an estimate of the ratio of the
dissociation constants (K’y)/(Ky may be obtained from the measured stoichiometric
calcium binding constants determined for calmodulin alone (K1,...,K4) and for
calmodulin in the presence of excess peptide (K1’,...,K4’) through the following

equation, (Yazawa et al., 1992).

K'/Ks = K/KYKPKS)/ (K KKK)

The K’ /K, values calculated for calmodulin in complex with P1-26, P9-26, or P9-
21 are 5054, 952, and 184 respectively. These are significantly lower than the value of

3.1 x 10° calculated for calmodulin in complex with peptide WFF from sk-MLCK,
(Bayley et al., 1996) or the value of 6.2 x 10° for calmodulin in complex with peptide
C28W from the calcium pump, (Yazawa et al., 1992).

These results imply that the binding of calcium to calmodulin makes a contribution
to the overall calcium induced increase in peptide affinity, although not as significant a

contribution as peptides derived from sk-MLCK and calcium pump. The ratios can be
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used with experimentally determined K, values to calculate a value for K’;. The
dissociation constants calculated for apo-calmodulin in complex with P1-26, P9-26, and
P9-21 are 1.42, 10.4, and 6uM respectively. However, titrations of apo-calmodulin to
peptides were performed at 50uM, and no appreciable binding was observed. It should
be noted however that these calculations give only a lower limit for the ratio of the
dissociation constants since the true values of K;’-K,’ will only be measured under
conditions where the protein can be totally saturated with peptide in the absence of
calcium. (Dr S Martin, NIMR, personal communication). This is not generally achievable
because the affinity of the peptide for calmodulin in the absence of calcium is very low,

(Crivici & Ikura, 1995).

4.3.2 Structural changes of complex formation as a function of calcium concentration

studied by Fluorescence and Circular Dichroism

4.3.2.1 Fluorescence spectroscopy

The characteristic increase in emission intensity of the bound tryptophan of the
peptide was used to follow the calcium dependence of complex formation.

Apo-CaM was generated from Ca,CaM as described in section 3.1.3. Chelex
treated buffer (25mM Tris, 100mM KCl, pH 7.0) was used in all solutions. 3mL of apo-
CaM or apo-CaM plus PFK peptide (60-100uM) were mixed by plastic pasteur pipette
in a 10mm pathlength cuvette. A 1:1 ratio of protein:peptide was used in these
experiments. The spectrum was recorded between 300-400nm with A, at 295nm.

Calcium was then added in approximately 10uL aliquots from mM stock. After each

addition the spectrum was recorded. Emission at 330nm was used to follow calcium
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binding.

Figure 4.3.2.1a shows the calcium titrations for apo-CaM in the presence of
peptides P1-26, P9-26, and P9-21. The data have been normalized between 0 and 1 to
aid comparisons. In addition table 4.3.2.1 shows the fluorescence change at various
calcium concentrations. Each value in the table is the average of 4 titrations with the
standard deviation.

The titrations are similar for all three complexes; the fluorescence signal change
is non-linear but is effectively complete after binding of the first two calcium ions. The
binding of the first calcium ion contributes approximately 50% of the total fluorescence
intensity characteristic of the Ca,CaM:PFKpep species for peptides P9-26 and P9-21, and
75% of the total signal in the case of the Ca,CaM:P1-26 complex. This indicates that in
the presence of the target peptide, calmodulin requires fewer than 4 calcium ions bound
to saturate the fluorescence signal characteristic of the bound peptide.

After the first and second mole (;f calcium is added to calmodulin in solution with
peptide P1-26 the fluorescence is enhanced to a greater extent than when CaM is in
complex with peptides P9-21 or P9-26. This correlates with the greater affinity of peptide
P1-26 for calmodulin than peptides P9-21 and P9-26 since the specificity by which
calmodulin interacts with its many targets in the cell is governed by affinity of the target
for calmodulin and the calcium saturation state of the protein. This suggests that targets
which have high affinity for calmodulin may bind and be acﬁvated by calmodulin in a
partially saturated state in preference to lower affinity targets at low calcium ion

concentration, (Bayley et al., 1996).
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Table 4.3.2.1

Amplitude of fluorescence signal complete for titrations of calcium to mixtures of
apo-CaM and tryptophan containing peptide at 60uM protein concentration using
a 1.1 fold excess of target peptide. Four molar equivalents are required to fully saturate

calmodulin under these conditions.
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Figure 4.3.2.1a

Fluorescence emission values for the titration of calcium to a 1:1 complex of
calmodulin with either P1-26 (H), P9-26 (x) or P9-21 (a). Protein concentration is
60uM. Samples are dissolved in calcium free buffer prepared according to section 3.1.4.
Buffer comprises 25SmM Tris, 100mM KCl, pH 7.0. Spectra are collected at 20°C using
an excitation wavelength of 295nm and fluorescence emission is measured at 330nm.

Data has been normalized between 0 and 1 to aid comparisons for th three titrations.
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4.3.2.2 Circular Dichroism spectroscopy to detect changes in complex structure

It appears from the fluorescence experiments (previous section) that the majority
of the signal characteristic of bound tryptophan is generated after the addition of 1-2
equivalents of calcium to the mixture of apo-CaM and peptide. Further examination of
the environmental changes of calcium titration was made using far and near-UV CD
methods.

Near-UV CD

Near-UV CD has previously been used to demonstrate that peptides P1-26, P1-21,
P9-26 and P9-21 bind to Ca,~calmodulin in a similar conformation, at least so far as the
residues tyrosine and tryptophan are concerned. In this section calcium titrations were
performed in order to study the conformational transitions associated with calcium
binding to apo-CaM and the complexes it forms with peptides from PFK.

Experiments were performed at 60uM, protein:peptide ratio being 1:1 for all
experiments. The sample for study is placed in a 10mm path length quartz cuvette which
is held in a thermostatted cuvette holder. After each calcium addition the spectrum was
recorded over the wavelength range 250-340nm. The calcium induced changes in near-
UV CD reflect the changes in environment of the aromatic residues in the protein and
peptide as a function of the degree of calcium saturation.

Figure 4.3.2.2a shows a calcium titration with apo-CaM, there is a characteristic
decrease in CD intensity at 280nm associated with the change in the environment of the
single tyrosine of the protein. The decrease is greatest upon the first addition of calcium
to the protein indicating that the first calcium ion is likely to go into the C-domain since
the tyrosine residue is situated in calcium-binding site 4 of the C-domain.

Figure 4.3.2.2b. shows the calcium titration of apo-CaM plus P9-21. The
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environment of the peptide tryptophan is reflected in changes at 280 and 295nm. The
signal at 280nm increases initially, however the addition of the third and fourth calcium
ions result in loss of CD signal, this could be attributed to an effect of the tyrosine in the
protein, to determine whether this was the case the same experiment was performed using
peptide [P9-26 (Y14F)], The same loss of signal at 280nm was observed on calcium
addition to apo-CaM:[P9-26 (Y14F)]. This indicates that the effect results from an
environmental change of the protein tyrosine as calcium is titrated to the protein:peptide
mix, although additivity of the peptide tyrosine, and protein tyrosine is assumed and the
effect of peptide tryptophan is ignored since the change in signal at 295nm is consistently
a negative increase as calcium is titrated to the CaM:PFK peptide mix.

Figure 4.3.2.2c shows the CD signal at 295nm for calcium titrations to mixtures
of apo-CaM and peptides P1-26, P9-26, [P9-26 (Y14F)] and P9-21. For all complexes
it appears that the large increase in tryptophan intensity at 295nm is associated with the
binding of the first 2 calcium ions to the calmodulin. Further addition of calcium results
in plateau of signal or slight decrease in signal. The loss of signal after addition of the

second molar equivalent of calcium suggests that the presence of peptide might influence

order of calcium binding therefore data is reported in terms of absolute values and

calmodulin contribution cannot be subtracted.

109



Figure 4.3.2.2

(a) Near-UV CD titration of calcium to apo-CaM at 60uM. Spectra recorded in
calcium free buffer (section 3.1.4) comprising 25mM Tris, 100mM KCl, pH 7.0 at
20°C. Addition of 1-4 calcium ions to 1 calmodulin. The top spectrum with A€ygp,, =
+0.5Mlcm™! is apo-CaM and the addition of 1,2,3 or 4 molar equivalents of calcium is
shown by the signal at 280nm progressively increasing negatively, The predominant
effect is on addition of the first calcium ion, since this binds to the high affinity site in

the C-domain near to Y138 from which the signal is derived.

(b) Near-UV CD titration of calcium to a solution of apo-CaM and peptide P9-21 at
60.M protein and 66uM peptide. Spectra recorded in calcium free buffer (section
3.1.4) comprising 25mM Tris, 100mM KCI, pH 7.0 at 20°C. Apo-CaM:P9-21 complex
spectrum has a signal of +0.75M"cm? at 280nm. The additional spectra represent the
addition of 1, (A), 2, (B), 3, (C), or 4, (D) molar equivalents of calcium to calmodulin

complexed to P9-21.

(¢) Near-UV CD data at 295nm resulting from titration of calcium to a solution of
apo-CaM and either peptide P1-26 (0), P9-26 (+), P9-21 (H) or P9-26 (Y14F) (*)
at 60uM apo-CaM and 66xM peptide. Spectra recorded in calcium free buffer (section

3.1.4) comprising 25mM Tris, 100mM KClI, pH 7.0 at 20°C.
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Far-UV CD

Calcium titrations were performed using apo-CaM and calcium free solutions
prepared as described in section 3.1.3. A 300uL solution of protein or protein plus
peptide (10uM) was placed in a Imm path length quartz cuvette. A 1:1 ratio of
protein:peptide is sufficient for peptide to saturate protein at 10uM protein. The spectra
of each sample was recorded over the wavelength range 200-260nm. An increase in a-
helical structure is associated with increasingly negative CD intensity at 222nm.
Therefore, the change in a-helical structure of the protein or protein plus peptide mixture
on binding calcium was determined by recording the signal at 222nm as a function of
calcium concentration, see figure 4.3.2.2e.

For calmodulin in solution the increase in a-helical structure detected at 222nm
induced by calcium binding is approximately linear between 0 and 4 moles of calcium per
calmodulin. In the presence of the target sequences from PFK there is a greater increase
in a-helicity at all stages of the calcium titration compared with the a-helicity induced
by calcium titration to calmodulin. This is especially greater in the binding of the first
and second molar equivalent of calcium.

Upon complex formation the peptides will also adopt partial o-helical
conformation, (see section 4.2) therefore comparisons of total o-helicity are made,
although the increases in o-helicity in the peptides are themselves very small, maximally
6/161" (~4%) residues at 20°C calculated for CaM 148 residues plus peptide P9-21 13
residues). As with the fluorescence experiment described previously, section 4.3.2.1, the
uptake of the first two calcium ions appears to generate a signal which is characteristic
of the fully calcium saturated protein:peptide complex. Furthermore, as in the

fluorescence experiment, the major change in the process of Ca,CaM:PFKpep -
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Figure 4.3.2.2¢

Far-UV CD data at 222nm resulting from titration of calcium to a solution of apo-
CaM, (H) and either peptide P1-26 (L), P1-21, P9-26 (*) or P9-21 (a) at 60uM apo-
CaM and 664M peptide. Spectra recorded in calcium free buffer (section 3.1.4)

comprising 25mM Tris, 100mM KCI, pH 7.0 at 20°C.
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Ca,CaM:PFKpep appears to occur upon addition of 1 mole of calcium per calmodulin.
Change of signal after addition of 1 molar equivalent of calcium for calmodulin in
complex with peptides P1-26, P9-26, and P9-21 are 42%, 50%, and 44% respectively
compared with 25% for the apo-CaM protein alone.

4.3.3 Conclusions
(1) The presence of a PFK target sequence results in an increased affinity of calmodulin
for the first two calcium ions, by approximately 200 fold. Binding of the third and fourth
calcium ions are little affected by the presence of the target sequence; this is in contrast

with other targets which exhibit increased affinity of binding for all four sites.

(2) Fluorescence and CD spectroscopy indicate that after the second mole of calcium is
added to calmodulin in solution with the PFK target a spectrum similar in amplitude to
that of the fully calcium saturated protein:peptide complex is produced. The effect is
more pronounced for complexes for which the peptide exhibits greater affinity for
calmodulin. Fluorescence studies of calcium binding to calmodulin in the presence of
PFK target sequences show that approximately 50% of total signal associated with
binding occurs after addition of one molar equivalent of calcium to the calmodulin:PFK
target mixture. Since the assay of binding is based on the change in environment of the
peptide tryptophan it is likely that either site 3 or 4 or both sites are filled preferentially
to sites 1 or 2. This proposed order of binding is supported by the similar F/Fo values
(approximately 2.3) for the interaction of PFK target sequence with either TR2C or intact
CaM, implying the majority of the signal change associated with CaM binding a PFK
target sequence arises from the tryptophan of the peptide binding the C-domain of the

protein.
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4.4 Stopped-flow kinetics of CaM:PFKpep complex dissociation
4.4.1 Introduction

The overall mechanism of calcium binding to calmodulin and target recognition
of an enzyme by calmodulin can be depicted as scheme 4.4a (standard abbreviations, E
= target peptide or enzyme). The pathway implies that calcium saturation of calmodulin
is required in order that calmodulin may bind to its target. It is known that calcium
binding is certainly required in most cases to increase the affinity of calmodulin for its
target, see (Falke et al., 1994) for review. However it is unclear what extent of calcium
saturation is necessary and sufficient to induce the conformational change which allows
the activation of enzymes. This section uses kinetic studies to examine the possible

underlying mechanisms.

Scheme 4.4a: +4Ca +E

CaM =2 CaCaM e Ca,CaM-E

Stopped-flow fluorescence kinetic studies using EGTA and the fluorescent Ca**
indicator Quin-2 (8-amino-2-[(2-amino-5-methylphenoxy)-methyl}-6-methoxyquinoline-
N,N,N’,N’-tetraacetic acid) have previously permitted quantitation of calcium dissociation
rate constants and have thus provided insight into the kinetic aspects of calcium binding
to calmodulin, (Martin et al., 1985, 1986).

The chelator Quin-2 (Tsien, 1980) has a backbone similar to that of EGTA and,
like EGTA, it chelates Ca?* with high affinity with K, = 2 x 10°M at low ionic
strength. Moreover, the molecule contains aromatic rings that interact electronically and

sterically with the chelating backbone. Thus calcium chelation results in fluorescent
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spectral changes and Quin-2 provides a method for the direct quantitation of the number
of calcium ions associated with each phase observed in the fluorescence stopped-flow
dissociation experiments.

The dissociation of calcium from calcium saturated calmodulin occurs in 2 distinct
steps. In previous studies, (Bayley et al., 1984; Martin et al., 1985) using bovine brain
calmodulin, the calcium dissociation rates for the isolated N-terminal domain (TR1C,
CaM residues 1-75) were found to be approximately 60 fold faster than those for the C-
terminal domain, see table 2.2.1. These results using tryptic fragments are conserved in
studies with the intact protein in which the C-terminal sites have similarly higher affinity
than the N-terminal sites, (Thulin et al., 1984; Martin et al., 1985; Linse et al., 1991;
Bayley et al., 1996). Each dissociation process accounts for approximately 50% of the
total reaction amplitude, and each process corresponds to the release of two calcium ions.
The calcium dissociation constants are reported in table 4.4.1, and are specific for the
buffer conditions employed here. In the absence of KCl the slow phase rate is two-fold
slower, whilst the fast phase rate is three fold faster, (Martin et al., 1985).

Calcium binding studies described in section 4.3 suggest that in the case of PFK
target peptides, calmodulin need not be fully saturated with calcium in order to generate
spectral characteristics like those of Ca,CaM. Stoichiometric constants imply that the
presence of target peptide increases the affinity associated with the binding of the first
two calcium ions to calmodulin. These two pieces of information suggest that a
Ca,CaM:PFKpep species with n<4 might be structurally and functionally significant.
A more realistic representation of calcium dependent target binding is shown in screve
4.4b to include a number of possible intermediates in which it is evident that calcium and

peptide binding by calmodulin can follow a multitude of possible routes. Both calcium
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and peptide binding are known to be extremely fast (approximating the diffusion limited
bimolecular rate of ~ 10°MIs™?) and hence they are extremely difficult to study by
stopped-flow techniques. However the reverse reaction in which calcium is removed by
chelator can provide some information on the route of dissociation. In these studies Quin-
2 was used to directly quantify calcium dissociation in calmodulin and complexes with
PFK target peptides, Changes in tryptophan fluorescence induced by EGTA dissociation
of calcium from calmodulin in complex with tryptophan containing target peptides were

also used to investigate features of the peptide dissociation mechanism.

Scheme 4.4b:

CaM = CaCaM = Ca:CaM = CasCaM = CasCaM

) ) ) ) )

CaM:P =CaCaM:P = Ca.CaM:P = CaszCaM:P = Ca4CaM:P

4.4.1 Quin 2 induced dissociation of calcium from complexes of calmodulin with
target sequences from PFK

The experimental method is described in section 3.2.4. Quin-2 fluorescence was
measured using an excitation wavelength of 334nm and an emission cut-on filter of
360nm with [CaM]= 3uM, [PFK peptide] 3.3uM, 30uM total Ca?* and [Quin-2]=
130puM. All concentrations quoted are prior to stopped-flow mixing. A full description
of the stopped-flow experiment is provided in section 3.2.4. Data analysis is considered
in Appendix 3.

The stopped-flow mixing of Quin-2 to Ca,CaM complexes leads to an increase in

fluorescence associated with the formation of Ca:Quin-2, see Figure 4.4.1. The
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Figure 4.4.1

Experimental stopped-flow traces for the dissociation of calcium from calmodulin (A)
and calmodulin complexed to peptide P9-26 (B) using the fluorescent calcium
chelator Quin-2. Concentrations and experimental parameters are provided in the text.
For any single experiment n=9 individual stopped-flow traces. The fit to the
experimental data is shown by the smooth curve. (A) Dissociation of calcium from
calmodulin. There was little difference in fitting to either a one or two exponential
process for calcium dissociation from calmodulin alone since only 3% of the fluorescence
signal deriving from the fast dissociation of the N-domain Ca’* ions is seen owing to the
majority of the dissociation occuring within the dead-time of the instrument (5ms). Data
shown here is fitted to a single exponential, the amplitude for the process is 0.136 and
the corresponding rate is 6.9s'. The data fits with a x? of 1.22. (B) The trace showing
dissociation of calcium from the complex of with PFK peptide P9-26, the amplitudes (A)
and rates (k) associated with the fit to the trace here are A= 0.0614, k= 18s?,
A= 0.134, k., = 2.4 |The dissociation of calcium from Ca,CaM:P9-26 is best fit as
biphasic as shown by the residuals calculated for a one or two exponential fit (inset). The
x* values for the two fits are 2.3 and 1.01 for the single and double exponential fits

respectively.
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Table 4.4.1

Dissociation constants (K,) (calculated in section 4.1.1) and calcium dissociation rate
constants for the complexes forméd between calmodulin and target peptides from
PFK obtained by stopped-flow kinetic methods with Quin-2 or EGTA at 20°C.
Calcium dissociation by EGTA is monitored at 2uM protein with a 1.1 fold excess of
peptide EGTA concentration is 20mM with an excitation wavelengths of 295nm and an
emission cut-on filter at 330nm. Calcium dissociation by Quin-2 is monitored at 3uM
CaM with peptide 1.1 fold in excess. Quin-2 concentration. is 130uM, fluorescence is
determined using an excitation wavelength of 330nm and an emission cut-on filter at
360nm. Calcium dissociation is best fit by a biphasic model for CaM and its complexes
with PFK target peptides.

a) Data from Martin et al., (1986) at 5°C.

b) Data from Brown et al., (1996) at 20°C.

c) % signal is calculated for data where the slow phase corresponds to 0.136V as
determined in control experiments with calmodulin alone. This is 50% of the total
amplitude for Ca,CaM.

d) The EGTA experiment is not quantitative in terms of calcium ions, % signal refers to
the amplitude of bound tryptophan fluorescence lost in the corresponding phase.

e) The fluorescence values reported are corrected for the fluorescence lost in the dead-
time of the instrument using A= A, exp(-kt’), where A, and A, are amplitudes at time
t and time zero k is the rate constant and t’ is the dead-time of the instrument (Sms).
Hence for a process occuring at k= 185, 9% of the fluorescence amplitude is lost in the
instrument, hence the observed rate is corrected for by the appropriate factor in table

4.4.1.
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dissociation of calcium from calmodulin has previously been demonstrated to be biphasic
with rates of 700s™ and 8.5s', the fast phase rates correspond to the 2 N-terminal calcium
ions (Bayley et al., 1984; Martin et al., 1985, 1986). The fast phase of calcium
dissociation from calmodulin can only be measured at low temperatures with an
instrument with a shorter dead-time than the one used here (5ms).

In experiments reported here (at 20°C) the dissociation of calcium from the low
affinity binding sites of calmodulin alone is not observed since most of the signal is lost
in the dead-time of the instrument (Sms). Since A, = A, exp(-kt’), where A, and A, are
the amplitudes at time t and time zero respectively, k is the rate constant, and t’ is dead-
time, for a process with k = 700s™ only 3% of the total signal would remain at the end
of the Sms dead-time. Thus the small contribution of the N-terminal sites is negligible
and the observed calcium dissociation from calmodulin at 20°C can be fit as a single
exponential process; the resulting fluorescence amplitude corresponds to dissociation of
2 calcium ions from the C-terminal domain. The data for the dissociation of calcium from
calmodulin C-terminal sites determined here (6.9s?), agrees well with the previous
literature value of 8.5s, (Bayley et al., 1984; Martin et al., 1985, 1986).

The rates determined for the CaM:PFKpep complexes are shown in table 4.4.1.
The behaviour is similar for the three PFK complexes with a fast phase of 11-18s? and
a slow phase of 1.2-2.6s, see figure 4.4.1. By analogy with Ca,CaM, the fast phase is
assumed to correspond to dissociation of the N-terminal calcium ions. The rates are
closely similar to the rates of Ca’>* dissociation from the Ca,CaM:sk-MLCK (WFF)
complex, (k;= 10s™ k,= 1.5s"), [CaM = 2uM, WFF= 2.2uM, [Quin-2]= 90uM, [Ca]=
20uM, (Martin et al., 1996)), suggesting a general result that the rate of calcium

dissociation from calmodulin is reduced in both fast and slow phases by the presence of
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these target peptides.

The amplitudes correspond directly to the chelation of calcium by the Quin-2 and
are proportional to the number of ions involved in a particular phase. The amplitude is
calibrated from the slow phase of the Ca,CaM/Quin-2 reaction. The PFK target peptides
slows the fast dissociation phase, which can thus be quantified. However, the fast rates
are still sufficiently fast that it is necessary to correct for part of the amplitude lost in the
dead-time of the instrument. For example the observed fluorescence amplitude determined
for a fast rate of k; of 18s” will according to A,= A, exp(-kt’) represent only 91% of the
actual fluorescence amplitude associated with that phase. The traces shown in figure 4.4.1
are not corrected for this loss in amplitude, however all amplitudes given in table 4.4.1
are corrected.

Table 4.4.1 shows that the maximum total amplitude is less than 4 calcium ions
after correction of amplitudes for dead-time. A possible reason is that under the
experimental conditions used here the CaM:PFK peptide complexes are not fully calcium
saturated and hence that the N-terminal sites are not completely filled.

Using the stoichiometric calcium binding constants determined in section 4.3.1 it
is possible to calculate the degree of calcium saturation under particular experimental
conditions. These calculations show that the number of calcium ions bound per
calmodulin are 3.22, 3.24, and 3.28 in the presence of peptides P1-26, P9-26 and P9-21
respectively. These calculations show why the fast phase is less than the theoretical
maximum. Raising the calcium concentration would avoid this problem, however this
would in turn require increasing the total quin-2 concentration which is a limiting factor
in the fluorescence experiment.

It can be concluded from these kinetic studies that calcium dissociation from
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calmodulin in complex with a series of PFK target peptides (affinities K;= 32nM to
280pM) are similar and are best described as biphasic, each phase involving loss of 2
calcium ions. The calcium dissociation characteristics are very similar to those of
calmodulin in complex with target peptide WFF from sk-MLCK, (Martin et al., 1996).
For this complex it appears that the fast phase by analogy with calmodulin alone involves
dissociation of the N-terminal calcium ions.
4.4.2 EGTA induced dissociation of PFK target peptides from calmodulin
followed by change in tryptophan intensity.

Changes in tryptophan fluorescence emission were studied following EGTA
induced calcium dissociation from Ca,CaM:PFKpep complexes. This experimental
method uses the known calcium dependence of calmodulin interaction with peptide to
quantify calcium dissociation rates and probe peptide dissociation mechanism. The
experimental method is described in section 3.2.4. Tryptophan fluorescence was
measured using an excitation wavelength of 295nm and an emission cut-on filter of
330nm. Typical experimental concentrations were [CaM]= 2uM, [PFK peptide]=
2.2uM, and 100uM total Ca’*. EGTA was prepared at 20mM, however fluorescence
signal is independent of [EGTA] in the range 1-20mM. All concentrations quoted are
prior to stopped-flow mixing. A full description of the stopped-flow experiment is
provided in section 3.2.4. For all EGTA stopped-flow experiments described here data
is reported as an average of three independent experiments and each experiment involves
the averaging of at least 9 traces. Data analysis is considered in Appendix 3.

The addition of EGTA to Ca,CaM complexes leads to a decrease in fluorescence
characteristic of the environment change associated with the tryptophan of the target

peptide. Figure 4.4.2a illustrates the intensity of fluorescence emission at 330nm as a
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Figure 4.4.2

(A) Experimental stopped-flow trace for the dissociation of calcium from calmodulin
complexed to peptide P9-26 using the calcium chelator EGTA. Concentrations quoted
are prior to 1:1 stopped-flow mixing. Data is never less than an average of 9 stopped-
flow traces. The fit to the experimental data is shown by the smooth curve.
Concentrations and experimental parameters are described in the text. The dissociation
of calcium from Ca,CaM:P9-26 is best fit as biphasic as shown by the residuals
calculated for a one or two exponential fit (inset). The corresponding x? values for the
single and double exponential fit are 2.03 and 1.2 respectively. The amplitudes (A) and
rates (k) of the two exponential fit are A= 0.065, k= 145!, A .= 0.1214, k.., =

2.2.

(B) Arrhenius plot showing the calcium dissociation from calmodulin in the presence
of peptide P9-21 as a function of temperature. Rates were determined from the average
of at least 9 traces at a given temperature. Data was analysed as described above. Since
the process of calcium dissociation from CaM:P9-21 is biphasic two sets of data are
presented corresponding to the fast and slow dissociation rates. The gradient of the line
was calculated from regression analysis, the top line represents the fast dissociation

process, activation energies associated with each dissociation are reported in the text.
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function of time for the calcium dissociation observed in the Ca,CaM:P9-26 complex.
The dissociation of calcium from this complex (figure 4.4.2a) is very similar to the
Ca,CaM:P1-26 and Ca,CaM:P9-26 complexes, see table 4.4.1 for values. The rates are
similar for the three PFK peptide complexes with a fast phase of ~13-17s? and a slow
phase of 1.6-2.5 s, the presence of all peptides reduces the rate of calcium dissociation
from calmodulin consistent with the Quin-2 experiment (section 4.4.1).

Table 4.4.1 shows the rates and amplitudes and corresponding rates and
amplitudes for the same experiment using peptides from other sources including peptide
WEFF from sk-MLCK.

The amplitudes of the fast phase for the EGTA induced calcium dissociation of
calmodulin in complex with P1-26, P9-26, or P9-21 corresponds to 30-34% of the total
fluorescence, implying that the calcium dissociation mechanism follows a similar route
in all three complexes. The majority (~70%) of the fluorescence is associated with the
slow phase. Since the tryptophan binds to calmodulin C-domain, it follows that k,
corresponds to dissociation of calcium ions in CaM C-domain since this is the phase for
which the majority of the fluorescence is associated. The same experiment was performed
using peptide WFF from sk-MLCK in which the peptide tryptophan also binds calmodulin
C-domain, (Martin et al., 1996; Ikura et al., 1992), in this case 90% of the tryptophan
fluorescence amplitude corresponds to the slow phase.

For calmodulin in complex with peptide P9-21 the activation energies for the fast
and slow phases were calculated in experiments over the temperature range 5-40°C to be
49 + 2 and 68 + 3 kJ mol ! respectively. Figure 4.4.2b shows the Arrhenius plot from
which the apparent activation energies are derived, linear regression of the averaged data

from 3 experiments was used to draw a line. Martin et al., (1985) have previously
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reported values of 42 and 63kJ mole™! for dissociation of the N- and C-terminal calcium
ions from calmodulin in the absence of peptide. Brown et al., (1996) performed a similar
study with calmodulin in the presence of peptide WFF and reported values of 52 and
70kJ mole! The activation energies determined for the peptide complexes are higher than
the values observed for Ca,CaM alone, consistent with the enhanced binding of calcium
to calmodulin in the presence of peptide (Olwin and Storm, 1985; Yagi et al., 1989;
Yazawa et al., 1987), however the WFF exerts a greater effect, this result supports
calcium binding experiments see section 4.3.

These kinetic studies using EGTA indicate that the calcium dissociation rates for
calmodulin in complex with P1-26, P9-26, or P9-21 are similar with a fast phase of
~13-17s" and a slow phase of 1.6-2.5s. The majority (70%) of the fluorescence is lost
in the slow dissociation process which is consistent with loss of the C-domain calcium
ions this would presumably account for majority of the fluorescence change since the
peptide tryptophan binds the CaM C-domain, see section 4.2. Assuming the fast
dissociation process corresponds to loss of the N-domain calcium ions, this implies that
loss of calcium from the N-domain sites accounts for approximately ~30% of the
fluorescence, this may be a consequence of altered tryptophan environment in the
Ca,CaM:PFK peptide kinetic transient alternatively it might be explained in the kinetic

model which follows.

4.4.3 Kinetic mechanism of calcium dissociation from
Ca,CaM:PFK peptide complexes
Calcium dissociation from calmodulin has previously been described as biphasic,

each phase involves dissociation from a pair of sites within one domain, (Martin et al.,
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1985; Forsen et al., 1986). The differential affinities of the pairs of sites within each
domain was determined by Martin et al., (1985). The N-terminal sites apparently have
dissociation rates of ~700s™, whilst the C-domain sites have greater affinity for calcium
and dissociation rates are 8.5s. Based on these data for calmodulin and experimental
data presented in section 4.4.1 & 4.4.2 a model of calcium dissociation from
Ca,CaM:PFKpep is presented.

The reaction mechanism is shown in figure 4.4.3. The top line of the scheme
demonstrates the equilibrium established for calmodulin C in complex with peptide P,
with 2 N, and 2 C, calcium sites filled. Equilibrium binding studies previously
determined that the complexes formed between calmodulin and PFK peptides, P1-26, P9-
26, or P9-21 were of high affinity (K; 32nM-280pM), see table 4.1.1. Under typical
stopped-flow experimental conditions (CaM =2uM, PFK peptide = 2.2uM), calmodulin
is fully saturated with peptide.

Like the dissociation of calcium from calmodulin, the loss of calcium from
complexes of calmodulin with PFK target peptides is best described as biphasic, with
each phase involving two calcium ions. Consequently, the first stage of calcium
dissociation from Cycp can be described as following either path 1 or 2, see figure
4.4.3a. Dissociation to Cy¢,_ + p (path A) is not possible under stopped-flow conditions,
(see above).

Equilibrium calcium binding studies of calmodulin in the presence of PFK target
peptides indicate that the binding of the first two calcium ions is to the C-domain of
calmodulin, therefore these are the high affinity calcium binding sites, (see section 4.3).
It seems very likely that the initial fast phase of dissociation of calcium from Cycp

involves loss of the N-terminal (low-affinity) calcium ions, ie: step 2, not step 1. The
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Figure 4.4.3

Formal kinetic scheme for dissociation of Ca,CaM-PFK peptide complexes assuming
that Ca?* ions dissociate in pairs. C represents calmodulin and the subscripts P, N, and
C represent peptide, N- and C-terminal Ca pair, respectively. NB: All steps involving

Ca?* dissociation have been assumed to be irreversible, as outlined in the results section.
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consequent calcium dissociation must involve the C-domain calcium ions, ie: via steps
3 and 4, (Johnson et al., 1996). Step 3 will reflect the rate of the slow phase however,
since the affinity of apo-calmodulin for PFK peptide is very low, and the corresponding
rate of step 4 would be indistinguishable (> 1000s?).

This model presents two problems however based on experimental findings,
specifically:
(1). EGTA stopped-flow dissociation experiments indicate that up to 30% of fluorescence
amplitude is contributed by the fast dissociation phase. However, according to calcium
binding experiments for CaM plus P1-26 it appears that the fluorescence signal is
essentially complete on addition of two calcium ions (ie: both calcium ions in the C-
domain). It might therefore be expected that there would be little or no fluorescence
amplitude associated with the initial loss of 2 N-domain calcium ions from the Cycp
complex. This is not the case. It is of course possible that Trp signal in Cycp and the
kinetic transient species C_p are significantly different.
(2). The second problem concerns the apparent inconsistency that PFK peptides of
different affinity (32nM-280pM) for calmodulin have apparently very similar dissociation
rate constants for calcium. Since the target peptide increases the calcium affinity of
calmodulin, one would anticipate on a simple model that the greater the affinity of the
target peptide, the more slowly would the calcium ions dissociate. This is not the case.

These two inconsistencies suggest that a simple model for peptide dissociation is
not adequate. A more detailed kinetic model has been presented by Brown et al., (1996)
which includes a relaxation stage in the calcium dissociation mechanism. As previously
discussed the equilibrium of step A will lie predominantly to the left-hand side. The

complex resulting from dissociation of N-terminal calcium ions complex C p must

127



therefore also exist in an equilibrium such that Cecrp~Coc *+w (step 2a).

Since the affinity of the isolated C-domain of calmodulin (TR2C) has significantly
reduced affinity for target peptide compared with the intact protein, (CaM:P1-26, K=
0.28nM cf TR2C:P1-26, K,= 40uM), then under stopped-flow protein and peptide
concentrations used in these experiments one can expect the equilibrium to be of kinetic
significance. Step 2a can therefore be designated as a reversible step, and constitutes a
relaxation process in the kinetic mechanism, as opposed to a uni-directional irreversible
step such as calcium dissociation in the presence of a chelator, Brown et al., (1996).
However it is coupled to unidirectional steps 2 and 3a.

Bayley et al., (1996) & Brown et al., (1996) account for this equilibrium in
similar studies using calmodulin in complex with target sequences of sk-MLCK. The
mechanism is also applicable to calcium dissociation from Ca,CaM:PFKpep. Specifically,
the mechanism can account for questions 1 and 2 posed above.

In response to why there is an apparent fluorescence amplitude associated with the
N-domain calcium ions, According to this mechanism, the fast phase of calcium
dissociation represents calcium dissociation from the N-domain binding site (step 2),
however the coupling to reversible step 2a accounts for the observation of the associated
change in tryptophan fluorescence since step 2a involves dissociation of the peptide.
Note, however that in this mechanism rate of the fast process is mainly a consequence
of dissociating N-domain calcium ions.

The reason why there is relatively little influence on the target peptide affinity for
calmodulin upon the calcium dissociation rate constants can also be explained by this
equilibrium stage (step 2a) in the reaction mechanism. The reversible equilibrium of step

2a provides two routes by which calcium dissociation can occur, ie: from C . (via step
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3) or from C_ . _(via step 3a). Calcium dissociation from the latter is effeéﬁvely the same
as calmodulin in the absence of the target peptide. Hence, for there to be a large effect
of target peptide on the calcium dissociation from C-domain sites, it is necessary that the
equilibrium of step 2a is favoured to the left hand side, ie; peptide rebinding is efficient.
Given the drastic reduction in K, for the complexes formed between the C-domain and
PFK target peptide compared with intact protein, it is unlikely that under experimental
conditions used that rate of calcium dissociation from the C-domain sites of the
Ca,CaM:PFK peptide kinetic transient species will be strongly affected by differences in
target peptide affinity for intact calmodulin.

In support of the existence of a relaxation step, (Bayley et al., 1996) and Brown
et al., (1996) suggest that the observed rates should be affected by [peptide]/[CaM] ratio.
Experimentally, studies with calmodulin in complex with target peptides from sk-MLCK
and mastoparan show that the fast phase can be reduced and eliminated by repeating
experiments at raised [peptide]/[CaM] ratios. Furthermore, the slow phase rate is also
reduced, (Bayley et al., 1996; Brown et al., 1996), consistent with a significant
contribution to the mechanism from steps 2a and 3a.

In conclusion, the effect of the PFK target peptides studied was to decrease
calcium dissociation rate from calmodulin. PFK target peptides of different affinities were
studied, (Ky= 32nM-280pM) however the effect of the target peptide on calcium
dissociation rates appears to be independent of these differences in affinity. Calcium
dissociation from the Ca,CaM:PFKpeptide is biphasic, each phase involves two calcium
ions. The fast phase (~ 10-20s™) correlates with loss of calcium from the sites within the
N-domain, dissociation of the C-domain calcium ions is slower (1-2s™). According to the

model proposed, subsequent to loss of the N-domain calcium ions the Ca,CaM:PFK
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peptide kinetic transient species will be in rapid equilibrium with Ca,CaM and free
peptide, hence the slow phase of calcium dissociation likely represents dissociation from

Ca,CaM:PFK peptide and Ca,CaM.
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4.5 Enzyme activation studies

The dynamic processes of assembly and disassembly of enzyme complexes
provides a system for the potential control of the flux of metabolic pathways, (Ovadi,
1988). The enzyme phosphofructokinase can exist in several oligomeric states, (Mayr,
1984a). The monomeric and dimeric forms of the enzyme are inactive, whilst the larger
tetrameric form is active. Higher polymeric forms are partially active but not particularly
well understood, (Mayr, 1984a, 1984b).

A number of physiological effects and small molecular weight effectors such as
the adenosine phosphates and citrate exist to regulate the enzyme. Calmodulin regulates
activity presumably through preventing association of the inactive dimers to active
tetramers through high affinity binding to the dimeric interface.

Since PFK is itself a large (monomer = 86kDa) multimeric enzyme, the complex
formed between PFK and CaM is difficult to study at the molecular level. Consequently,
investigations of the interaction described in sections 4.1-4.4 of this thesis have used
target sequences of the enzyme based on the high affinity calmodulin binding site. In
support of existing studies, the following section shows that the calcium dependent
inactivation effect of calmodulin corresponds to interaction with the sequences previously
studied, see table 1.

‘ The method follows NADH oxidisation by coupling fructose-1,6-bisphosphate
formation to aldolase, glyceraldehyde 3-P dehydrogenaseand triose-phosphate isomerase
reactions, (Racker et al., 1964). This yields 2 moles of NADH oxidized for each mole
of fructose-1,6-bisphosphate formed, see figure 4.5a. The methods used in this section
are quite different from those in previous chapters and are therefore to assist the reader

the experimental methods are incorporated into this results section.
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Figure 4.5a

The reaction scheme from the glycolytic cascade from which the coupled enzyme
assay system is based. The method follows NADH disappearance by coupling fructose-
1,6-bisphosphate formation to aldolase, glyceraldehyde 3-P dehydrogenase' & triose-

phosphate isomerase reactions. Scheme from Harper’s Biochemistry, (1985).
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4.5.1 Materials and Methods
4.5.1.1 Phosphofructokinase preparation
An ammonium sulphate crystalline suspension of rabbit skeletal muscle
phosphofructokinase was purchased from Sigma chemicals and stored at 4°C. PFK was
centrifuged at 10000g for 10min to remove ammonium sulphate. The pellet was then
resuspended in enzyme dilution buffer (see below)._ Residual (NH,),SO, and ATP were
removed using a prepacked G25-Sephadex PD10 column (Pharmacia). The column was
equilibrated in 50mL 100mM phosphate, 0.5mM EDTA, 3mM DTT at pH 8.0, 4°C.
0.75mL of PFK was applied to the column and the enzyme was eluted in 4mL. Aliquots

of 500uL were collected and a 1mL sample, essentially free of ATP (judged by ?_28_0) was
collected between 2-3mL, see figure 4.5.1.1 for absorption spectra. This meth:d; gave
a 75% yield based on manufacturers initial concentration and the concentration of the
ATP free sample determined using Ay, = 1.07 for a solution of ImgmL, (Parmeggian
et al., 1966).

The specific activity of the enzyme at 4°C was typically 250 units/mg, however
this has been noted to decrease after about 4 weeks, (Lad et al., 1973). Only enzyme at
high specific activity was employed for the measurements reported here. Care must be
exercised in dilution and selection of the dilution media of the enzyme before assay,
because PFK is extremely sensitive to low pH, monovalent anions and protein
concentration.

4.5.1.2 Enzyme assay
PFK activity and its variation were determined by a coupled enzyme system

basically in accordance with Mayr’s procedure, (Mayr, 1984a).

(1). Depending on the number of assays between one and six 10mm path length quartz
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Figure 4.5.1.1

Absorption spectra of the PFK enzyme used in these studies before and after gel-
filtration chromatography. The spectrum with A,,, at approximately 260nm is the PFK
purchased from Sigma chemicals in 1.4M (NH,),SO,, pH 7.2, with 0.05M B-
glycerophosphate, 0.004M ATP, 0.001M DTT and 0.002M EDTA. The spectrum with
Amsx at 286nm is the PFK enzyme after gel-filtration on a G25-Sephadex PD10 column
to remove ATP and (NH,),SO,. The buffer for the ATP free sample is 0.1M Phosphate,

0.003M DTT, 0.0005M EGTA.
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cuvettes were filled with 790uL of the auxiliary enzyme solution containing; ImM ATP,
3mM MgCl,, 3mM DTT, 2mM fructose-6-phosphate, 0.2mM NADH, 0.1mM EGTA,
50mM Tris (pH 8.0), 0.05 units of aldolase ml?, 3 units of glycerol-3-phosphate
dehydrogenase ml”, and 12 units of triose-phosphate isomerase ml™. This solution was

equilibrated at 26°C in the thermostatted cuvette holder of the spectrophotometer.

(2). To 125uL of preincubation buffer in capped Eppendorf tubes, a solution of calcium
saturated calmodulin +peptide and water to a total volume of 245uL are added to give the

desired calmodulin concentration. The tubes are incubated at 26°C for 20 minutes. The
preincubation buffer comprises 20mM HEPES, 1.5mM MgCl,, 200mM KCl, 0.05mM
ATP, 0.1mM CaCl,, 5SmM DTT. The concentration of calmodulin and target peptide used

are stipulated in the results section.

(3). 40uL of PFK at approximately 100 fold times the desired final concentration is
prepared, see earlier. To start the incubation, 6uL of this solution is added to each

Eppendorf and mixed by a vortex.

(4). From each preincubation sample a 20uL aliquot was withdrawn after 1 minute and
diluted into the cuvette. The curves are similar for preincubation times of 1, 5, or 10
min. The absorbance of the solution is then followed with time at 365nm and the activity
of the enzyme is determined, either alone, or in the presence of calmodulin and target
peptide.

4.5.1.3 Enzyme assays involving calcium-binding site mutants of calmodulin

In studies using calcium-binding site mutants of calmodulin the enzyme activity
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was determined using the method described above but with some minor modifications.
The major difference in the studies is that the preincubation stage is not used. Since
mutant calmodulins have a lower affinity for target peptides derived from the enzyme it
was anticipated that they would also exhibit a similarly decreased affinity for the intact
enzyme. Therefore, the PFK and protein samples were introduced directly into the
cuvette at higher concentration. PFK was dissolved in 100mM phosphate, 0.5mM EDTA,
3mM DTT, pH 8.0 and was added to the cuvette, subsequent to the addition of
calmodulin, to give a total concentration of 1.1uM. Wild-type CaM, B2K, and B4K were
dissolved in 25mM Tris, 100mM KCI, 0.1mM CaCl,, pH 7.5 and were added to the
cuvette to give a total protein concentration of 22uM (ie: 20 fold in excess over PFK).
4.5.1.4 Data aquisition

The decrease in absorbance at 365nm was recorded using a Cary 3E UV Vis
spectrometer. The assays were initiated by addition of phosphofructokinase to the assay
mixture, or after preincubation of 1 min (see above). Cuvettes were maintained at 26°C
using a thermostatted cuvette holder.

4.5.2 Effect of calmodulin on phosphofructokinase activity

The central aim of studying the interaction of calmodulin with the intact enzyme
was to question the physiological significance of the interaction, ie: exactly how effective
is calmodulin as an inhibitor of PFK activity. The intracellular PFK concentration is
Imgml?, (Uyeda, 1979). This concentration is two orders of magnitude too high for the
standard optical spectroscopic techniques used in the study of PFK activity. A two step
preincubation assay was performed as a compromise to analyze PFK activation. For the
preincubation assay first concentrated PFK was incubated together with Ca,CaM and

other effectors but with one substrate missing. The rate of activity was then measured in
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a second step by dilution of an aliquot into an optimal assay, (Mayr, 1984).

In the following experiments, the influence of calmodulin on the activity of
phosphofructokinase was assessed, in addition the competitive inhibition of the target
sequence derived from the enzyme was determined.

Figure 4.5.2 shows the decrease in absorbance with time for PFK under different
assay conditions. The PFK concentration is 1.1uM (0.1mgmL?') subunits in the
preincubation buffer, which is lacking in fructose-6-phosphate, preventing any prior
reaction. The enzyme was diluted 40 fold to 2.5ugmL into a quartz cuvette containing
the enzyme dilution buffer, see methods. This concentration corresponds to approximately
5 units of PFK specific activity in each cuvette. The change in absorbance was then
followed with time at 365nm to determine the effects of calmodulin and target peptides
on PFK activity.

The concentration of calmodulin used is 3uM, target peptide concentration is
15uM, concentrations quoted are those in the preincubation buffer. Although calmodulin
is in 2.7 fold excess over enzyme, it has been shown previously, (Buschmeier et al.,
1987) that calmodulin interacts with 1:1 stoichiometry to PFK protomers under these
experimental concentrations, (Mayr, 1984a; Lan & Steiner, 1991). Target peptide is in
5 fold excess over calmodulin and in 13.6 fold excess over enzyme. Given the similarity
in dissociation constants for the complex of calmodulin with target sequence (P1-26 =
0.28nM) or target enzyme (3nM, Buschmeier et al., 1987), this molar ratio was thought
to be sufficient to determine whether the target sequence competitively inhibits the
interaction of calmodulin with the enzyme.

The curves in figure 4.5.2 correspond to the change in NADH absorption with

time. The rate of this reaction (ie: the slope) is controlled by the concentration of
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Figure 4.5.2

Influence of calmodulin and PFK target sequence on the activity of PFK monitored
by the absorption of NADH in the coupled enzyme assay described in text. Data is
absorption at 365nm plotted with time. Phosphofructokinase is prepared at 1.1uM
concentration in preincubation buffer (*) (see methods) and with 3uM Ca,CaM (+), and

in the presence of 3uM Ca,CaM plus 15xM target peptide (-).
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reactants and substrates and by the activity of the PFK which catalyzes the conversion of
fructose-6-phosphate to fructose-1,6-bisphosphate. Figure 4.5.2 shows the influence of
calmodulin and a target sequence derived from PFK on the rate of reaction.

The curve depicted by (*) symbols illustrates the absorption change in NADH for
PFK in the absence of calmodulin and target peptide. The (4) symbols show that the rate
of this reaction is slower in the presence of calmodulin, ie: the PFK activity is reduced.
The (-) symbols show the effect of adding calmodulin and the target sequence P9-26. The
target clearly competes with the enzyme for binding to calmodulin. However, even at the
elevated peptide concentration used in this experiment restoration of the full PFK activity
was not observed, hence the curve depicted by the (-) symbols in figure 4.5.2
demonstrates a reaction which is still inactivated to some extent by calmodulin.

Given that calcium has been shown to inhibit PFK activity it was necessary to
maintain a calcium free environment in PFK preparations. PFK is therefore prepared in
0.5mM EDTA, and is not added to the Ca’*-containing preincubation buffer until 1
minute before dilution into the enzyme assay buffer. The absence of calcium from the
PFK preparation and the optimal conditions employed fully activate tetramers present and

prevent them from dissociation before reaction commences, (Mayr, 1984a).

4.5.3 Differential effects of calmodulin and calcium binding site mutants of
calmodulin on activation properties of PFK
Previous studies have indicated that the structural and functional integrity of
calmodulin in complex with target peptides derived from PFK, (see section 4.2) are
impaired by mutation of the conserved glutamate residue at position 12 of the EF-hand

calcium binding loop to a lysine residue. The inactivating effects of B2K and B4K on
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PFK were compared with those of wild-type CaM using the assay method described in

section 4.5.1.

Figure 4.5.3 shows that the activation of PFK is decreased in the presence of
calmodulin and both the B2K and B4K calcium-binding site mutants of calmodulin. Total
enzyme concentration was 1uM, calmodulin and calcium-binding site mutants were 20
fold in excess over enzyme. The reason for using higher PFK and protein concentrations
in this experiment is rationalised by the results of a fluorescence experiment in section
4.1.5 which demonstrates that the affinity of the calcium-binding site targets for PFK
target peptide P9-26 is greatly reduced; (CaM:P9-26 Kd = 11nM, B2K:P9-26 Kd =
160nM; B4K:P9-26 Kd = 1uM).

The activity of the kinase alone increases with concentration as is evident from
comparison of this experiment and the similar experiment described in section 4.5.1 using
b.OllpM enzyme.

It is difficult to estimate free intracellular calmodulin concentration especially
since in the cell, it reacts with many species other than PFK. Therefore it may be that
this concentration is unphysiologically high. The results from these experiments are
however intended only to be used quantitatively in terms of comparisons between
calmodulin and the site-directed mutants of calmodulin.

It appears from figure 4.5.3 that both mutants can reduce the activity of PFK, but
they are clearly less effective than CaM itself. The B4 mutant is less effective than the
B2 mutant, consistent with the known affinities of these proteins for peptide P9-26,

(CaM:P9-26= 11nM; B2K:P9-26= 160nM; B4K:P9-26= 1000nM).
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Figure 4.5.3

Influence of calmodulin and calcium-binding site mutants, B2K and B4K on the rate
of activation of PFK with time as determined by a coupled enzyme
spectrophotometric assay. Data is absorption at 365nm plotted with time.
Phosphofructokinase is prepared at 1.1uM concentration in cuvette (filled squares). The
effect of 22uM calmodulin is demonstrated by the open squares. The effects of 22uM

B2K or B4K are illustrated by filled triangles or asterices respectively.
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Further experiments were prevented by shortage of materials and also by
difficulties in obtaining quantitative information in this complex system. However, it is

possible to make qualitative deductions from this series of experiments:

(1). Wild-type calmodulin is able to inhibit PFK activity.
(2). As expected the target peptide P9-26 derived from the high affinity binding site of
PFK competetively inhibits the effect of calmodulin on the target enzyme.
(3). Mutation of the conserved bidentate calcium chelating residue glutamate to lysine in
either site 2 or 4 results in calmodulins which are less effective in inhibiting PFK than
is wild-type CaM. The B2 mutant is more effective in inactivating PFK thn the B4
mutant, consistent with structural and affinity studies described in section 4.1.2 and 4.2.
These results support the findings of Mayr, (1984) and Buschmeier et al., (1987)
however the scope of calmodulin as a potential inhibitor of PFK appears to be
considerably less than its ability to modulate numerous other enzyme activities through
calcium dependent control. These include MLCK, CaMKII, calcineurin, phosphorylase
kinase, phosphodiesterase, and adenylate cyclase (Manalan & Klee, 1987; Soderling,
1990). Nonetheless the affinity of calmodulin for PFK implied by the evidence of Mayr
(1984a) and supported by the peptide binding data of section 4.1.1 of this work suggest
that CaM could indeed function as a calcium dependent modulator of PFK and hence

contribute to regulation of glycolytic processes.
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4.6 Crystallization of the complex formed between CaM and PFK target peptide.
4.6.1 Introduction

The essential feature of a crystal is its ordered and three dimensionally periodic
internal structure. A system of as ymetric objects that spontaneously declines its dynamic
flexibility and arranges itself with extraordinary precision in a fixed lattice appears to be
in contradiction to usual entropic tendencies. The crystallization of molecules from
solution is a reversible equilibrium phenomenon, and the specific kinetic and
thermodynamic parameters depend upon the chemical and physical properties of the
solvent and solute used. Although the individual molecules lose rotational and
translational freedom, thereby lowering the entropy of the system, they, at the same time,
form many new stable chemical bonds. This reduces the potential or free energy of the

system and provides the driving force for the ordering process.

Note: The crystallization and diffraction studies presented here were part of a
collaborative project with members of the Protein Structure Division within NIMR,

specifically, Dr’s Kim Henrick, Miriam Hirshberg, Steve Gamblin and Bing Xiao.

4.6.2 Sample preparation for crystallization
Samples of Ca,CaM:P9-21 and Ca,CaM:P1-26 were prepared in a similar manner.
Calmodulin from the preparation described in section 3.1 was in 25mM Tris, 100mM
KCl, 1mM CaCl,, pH 7.0. This calmodulin was applied to a PD10 G25-Sephadex gel
filtration column prequilibrated in 25mM NH,(CO,), pH 7.0. The resulting calmodulin
was lyophilized and made 5-20mgmL"! in water and 100uM free calcium was added as

CaCl,. An appropriate amount of lyophilized peptide was weighed which would in
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solution give a concentration 1.8 fold over CaM. The peptide was dissolved by the
protein solution. The pH of the solution was adjusted accordingly, crystallization was best
achieved at acidic pH 4.8-5.2. The complex samples were centrifuged (4000rpm for 3
min) to remove any dust particles. Fluorescence spectroscopy was used to ensure that
peptide was bound to protein, see section 4.1.1. For preparation of heavy metal
derivatives of the CaM:PFK peptide complexes the sample preparation varied slightly.
In preparation of samples crystallised in the presence of lead, 1.8mg of P9-21 was
dissolved in 500uL (10mM) PbAc to give a resulting peptide concentration of 2.14mM
(3.53mgmL™"). This solution was used to dissolve 10mg of calmodulin to give a

concentration of 1.19mM (20mgmL™), the sample pH was 5.1.

4.6.3 Sample Crystallization

The solubility of a protein depends on the concentration of the protein, pH,
temperature and a variety of other influences and as a result finding the point at which
supersaturation occurs involves screening over a variety of chemical conditions. There
are several methods for attaining supersaturation including dialysis, free interface
diffusion and vapour diffusion on plates or slides. In these studies vapour diffusion in
hanging drops was used. Through the vapour phase, the concentration of salt or organic
solvent in the buffer reservoir equilibrates with that in the sample by distillation of water

out of the droplet and into the reservoir.

4.6.4 Vapour Diffusion in Hanging Drops
This crystallization technique involves suspending a microdroplet of mother liquor

solution (4-10uL) from the underside of a microscope coverslip, which is placed over a
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small well containing 200-1000xL of the precipitating solution. The mother liquor
comprises a mixture of the CaM:peptide complex and the buffer reservoir solution,
typically 2-10uL complex was mixed with 2-10xL buffer reservoir solution in a drop on
the coverslip. An important point to note is that the coverslips must be thoroughly and

carefully coated with nonwetting silicone to ensure proper drop formation and prevent
spreading. The coverslips are held to the surface of the well airtight by a thin application

of silicone grease.

4.6.5 Optimal crystallization conditions for the complexes formed between CaM
and peptides P1-26 and P9-21
Crystals were grown under a variety of experimental conditions; generally, the
best crystals were grown in 40-45% polyethylene glycol 4K, 0.005M CaOAc, 0.04M
NaOAc. The pH optimum for crystal formation from the drop was 4.8-5.2. Crystals have
also been grown using 0.005M PbOAc instead of calcium, however the calmodulin

already had calcium bound. Crystals prepared under these conditions have been
redissélved in buffer and analysed by fluorescence spectroscopy to ensure that peptide is
bound to calmodulin, for method see section 4.1. Photographs of several CaM:P1-26 and
CaM:P9-26 crystals were taken and two of these are shown in figure 4.6.5, the figure

legend describes the experimental conditions used to produce these crystals.

4.6.6 Structural data and Interpretation
The diffraction pattern of complex of Ca,CaM:P9-21 has been collected at 2.2A
resolution, (data not shown). The structure could not be solved using isomorphous

replacement from existing CaM:sm-MLCK peptide or CaM:CaMKII peptide structures.
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However, this does not necessarily imply that the conformation of the CaM:PFK peptide
structure is significantly different, since even the CaM:CaMKII peptide complex structure
could not be solved from the structurally similar CaM:sm-MLCK structure.
Consequently crystallization trials of CaM:P9-26 have been performed in the
presence of the heavy metals Pb and Tb in order to solve the phase problem and produce

a crystal structure of the complex.
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Figure 4.6.5

Crystals grown of the Ca,CaM:P1-26, (a) & Ca,CaM:P9-21. (b) complexes. Crystals
grown in 42% polyethylene glycol 4000, 0.005SM CaOAc, 0.04 NaOAc, pH 5.1, 4°C.

Protein and peptide concentration were 1.19mM and 2.14mM respectively.






GENERAL DISCUSSION



5.1 General Discussion

The aim of this project is to study the interaction of PFK target sequences with
calmodulin using a number of biophysical techniques. The experiments presented in this
thesis establish that the mode of interaction of calmodulin with target peptides derived
from PFK is significantly different from that observed in the CaM:peptide complexes
whose structures have been solved. The most important experimental findings are
summarized in table 5.1 for easy reference.

This discussion addresses the 3 main objectives of the work, which are to
determine:

1. The conformation of the peptide in the calmodulin-PFK target peptide complex.
2. The importance of different residues and regions of the PFK target sequence in the
interaction with calmodulin.
3. The calcium dependence of the calmodulin-PFK target peptide interaction, addressed
by equilibrium calcium binding studies and stopped-flow kinetic studies of calcium
dissociation.
5.2 CaM:PFK peptide complex

5.2.1 Stoichiometry of Interaction

Target enzymes or peptides derived from the calmodulin binding site of enzymes
generally bind calmodulin with high affinity and 1:1 stoichiometry, (O’Neill & Degrado,
1990). There are examples of calmodulin binding targets for which the binding is
contiguous eg: sk-MLCK, sm-MLCK, CaMKII and in contrast there also exist binding
sites which are non-contiguous, eg: caldesmon (Marston et al., 1994).

There are cases known where calmodulin can apparently bind more than one

peptide. For example, peptides derived from plasma membrane Ca pump, (Yazawa et al.,
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Table 5.1

Summary of selected experimental findings.
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1992) and the wasp venom peptide mastoparan, (Linse et al., 1986; Ohki et al., 1991).

There are also examples of target proteins that can apparently bind multiple (2 or
3) calmodulin molecules simultaneously eg; synapsin I, (Goold & Baines, 1994) skeletal
muscle ryanodine receptor, (Menegazzi et al., 1994) and phosphofructokinase,
(Buschmeier et al., 1987).

Studies of the fragments generated by cyanogen bromide cleavage of
phosphofructokinase demonstrate that two calmodulin binding sites exist, (Mayr &
Heilmeyer, 1983). Analysis of these fragments show that the fragments have affinities of
11nM and 3uM (Buschmeier et al., 1987) Binding of calmodulin to the high affinity site,
termed peptide M11 reduces enzyme activity, presumably through prevention of the
conversion of inactive dimeric enzyme to active tetrameric form, (Buschmeier et al.,
1987). Studies in this thesis have focused on the high affinity target binding site of rabbit
muscle PFK, residues 371-397. The physiological significance of the lower affinity
calmodulin binding site, termed M22, situated at the extreme C-terminus of the enzyme
polypeptide is questionable given its low micromolar affinity, (Buschmeier et al., 1987).

In this work, a series of peptides derived from the rabbit muscle PFK sequence
371-397 have been studied using fluorescence and circular dichroism techniques. The
peptides P9-21, P9-26, P1-21 and P1-26 all bind calmodulin in a calcium dependent
manner with 1:1 stoichiometry and high affinity (K; 3 x 10 to 3 x 10°M), see table
4.1.2.

5.2.2 Conformation of CaM:PFKpep

The near-UV CD spectra of the PFK peptides (except P1-15, see later) in complex

with calmodulin were similar, see figure 4.2.2a. The intense signals present at

280/295nm indicate that the tryptophan residue from the peptide is immobilized in the
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same hydrophobic environment for peptides P1-26, P1-21, P9-26 and P9-21. This view
was further supported by acrylamide quenching studies. Stern-Volmer quenching
constants of 1.14, 0.958 and 0.96 M for bound peptides P1-26, P9-26 and P9-21
respectively indicated that the tryptophan was buried to the same extent in the three
complexes. For comparison the Kgy for Trp in free P9-21 was 9.13M", figure 4.1.5.
The near-UV CD difference spectra were used to obtain information about the
environment of the aromatic residues in target peptides. The calmodulin bound target
peptides of sk-MLCK and sm-MLCK have similar near-UV CD, consistent with the
tryptophan of each peptide being in a very similar environment, as judged by the three
dimensional structures, which show tryptophan to have hydrophobic contacts with CaM
residues L105, M124, and M144 in the C-domain, (Ikura et al., 1992; Meador et al.,
1992). By contrast, the near UV CD for PFK peptides P1-26, P1-21, P9-26 & P9-21
shows that the environment of the tryptop};an of the bound PFK peptides is similar in all
cases, indicating a consistent mode of interaction. However, this interaction is
substantially different from that of Trp 4 in the MLCK peptides, see figure 4.2.2c.
The near-UV CD signal derives from the precise geometry of the chromophoric
residues and from the electronic interaction with other side chains and polypeptide
backbone. The magnitude of the CD signals (which can be + or -) indicates the degree
of immobilisation, but precise structural information is not easily obtained. The identity
of the well defined signals with peptide P1-26 etc is however a good indication that all
interact in similar environments. Although this is different from the MLCK peptide
complexes, the PFK peptide tryptophan clearly also interacts with the C-domain of
calmodulin, as shown by experiments involving the isolated domain TR2C, see section

5.2.4 for discussion.
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5.2.3 Conformation of the bound PFK peptide

The tendency for calmodulin target sequences to adopt a-helical conformation has
been well recognized (Crivici & Ikura, 1995 for review). In these studies far-UV CD has
been used to investigate the conformation of PFK peptides bound to calmodulin and their
propensity to form a-helical structure in the helicogenic solvent, trifluoroethanol.

The PFK peptides exhibit little a-helical conformation in the calmodulin bound
form (maximally 5-8 residues, see table 5.1) and there is a similar low helical propensity
for the peptides in trifluroethanol (5-8 residues). The similar values of peptide a-helicity
noted on binding CaM or with trifluoroethanol indicates that there is little change in
calmodulin o-helicity when calmodulin interacts with the peptide.

The higher a-helicity of peptide P9-26 (7.4 residues in the CaM bound form)
compared with P9-21 (5.1 residues) is surprising since residues 22-26 are Pro-Pro-Ala-
Pro-Lys, see table 5.1. Proline has a low probability of occurence in alpha-helical
structures particularly at the C-terminus, (Williamson, 1994). The additional Pro-Pro-Ala-
Pro-Lys sequence at the C-terminus must terminate the helix but may stabilise a-helix
formation in residues preceding the first proline residue ie: in the P9-21 sequence,
assuming that residues 22-26 effectively "end-protect” the C-terminus of peptide P9-21.
The effect of N-terminal acetylation and C-terminal amide end-protection of the WFF
sequence has previously been demonstrated to have a small but significant effect in
increasing peptide a-helicity, (Martin et al., unpublished data). The presence of prolines

in calmodulin binding peptides is unusual because of the inability of proline stretches to

- form o-helix. Known instances where prolines are found within CaM target sequences

are MARCKS protein, (Graff et al., 1991) and phosphorylase kinase, (Dasgupta et al.,

1989) and in these sequences there exists a single proline, not a proline rich cluster as
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for the PFK target sequence. The presence of proline residues can be accomodated in a
predominantly a-helical peptide as demonstrated in NMR studies of the interaction of
troponin-C with troponin-I peptides containing proline residues, (Campbell and Sykes,
1991; Campbell et al., 1992). In these cases cardiac and skeletal Tnl peptides form a
discontinuous amphiphilic «-helix with the helix distorted around two central proline
residues. In these NMR studies it is shown that the central bend in the peptide functions
to bring the residues on the hydrophobic face into closer proximity with each other,
thereby forming a small hydrophobic pocket.

From the CD data it is not possible to deduce the conformation of residues 22-26
of the PFK peptide and whether this unique cluster is important in the function of the
intact enzyme. There is in fact a putative phosphorylation site in the enzyme sequence
at residue 30, just 5 residues from proline 25 at the C-terminus of the sequence,
(Buschmeier et al., 1987). The proline cluster may therefore have a conformational role
in providing a suitable enzyme phosphorylation environment.

The P1-26 peptide might have been expected to show closer similarity to the
archetypal basic amphipathic a-helical peptide, (O’Neill & Degrado, 1990) than either
the P9-21 or P9-26 peptides since the added region at the N-terminus is relatively rich
in basic residues, although with different disposition compared to many other calmodulin
binding targets. However, the far-UV CD shows that the additional residues 1-8 of P1-26
do not adopt a-helical secondary structure, despite the high affinity interaction of this
peptide with calmodulin.

The program SEQSEE, (Wishart et al., 1994) was used by Dr W Findlay,
(Concordia University) to perform secondary structure prediction on the PFK peptides,

based on several algorithms. The helical propensities assessed by three different methods
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are shown in figure 5.2.3. It appears at first sight that the methods predict different
propensity for the target sequences. However, both the Momany and Holley Karplus
methods share the prediction that residues -NWEVYKLLAHI- have some tendency to
form «-helix. Although far-UV CD spectroscopy demonstrates that only 7.5 residues of
peptide P9-26 are a-helical, this sequence was placed on a helical wheel to detect whether
the helical portion had any amphiphilic character. Figure 5.2.3 shows that 3 hydrophobic
residues (V13, L16, L17) cluster on one side of the PFK residue peptide (in fact opposite
to W11) implying a degree of amphiphilicity involving maximally 2 to 3 turns of helix.
Thus there is some supporting evidence for the ability of a limited part of the sequence

to adopt an «-helical conformation.

5.2.4 Orientation of the Calmodulin:Target peptide complex

The structures of complexes formed between calmodulin and target peptides solved
at present time (ie: CaM:sk-MLCKpep, (Ikura et al., 1992), CaM:sm-MLCKpep,
(Meador et al., 1992), CaM:CaMKlIpep, (Meador et al., 1993)) indicate that orientation
of calmodulin with respect to target peptide is the same. The C-domain of the protein
makes predominant contacts with the peptide N-domain (in particular peptide tryptophan)
and vice-versa, the only exception known to date is mellitin.

Assuming that intact wild-type calmodulin was essential for optimal interaction
with the PFK target sequences, calcium-binding site mutants of calmodulin and the
isolated C-domain of calmodulin were used as a strategy to determine the structural
orientation of peptide with respect to protein.

Fluorescence studies demonstrate that the characteristic F/Fo of peptide P9-26

tryptophan becoming bound to calmodulin is also found for fragment TR2C, (section 4.1)
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Figure 5.2.3

Secondary structure prediction of selected target sequences from the high affinity
calmodulin binding region of phosphofructokinase. Algorithms used are Momany,
(1977); Holley-Karplus, (1978); Garnier, Osguthorpe & Robson, (1978). Sequence
NWEVYKLLAHI was predicted to have some a-helical propensity by Momany and
Holley Karplus methods, therefore this sequence was placed on a helical wheel to assess

the propensity of the putative helix to be amphipathic.



Residues with propensity to -

Peptide | Secondary struture
prediction method form a-helix are underlined
in bold
P9-21 Momany NNWEVYKLLAHIR
Holley/Karplus NNWEVYKLIAHTR
G-0-R (see legend) ' NNWEVYKLLAHIR
P9-26 Momany NNWEVYKLLAHIRPPAPK
|
Holley/Karplus NNWEVYKLLAHIRPPAPK
G-0-R NNWEVYKLLAHTRPPAPK
Pl1-26 Momany KLRGRSFMNNWEVYKLILAHTRPPAPK
Holley/Karplus KLRGRSFMNNWEVYKLLAHIRPPAPK
G-0-R KLRGRSFMNNWEVYKLLAHTRPPAPK

Polar

O Hydrophobic

© Very hydrophobic




though the affinity is significantly less. Near-UV CD properties of TR2C in complex with
peptide P9-26 demonstrate that the spectrum characteristic of bound peptide is the same
as that of intact calmodulin. These results indicate that the tryptophan interacts with the
C-domain of calmodulin. In further support of this finding are the near-UV CD results
of the interaction of calcium-binding site mutants of calmodulin with target peptide P9-26
which show that mutation in binding site 4 of the C-domain is far more detrimental to
complex structure and affinity than the corresponding mutation in site 2 of the N-domain
of calmodulin, (section 4.1 and figures 4.2.3 & 4.2.4).

Fluorescence studies demonstrate that the affinity of peptides P1-26, P9-26, and
P9-21 with TR2C are reduced significantly compared with the interaction with intact
calmodulin, table 4.1.4. Interestingly, despite the markedly stronger affinity of CaM:P1-
26 (0.28nM) compared with CaM:P9-26 (11nM) and CaM:P9-21 (32nM), the TR2C:P1-
26 affinity is similar to that of the corresponding TR2C:P9-26 and TR2C:P9-21
complexes. This suggests that the affinity for the interaction of P1-26 with TR2C can be
accounted for by residues in the range of 9-21; further the strikingly increased affinity
of P1-26 for intact CaM compared with TR2C is a strong indication that the first 8
residues of the target sequence interact at least in part with the N-domain of calmodulin.
This is significantly different from the "classical” model where the C terminal portion of
the peptide binds to CaM N-domain. It would appear to require the target sequence to
fold back on itself, and this seems quite possible, since the first 8 residues have no rigid
a-helical conformation and hence could presumably adopt this structure.

Steady-state fluorescence, and acrylamide quenching studies described earlier see
section 4.1, for the interaction of calmodulin with peptide P1-15, indicate that the peptide

tryptophan in this peptide is in a different environment from the other PFK peptides. This
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peptide lacks residues 16-26, suggesting that residues following Trpl1 have a defining

role in determining the conformation of the bound peptide

5.3 Dissecting the role of specific peptide amino-acid residues involved
in binding calmodulin.

Having established that the different lengths of PFK target sequence (with the
exception of P1-15, see later) bound calmodulin in similar conformation by near-UV CD
(see figure 4.2.2a) this made comparisons between affinity and conformation of the
peptides in complex with calmodulin feasible. Table 4.1.2 lists the affinities determined
for PFK target peptides in complex with wild-type calmodulin. Comparison of affinities
of calmodulin for P1-26, P1-21, P9-26 and P9-21 (table 5.1) show that peptide P9-21 had
lowest affinity for calmodulin (32nM), and this correlates with its relatively short length.
It appears that this target peptide represents only part of the calmodulin binding domain
of PFK. The affinity of peptide P9-26 for calmodulin is 3 fold higher than peptide P9-21,
(11nM). The additional residues -Pro-Pro-Ala-Pro-Lys- therefore constitute some extra
binding free energy for interaction. The P9-21 peptide is not end protected and so there
is a negative carboxyl charge on the positively charged Arg21. The effect of adding
residues 22-26 might therefore be simply associated with the removal of this negative
charge, enhancing an electrostatic interaction with calmodulin.

The sequence of peptides P1-21 and P1-26 are more similar to the archetypal
calmodulin binding sequence proposed by O’Neill and Degrado, (1990) since they contain
a cluster of three basic residues within the first eight residues at positions 1, 3, and 5 of
the N-terminus of the peptide. However, unlike the sequences from sk-MLCK or sm-

MLCK (see figure 2.3a) it appears that the basic residue cluster is more distant from the
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hydrophobic tryptophan residue in PFK as compared to the MLCK peptides in which the
tryptophan of the peptide is situated within the basic sequence. Also for the MLCK
peptides several N-terminal basic residues interact with residues on the N-domain of
CaM, (eg; sk-MLCK peptide WFF residues R2, KS & K6 interact with CaM N-domain).
These residues are important in sk-MLCK target interaction since their removal greatly
reduces the peptide affinity, (Blumenthal & Krebs, 1987). However the crystallographic
B values of these basic residues are unusually high, (M Hirshberg, personal
communication) suggesting either static or dynamic disorder. Thus it may be unwise to
oversimplify the analogy between the N-terminal basic residues of the PFK sequence and
the MLCK sequences since other evidence indicates a different mode of interaction with
CaM for the PFK target.

Comparison of the affinities of P1-21 (InM) and P1-26 (0.28nM) for calmodulin
further demonstrate that the proline rich region (residues 22-26) is involved in interaction,
table 4.1.2. Interestingly, the addition of the proline rich region to either peptide P9-21
(= P9-26) or P1-21 (= P1-26) increases the affinity by the same factor, approximately
3 fold. This is only a small effect, corresponding to an increase in free energy of binding
of ~ 0.7kcal.

Conformational studies using fluorescence and near-UV CD described earlier on
complexes of TR2C or of calcium-binding site mutants of calmodulin with various PFK
peptides have demonstrated that the W11 of the peptide most probably interacts with the
C-domain of the protein, (section 4.1.4, 4.2.3 & 4.2.4). Part at least of the following C-
terminal residues 12-26 were thought likely to make contact with the N-terminal domain
of the protein. To test this hypothesis the peptide P1-15 was prepared. Since this peptide

ends 4 residues after the Trp it was thought to have only 4 residues with which to span
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the N-domain. This was anticipated to be insufficient for interaction. The spectroscopic
properties of the CaM:P1-15 complex were examined to test whether this structural
proposal was correct.

Steady state fluorescence studies demonstrate that peptide P1-15 (Ky = 1uM,
A= 338nm) has approximately 100 -1000 fold weaker affinity for calmodulin relative
to complexes of the other PFK peptides which are extended to residue 21 or 26, see table
4.1.2. Acrylamide quenching specifically demonstrates that the tryptophan is far more
solvent exposed in a different environment compared with the trytophan of peptides P1-
26, P1-21, P9-26 and P9-21, and the Ky for CaM:P1-15 of 3.44M! approaches the value
of 9.7M?* for fully exposed tryptophan in the PFK target peptide, this may be a
consequence of the C-terminal portion of the peptide preceding residue 16 not binding
to the N-domain of calmodulin. The near-UV CD of CaM:P1-15 is quite different to that
of CaM in complex with P1-26, P1-21, P9-26 or P9-21. Peptide P1-21 is only 6 residues
longer yet has an affinity of 1 nanomolar indicating an important effect of residues 16-21

of which 4 are hydrophobic and two are basic.

5.3.1 The role of hydrophobic interactions in CaM:PFKpep complexes
The basis of the ability of CaM to interact with a diversity of structures has been
attributed to 1) calcium induced exposure of hydrophobic residues in N- and C-domains
and 2) the flexibility of the central linker region (expansion joint) allowing CaM to
accomodate hydrophobic peptides of different length, (Meador et al., 1993). Since the
hydrophobic surface patches on the 2 domains of CaM are rich in methionine it has been
suggested that this "sticky" surface may consequently not place high demands on the

specificity of interaction. Consistent with this, the conservative substitution of tryptophan
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to phenylalanine in a sk-MLCK target peptide has little effect on affinity of the target
peptide for calmodulin (K4 0.2nM — 0.7nM, Findlay et al., 1995). By contrast sm-
MLCK enzyme activation is impaired by more than 20 fold when the corresponding Trp
at position 800 is substituted by Phe, (Matsushima et al., 1994). Applying the same
strategy to the PFK peptides, substitution of the tryptophan of peptide P9-26 by
phenylalaniﬂe results in a 1000x loss in affinity (Ky 11nM - 10uM). In fact
hydrophobicity should be conserved in this substitution since Phe is ranked even more
hydrophobic than Trp, (Eisenberg et al., 1984). One cannot exclude also that the
reduction in affinity may be a structural consequence, since tryptophan is larger than
phenylalanine being a conjugated two aromatic ring system, hence the contacts of the
phenylalanine with the hydrophobic region in calmodulin may not be as great.

Like the tryptophan of either the sm- or sk-MLCK target, the tryptophan of the
PFK peptide interacts with calmodulin C-domain and therefore might constitute a similar
peptide anchoring role, though near-UV CD spectra suggest a different environment for
the bound tryptophan of PFK peptides (previously discussed in section 5.2) compared
with the bound Trp of the sk-MLCK and sm-MLCK peptides.

Using the available coordinates of the NMR solution structure of CaM:sk-MLCK
peptide, (Ikura et al., 1992) a molecular model of binding was presented by Afshar et al.,
(1994). Afshar and coworkers note that the binding surface is formed by residues from
both N- and C-domains. It displays a groove with 4 deep pockets which can accomodate
hydrophobic peptide residues at relative positions 4 & 8 in pocket A; 11 in pocket B; 13
in pocket C; 14 & 17 in pocket D. Pocket A is derived from the C-domain whilst pockets
B, C and D are derived from residues of the N-domain. Assuming the same polarity of

binding and the correspondence of Trpll of the PFK peptide with position 4, then the
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hydrophobic residues which would fit this mode of binding would be Alal8 in pocket B,

I1e20 in pocket C and ignoring Pro22, Pro23 one would find Ala24 in pocket D.
Alignment of the PFK peptide to fit this model of binding appears possible for residues
11-21 assuming this stretch of residues is helical then the helical wheel model (figure
5.2.3) would place residues Alal8 and Ile20 in interaction with the N-domain. In addition
Leul6 and Leul7 would correspond to residues 19 and 110 of sk-MLCK peptide which
are seen in the NMR structure to interact predominantly with the N-domain: Thus
although the potential helical region of PFK residues 1-26 is relatively short, it appears
that key residues Trpl1 and hydrophobic residues in the sequence 16 to 20 could provide

simultaneous interactions with C- and N-domains respectively.

5.3.2 The role of charge interactions in CaM:PFKpep complexes

Despite the usual predominance of hydrophobic interactions in CaM:peptide
interactions it has been demonstrated using analogues of the synthetic peptide Ac-W K
KLLKLLKKLLKLLKKLL K L- that electrostatic interactions contribute to
binding and stability of complex formation, (O’Neill & Degrado, 1990). In 0.15M NaCl
at pH 7.0, the peptide containing only Trp, Lys and Leu binds calmodulin with a
dissociation constant of 0.4nM (13.0kcal [54.6kJ]Imol?) while the corresponding peptide
in which all the Lys residues have been changed to neutral Gln residues binds with a
dissociation constant of 10nM (11.0kcal [46.2kJ]mol?), (AG = -RTIn(1/Ky). In this
particular example about 15% (54.6-46.2/54.6) of the total binding energy is contributed
by electrostatic interactions.

Fluorescence studies on the PFK target sequence over the pH range 2.0-13.0,

show that there are three distinct pH sensitive fluorescence processes in the peptide which
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may be attributed to protonation of carboxyl groups, protonation of histidine and
ionization of tyrosine to tyrosinate at alkaline pH. These results do not appear to relate
to the progressively weaker binding of target sequence P9-21 to calmodulin from pH 7.0
up to pH 9.0. Increases in affinity of calmodulin for P9-21 between pH 7.0 and 5.0 can
be explained partially by the protonation of peptide histidine, with a pK, of 6.

The interaction between whole PFK and calmodulin is pH sensitive over the range
pHS.0-8.0 also, (Bazaes and Kemp, 1990; Shearwin and Masters, 1990), it may perhaps
follow that the pH dependent protonation of histidine may account in part for this
relationship. Alternatively pH dependent changes in conformation seen in the near-UV
CD of the PFK peptides in complex with calmodulin (but not for CaM alone) over the

pH range 5.0 to 8.0 may account for the pH sensitivity of intact PFK enzyme activity.

5.4 Calcium binding studies of calmodulin in complex with PFK target peptides

It is well established that the interaction of CaM with many target enzymes and
proteins is calcium dependent and this accounts for the role of CaM in converting the
changes in intracellular [Ca] into processes of enzyme activation regulation. In the model
systems studied the calcium dependent binding of a target constitutes a coupled system:

+Ca +P
CaM - CaCaM +« CaCaM:P

Because of this coupling the apparent affinity of calcium is necessarily increased in the
presence of the peptide. The fundamental mechanism introduces the questions of the
nature of the interaction of the target sequence with calmodulin and the possible role of
intermediate species, with partial saturation by calcium of the calmodulin binding sites.

Differences in these properties may determine the selectivity of CaM interaction with
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different targets; which is central to its action as a calcium dependent intracellular
regulator. The calcium dependence of interaction of CaM with PFK target peptides was

therefore examined to address these questions.

5.4.1 Consequences of mutation in Ca?* binding sites of calmodulin upon
CaM:PFKpep complex affinity and conformation.

Studies by Findlay et al., (1995) using the calcium binding site mutants of CaM;
B2Q, B2K, B4Q & B4K, (Maune et al., 1992a) suggest that the structural influence of
a mutation in any of the four calcium binding site mutants can be largely reversed by
binding of sk-MLCK target peptide WFF. Despite this structural consequence the
affinities of the calmodulin mutants for target peptide were all markedly lower than that
of the wild-type protein, especially in the case of the C-terminal domain calcium binding
site mutants, (CaM:WFF K, = 0.2nM, B4K:WFF K; = 48nM). These distinguishably
different effects of calcium-binding in different domains upon target binding raises the
question of the specific role of calcium binding to calmodulin in interaction with target
sequences. Furthermore, one should consider whether four binding sites need be filled
for a functionally viable CaM:target peptide complex.

In the case of the PFK peptides it appears that the affinity of CaM:PFKpep
complex formation is less affected by mutation in site 2 than site 4, (see table 4.1.4).
Furthermore near-UV CD of P9-26 in complex with B2Q,B2K, B4Q or B4K shows that
the conformation characteristic of the wild-type CaM:P9-26 interaction more closely
resembles the interaction of P9-26 with the B2 mutants than the B4 mutants, (figure
4.2.3). These results suggest that the different affinities of PFK target sequences for

calmodulin with calcium binding site mutation are consistent with the independent
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function of each calmodulin domain in interaction with PFK target sequence.

5.4.2 The coupling of calcium and PFK peptide binding to CaM.

Direct studies of the binding of calcium to calmodulin and its tryptic fragments
shows little evidence of cooperativity between the two domains of calmodulin, (Linse et
al., 1991). The calcium affinities of the sites in the C-terminal domain are on average 6-
fold higher than those of the sites in the N-domain. The different affinities of the calcium
binding sites for calcium in the two domains of calmodulin is strongly conserved and may
indicate specific roles for individual domains in target binding and enzyme activation.

The discussion of calcium binding to calmodulin and the effect of target peptides
or enzymes on calcium binding by CaM is necessarily based on stoichiometric
association constants rather than site association constants, which cannot be
determined unambiguously in a complex system. For intact calmodulin in the presence
of either peptide P1-26, P9-26 or P9-21 the stoichiometric binding constant K, is
seen to increase significantly in the presence of target peptide. The stoichiometric calcium
binding constants K,, K; and K, were less affected by the presence of target peptide,
although a small increase was noted in K;. Consideration of the relationship between
stoichiometric and site association constants for a simple model system (see table 4.3.1b,
figure 4.3.1b & appendix 4) indicates that the effect of PFK target peptide on calcium
binding by calmodulin is consistent with increased affinity of calcium in principally two
calcium binding sites. This result is in marked contrast with previous studies with
targets derived from calcineurin, (Stemmer & Klee, 1994); troponin I, (Keller et al.,

1982); plasma membrane calcium pump, (Yazawa et al., 1992); and skeletal muscle
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MLCK, (Bayley et al., 1996). In all these cases the target sequence influences calcium
binding to calmodulin by increasing all four stoichiometric binding constants, consistent
with increased calcium affinity in all 4 calcium binding sites. Thus the calcium binding
properties of calmodulin in complex with PFK peptides may represent possibly for the
first time an interaction which exhibits Ca’* dependent target binding through binding of
only 2 calcium ions to calmodulin.

Until now binding of targets by calmodulin usually involves the holo protein. For
the examples given above (calcineurin, sk-MLCK etc) calcium binding in all sites acts
to increase target affinity. However, the neural specific proteins neuromodulin and
neurogranin are unusual in that they bind calmodulin more strongly in the absence of
Ca’*, (Andreasen et al., 1983; Baudier et al., 1991). Thus the corresponding enzyme
activation by calmodulin is seen as either calcium dependent or calcium independent
respectively. It thus appears likely that PFK enzyme inactivation by calmodulin may be
calcium dependent with respect to binding of calcium to only 2 calcium binding sites in
calmodulin, ie; it is partially calcium dependent.

Recently, Bayley et al., (1996) used short peptides based on the 18 residue WFF
sequence from sk-MLCK to determine the influence of the first 10 residues of the
sequence upon calcium binding characteristics of calmodulin. The rationale behind this
investigation lies in the knowledge that the first 10 residues of sk-MLCK (WFF) makes
the majority of its interactions with CaM C-domain. Hence, it was of interest to
determine to what extent binding of this target increased the stoichiometric calcium
binding constants for calmodulin. Interestingly, the calcium binding profile for WF10
indicates a marked shift in the binding of the first two calcium ions only. This suggests

calcium binding within a domain of calmodulin can be independent of the target peptide
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binding to the other domain. Comparison of the calcium saturation curves of
Ca,CaM:WF10 and Ca,CaMPFK peptide complexes further support the existence of a
CaM:PFK peptide target complex for which the calcium dependence of CaM:PFK peptide
interaction can be achieved by saturation of 2 calcium binding sites to give a
Ca,CaM:PFK peptide complex.

In contrast to the findings of Bayley et al., (1996), Yazawa et al., (1992) note a
biphasic saturation curve in calcium binding studies of a mixture of TR1C, TR2C and
peptide C28W from the plasma membrane Ca’>*pump. The biphasic Ca’>* binding was
explained by decreased binding of the N-domain sites. This suggests that interdomain
effects possibly involving the central helix as a connection between domains are important
in complexes of calmodulin with some target peptides. These considerations suggest that
affinity of a target peptide for apo-calmodulin needs to be considered explicitly in any
quantitative model for activation.

The calcium induced increase in affinity of a target for a particular peptide may,
in principle, be calculated from dissociation constants for the peptide in the presence (K,)
and absence (K’y) of calcium. However, because the latter value is not generally
accessible experimentally, an estimate of the ratio of the dissociation constants (K’y)/(K,)
may be obtained from the measured stoichiometric calcium binding constants determined
from calmodulin alone (Kj,....,K,) and for calmodulin in the presence of excess peptide

(X,’,....,K;’) through the equation used in section 4.3, (Yazawa et al., 1992).

K’¢/Ky = KK KYK)/ (KKKKY)

The K’ /K, values calculated for calmodulin in complex with P1-26, P9-26 or P9-
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21 are 5054, 952 and 184 respectively, these are significantly lower than the value of 3.1
x 10° calculated for CaM in complex with peptide WFF from sk-MLCK, (Bayley et al.,
1996) or the value of 6.2 x 10 for calmodulin in complex with peptide C28W from the
calcium pump, (Yazawa et al., 1992). These results imply that the binding of calcium to
calmodulin makes a contribution to the overall calcium induced increase in peptide
affinity, although not as significant a contribution as peptides derived from sk-MLCK and
calcium pump.

The calcium binding data for calmodulin in the presence of PFK peptides
apparently presents something of a paradox. On the basis of the demonstrated nM affinity
of PFK peptides with Ca,CaM, the apparent enhancement of the calcium binding affinity
of calmodulin in the presence of peptide is unexpectedly low. However, this is based on
the assumed low affinity of the peptides for apo-CaM. In fact experiments to measure this
affinity have been unsuccesful over the accessible range of 0-50uM peptide. Thus these

arguments are not at present fully quantitative.

5.4.3 Characterizing the calcium binding sites of
calmodulin influenced by target peptide.

Several studies presented provide evidence of the domain in which calcium
binding is increased in the presence of PFK target peptide. It is far more difficult to
assign effects of target peptide to actual calcium binding sites, since one cannot say to
what extent cooperative effects prevail between sites and possibly between domains in the
presence of target peptide, (Yazawa et al., 1992).

Steady-state studies of tryptophan fluorescence and circular dichroism using
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calmodulin, TR2C, and calcium binding site mutants of calmodulin indicate that the
tryptophan of the PFK target sequence makes its most important contacts with the C-
terminal domain of CaM. Using the same techniques when apo-calmodulin and target
peptide were titrated with calcium, 50-75% of the signal was completed on addition of
one calcium ion to the solution at high (60uM) concentration, (see figure 4.3.2.1a note:
90-100% signal was complete upon addition of 2 calcium ions per calmodulin). Since the
spectroscopic signal arises through changes in peptide tryptophan environment on binding
the calmodulin C-domain, (see section 4.3) it is clear that the two high affinity calcium
binding sites of calmodulin in the presence of PFK target peptide correspond to those

sites in the C-domain.

5.4.4 Calcium dissociation mechanism for CaM:PFKpep.

Rates for the chelator induced dissociation of several calmodulin-peptide and
calmodulin-enzyme complexes have been reported in the literature, In the presence of
target enzymes or target peptides derived from the intact enzymes of smooth muscle
MLCK, (Johnson & Snyder, 1993; Kasturi et al., 1993); skeletal muscle MLCK,
(Johnson et al., 1981; Persechini et al., 1996; Brown et al., 1996); caldesmon &
calponin, Kasturi et al., (1993) and nitric oxide synthase, Persechini et al., (1996) the
calcium dissociation rate constants are all reduced. For some of these studies only one
rate is reported, possibly as a consequence of the inability to resolve the two similar
exponential processes.

Using a variety of probes including tyrosine 138 of Drosophila calmodulin, target
peptide tryptophan, site-directed mutants of calmodulin incorporating tryptophan, and

tryptic fragments of calmodulin, (Bayley et al., 1996; Martin et al., 1996 and Brown et
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al., 1996) demonstrate that the distinctive calcium affinity differences noted in the
domains of calmodulin are conserved in the presence of peptides from MLCK, the extent
to which is strictly governed by the specific target sequence. This supports the analysis
in terms of the effect of peptide binding on the calcium affinity of individual domains.

The interaction of calmodulin with a target peptide from sk-MLCK was recently
studied by Persechini et al., (1996). Usihg Quin-2 stopped-flow kinetic studies, tryptic
fragments of calmodulin were used to quantify the (chelator-induced) calcium dissociation
from calmodulin domains in the absence and presence of peptide. The apparent calcium
dissociation rate constants for 2 sites in the C-domain of calmodulin were reduced from
12.6-1.65" and the rate constant for 1 site in the N-domain is reduced from > 1000s to
1.6s". Similar studies were performed by Brown et al., (1996) who note that the effect
of peptide on calcium affinity is similar, however their estimation of the calmodulin
calcium dissociation rate constants are slower (k, = 700s?, k, = 6.9s).

In studies here, the PFK target peptide sequence acts to increase the affinity of
calcium for calmodulin. The rate constants of calcium dissociation from calmodulin in
the absence of target peptide are 700s’ and 8.5s?, these rates each correspond to
dissociation of 2 calcium ions. In the presence of target peptide P1-26 the dissociation
rates are 11s? and 1.2s™. The amplitudes correspond to apparently 2 calcium ions for the
fast phase and 2 calcium ions from the slow phase.

A mechanism of calcium dissociation from the Ca,CaM:PFK peptide complex was
proposed in section 4.4.3. The mechanism is based on the calcium dissociation
mechanism described for Ca;CaM in complex with sk-MLCK peptide or mastoparan,
(Bayley et al., 1996; Brown et al., 1996). The model, figure 4.4.3 describes the biphasic

dissociation of calcium from Ca,CaM:PFK peptide consisting of a fast dissociation of 2
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N-terminal calcium ions (11-18s™) followed by a slower dissociation of’calcium oS

(1.2-2.8s"). Under stopped-flow conditions used here (2uM CaM, 2.2uM PFK peptide)
it was noted for a PFK peptide with a dissociation constant in the order of nM for
calmodulin that at the beginning of the stopped flow experiment there should be
negligible dissociation of target peptide from calcium saturated Ca,CaM. However upon
addition of EGTA the intermediate formed (Ca,CaM:PFK peptide) by dissociation of the
N-terminal calcium ions was, according to the affinity of Ca,CaM for PFK peptide
(Ca,TR2C:P1-26, K; = 400M), in rapid equilibrium with a mixture of Ca,CaM and free
PFK target peptide. Hence, in the EGTA stopped-flow experiment which uses the release
of target peptide from Ca,CaM:PFK peptide complex to determine the rate of calcium
dissociation, one apparently observes more complex kinetics than a simple 2 step calcium
dissociation. This finding accounts for the observation of fluorescence amplitude arising
from dissociation of calmodulin N-terminal calcium ions when the target peptide
tryptophan interacts with CaM C-domain. Since, under experimental conditions the fast-
phase is apparently coupled to a fast reversible equilibrium of Ca,CaM:PFK peptide with
Ca,CaM and free PFK peptide. This model also explains the intriguing fact that the
dissociation of the 2 C-domain calcium ions generally occurs with a rate of 1-2s™. For
two target peptides of different affinity for calmodulin one would expect the difference
in peptide affinity to influence the calcium dissociation rate from the CaM:peptide
complex, However, the dissociation of Ca,CaM:PFK peptide to Ca,CaM and free PFK
peptide in effect provides two species from which calcium can dissociate. Therefore, the
slow phase will reflect the sum of the dissociation of calcium from Ca,CaM:PFK and
Ca,CaM. Consequently, under stopped-flow conditions the rates of calcium dissociation

are only slightly slower for dissociation of Ca,CaM:PFK compared with Ca,CaM.
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In support of the existence of a relaxation step, (Bayley et al., 1996 & Brown et
al., 1996) suggest that the observed rates should be affected by [peptide]/[CaM] ratio.
Experimentally, studies with calmodulin in complex with target peptides from sk-MLCK
and mastoparan show that the fast phase can be reduced and eliminated by repeating
experiments at raised [peptide]/[CaM] ratios. Furthermore, the slow phase is also
significantly reduced, (Bayley et al., 1996 & Brown et al., 1996).

It is clear from equilibrium and kinetic calcium binding studies that the interaction
of calmodulin with PFK target peptides can be approximated as an interaction of target
sequence involving two functionally distinct domains. It is evident from determination of
stoichiometric binding constants in the presence of PFK target peptide that binding of two
calcium ions exert a larger increase in target peptide affinity than do the remaining two
sites. This finding does not imply that the sites are rendundant in function, it probably
implies that they play a different role in complex interaction. Such a ;:oncept has also
been discussed in recent work, (Bayley et al., 1996; Ikura, 1996; Persechini et al., 1994,
1996).

5.5 Conclusions
Towards a working model of the CaM:PFK peptide complex

This work can be seen to address 2 questions: 1) How far can we define the
specific interactions involved in the formation of the CaM:PFKpeptide complex? and 2)
What is the role of calcium binding in complex formation of CaM with PFK target

peptides?.

5.5.1 How does calmodulin interact with the PFK target sequence?

Figure 5.5.1 summarises the likely interactions of calmodulin domains with
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peptide amino-acid residues and the probable occucrenceof the a-helical conformation
present when calmodulin complexes with peptide P1-26 from PFK. The limited o-helicity
of the target seciuence is likely to occur maximally through residues Asn10-Ile20. The
first 8 N-terminal peptide residues have no «-helical structure and this allows the peptide
to make contacts at least with the N-domain, possibly via electrostatic interactions
involving basic residues in positions 1-5. It appears that Trpl1 is the major interacting
residue with the calmodulin C-domain, and the interaction shows considerable specificity
for this residue. Some residues from position 16 onwards are important in maintaining
the hydrophobic environment of the Trp, probably further enhanced as a result of the
hydrophobic residues in the region 16-20 in binding the N-terminal domain. Irrespective
of the precise extent of the helical region of the target sequence, such a set of interactions
would allow a relative short sequence of the target sequence to interact with both
domains, as is found for the central region of the MLCK and CaMKII sequences. This
would possibly allow the formation of the more globular conformation, characteristic of
several CaM:pep complexes, 'but involving a different peptide conformation and
interaction mechanism. The proline rich segment of the sequence (residues 22-26) acts
to increase affinity for calmodulin although this may be an indirect end-protection effect
stabilizing a-helix or charged residues in the sequence preceding residue 21. The specific
conformation of residues 22-26 remains undetermined. Such a model, deriving from
different lines of evidence is necessarily speculative; it is hoped that related structural
work with NMR and X-ray analysis will help to define the structure of the complex more

precisely.
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5.5.2 What is the role of calcium binding in complex formation
of CaM with PFK target peptides?

Equilibrium Ca?* binding studies indicate that the effect of PFK target peptide on
calcium binding to calmodulin apparently increases only the first two stoichiometric
calcium binding constants significantly, in contrast with sk-MLCK peptide WFF, for
which increases in all four stoichiometric binding sites are observed. These studies, in
addition with spectroscopic studies of calcium induced conformational changes in the
CaM:pep complex, indicate that binding of PFK peptide target to a semi-saturated
calmodulin is feasible. Indeed, the spectroscopic signal associated with CaM binding P1-
26 target is essentally complete on addition of 1-2 calcium ions. This does not imply that
the remaining two sites are necessarily redundant in function. It is possible that in
complex formation of calmodulin with intact PFK that the N-terminal domain still has a
function in producing the inactivating effect of calmodulin on PFK.

The problems of assigning equilibrium and kinetic calcium binding data to actual
sites have been discussed. Calcium dissociation is biphasic for all the PFK target
complexes with each phase corresponding to apparently two calcium ions. Equilibrium
calcium binding experiments and calcium dissociation kinetic experiments illustrate that
calcium is likely to bind to both C-domain sites initially followed by binding of 2 calcium
ions to the N-domain. Target peptide apparently binds to a Ca,CaM species with the
tryptophan of the target peptide interacting with the calcium loaded C-domain of
calmodulin. Therefore it appears that calcium dissociation mechanisms are similar for
CaM:PFKpep and CaM:sk-MLCKpep complexes in that the intermediate Ca,CaM:peptide
complex is involved. However, the stoichiometric calcium binding constants indicate that

calcium binding clearly has a different role in the two complexes.
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5.6 Questions arising from this work

The results of this project to investigate the interaction of calmodulin with its
target binding region on PFK confirm the principles that different targets show different
modes of interaction with CaM, and this opens up new and wider possibilities for future
work.

Although the calcium binding studies show the selective enhancement of 2 out of
4 calcium binding sites by the PFK peptide, the quantitative understanding of the coupling
of this process to peptide binding is still incomplete. This selectivity effectively
distinguishes the steps of CaM binding to a target and the subsequent enzyme activation
and this question is clearly accesible to further experimental investigation. It would be
of great interest to ascertain exactly how CaM interacts with the PFK target given the
apparent partial calcium dependence of interaction. This is particularly important since
calcium binding to sites within both N- and C-domains has previously been presumed
necessary for the exposure of hydrophobic surfaces on CaM required in interaction of
target peptides other than those derived from PFK, eg sm-MLCK, CaMKII, (Meador et
al., 1992, 1993) & sk-MLCK, (Ikura et al., 1992). It is not clear from the results of this
thesis whether interactions of the PFK peptide with the N-domain involve a calcium
dependent exposure of hydrophobic groups. If so, it is not easy to explain the apparent
lack of effect of peptide binding on the affinity of the calcium sites in this domain.

Clearly a high resolution CaM:PFK peptide complex structure will be extremely
useful. Despite succesful crystallization trials the structure of the Ca,CaM-PFK peptide
complex remains unsolved at present time. In due course, this structure will hopefully be
solved by collaborators at NIMR (M Iﬁrshberg, G Dodson), and it will be of great

interest to find how well the optical spectroscopy data here correlates with the crystal
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structure. The three dimensional structure of the complex is also being determined by
NMR techniques in another collaborative project at NIMR (R. Biekofsky, J Feeney) and
will pfovide another independent assessment of the interaction.

Until now there has been no structure reported of calmodulin in complex with an
intact enzyme. Despite the similarities in K, values for intact enzymes and target peptides
derived from the enzymes, it is likely that other parts of the enzyme structure influences
the interaction of calmodulin. Indeed it is known that pseudosubstrate sites exist in CaM
targets for example; sm-MLCK and CaMKII, (Soderling, 1990 for review). Only a full
CaM:Enzyme complex structure can address this question unambiguously. It would
therefore be useful to determine what the effect of the rest of the enzyme is on structure,
interaction and function of the CaM:Enzyme interaction. Trials to crystallize mammalian
PFK in the absence of calmodulin have been unsuccesful (G. Dodson, personal
communication), this is possibly because of its large size. The structure of Bacillus
stearothermophilus PFK has been solved but is half the size of mammalian PFK and has
no calmodulin binding sequence, (calmodulin is a eukaryotic protein). Since calmodulin
functions to dissociate naturally occuring tetrameric PFK to inactive dimers it may be
feasible in terms of molecular weight to attempt to crystallize mammalian PFK dimer in
the complex with CaM.

Studies in this thesis implied that the Ca?* binding properties of calmodulin in
complex with PFK target peptides may represent distinctive features by which calmodulin
could selectively recognize PFK over its other (over 30) intracellular targets. It would
therefore be informative to determine whether the unique features of the CaM:PFK
peptide interaction are observed in interaction of calmodulin with intact PFK.

Experimentally it would be difficult to follow the calcium binding properties of this
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interaction since intact PFK is inhibited by free calcium, (Uyeda, 1979) but structure
investigations of PFK enzyme with spectroscopically labelled CaM mutants appear

feasible.
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Figure 5.5.1

Schematic representation of the potential contacts between the terminal domains of
calmodulin with peptide P1-26 from rabbit muscle phosphofructokinase based on
experimental findings. The central helix of aﬂmodulin has been omitted for pufposes
of clarity. The circled h and + symbols correspond to hydrophobic and positively
.charged amino-acids respectively. Justification of the interactions are detailed in section .
5.5.1. The dotted lines correspond to potential interactions. The dotted line is heavy
between W11 and the C-domain of calmodulin since this represents a residue specific

interaction.
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APPENDICES



Appendix 1

Equilibrium studies: Methods for the determination of dissociation constants.

Characterizing the molecular interaction of calmodulin with target sequences of
phosphofructokinase requires the determination of the stoichiometry of the interaction and
the associated binding constants. In these studies fluorescence spectroscopy was used to

investigate the binding of calmodulin to phosphofructokinase target peptides.

Considerations in analyses of stoichiometry and equilibria

Figure A1 shows the theoretical binding curves for the reaction between protein
P and Ligand L at a protein concentration of 10uM. The data are plotted as degree of

saturation, ([PL}/[Pror]) against the ratio ([Lyor)/[Prorl). Note:

When the affinity of the complex is low relative to the experimentally accesible
concentration range the end-point is difficult to establish, consequently determination of

the stoichiometry and association constant are difficult.

When the affinity of the complex is high relative to the experimentally accesible
concentration range the end-point is well defined and stoichiometry is clearly established.
However figure Al.la indicates that above a limiting value of ~5 x 107 for the
association constant, all curves look the same within the experimental error and only a

lower limit can be reported for the association constant.
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Figure Al.1

(a) Theoretical binding curves for the reaction P + L = PL at 10xM concentration

for reactions with affinity K, 1 x 10* to 1 x 105,

(b) Titration of TR2C to P9-21 at 5uM. The M symbols represent experimental data,
the solid curve is the non-linear least squares fit to the data and the two straight lines are
assymptotes superimposed to display the titration if the binding was extremely tight, K,

= 10°M".



{PL]/[P(tot))

F/Fo

0 T T T L] T T

[L(tot))/[P(tot))

2.5

1.5

0-5 1 T T
0 0.5 1 1.5

[TR2C)/[P9-21]

211

.

25



The concentration range accesible using tryptophan fluorescence spectroscopy is
typically in the range 0.1-20uM. This range allowed accurate determination of
stoichiometry and association constants for most of the peptides studied in this work. For
complexes with very high affinity (K4 < nM) a simple competition method was used (see
section A1.2). A typical titration of TR2C to P9-21 is shown in figure Al.1b, the points
represent the experimental data, the solid curve is the fit to the data and the two straight
lines are assymptotes superimposed to display the titration if the binding was very tight

X, = 10°M".

Al.1 Determination of dissociation constants by direct methods.

The experiment involves titration of calmodulin into a solution of tryptophan
containing peptide. The increase in fluorescence emission intensity (typically at 330nm)
is a measure of the concentration of bound peptide (see section 3.2). At each titration
point the total protein and peptide concentrations, and associated fluorescence signal are
known. A probable error of 0.5-1.0% is placed on the signal and the data is fitted to a
single dissociation constant using the non-linear least squares method described by
Marquardt, (1963). The interaction of CaM with peptide P is described by the equation

CaM + P = CaM:P. The dissociation constant in this reaction is given by:

Ky = [CaM][P}/[CaM:P]

The total concentrations of calmodulin and peptide are known and are given by:

[CaMyy;] = [CaM] + [CaM:P]
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[Pror] = [P] + [CaM:P]

Therefore K, can also be defined as:

K, = ([CaMror] -[CaM:P)).([Pror] - [CaM:P])/[CaM:P]

Which may be expanded to give:

[CaM:P]’ - [CaM:P].([CaM o]+ [Pror] + Ky) + [CaMyoq].[Pror] = 0

[CaM:P] is then obtained as the solution of the quadratic ax? + bx + ¢ = 0, wherea =

1, b = ([CaMyor] +[Pror] +Ky), and ¢ = [CaMror].[Prorl.

There are 6 parameters in the fitting procedure; the dissociation constant, the
specific fluorescence of the protein, peptide and protein:peptide complex, and factors to
correct for errors in detérmination of concentrations of protein and peptide. x*
minimization is used to determine the best fit. x* is defined as the weighted average of
the individual variances of the fit (s*) divided by the weighted average of the individual
variances of the data (o). Each parameter contributing to the fit is varied in turn and x>
is minimized with respect to each parameter independently. If the fitting function is a
good approximation then the estimated variance (s?) should agree well with the variance
(6® of the data and the value of x* should be approximately 1. To illustrate how x>
varies with dissociation constant the Figure4-1b illustrates the location of x?> minimum
by allowing the parameters other than the K, to vary.

This assumes no errors have been made in determination of these parameters. x? is

minimal over a very narrow range which is the dissociation constant.
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Al.2 Determination of dissociation constants by competition methods.

As noted above, it is not possible to determine the K for high affinity interactions
using a direct fluorimetric titration. Therefore a competition assay was used to study the
interaction between CaM and those PFK target peptides which showed very high affinity
binding. The method involves competition of two peptides, W and S, for calmodulin.
Peptide W is a tryptophan containing PFK target peptide and peptide S is a
spectroscopically silent peptide with known affinity. The spectroscopically silent peptide
has no tyrosine or tryptophan residues and therefore contributes no fluorescence signal.
The experiment involves titration of the spectroscopically silent peptide (S) to a complex
of calmodulin and the tryptophan containing target (W). One can determine the unknown
K, for the Trp containing peptide providing that the K, for the silent peptide is known
and the concentration of the complex between CaM and Tryptophan containing peptide

can be measured.

For two ligands W and S competing for the same site on CaM (C) one can write:

C+S«=CS K, = [CISVICS]

C+We«CW KiW) = [CI[W])/[CW]

The ratio of the dissociation constants of peptides W and S for CaM given by:

K (W)/Ky(S) = ((WIICSV/([CWIISD

The experiment is performed under conditions where there is no free calmodulin
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(ie: Wy > C;). Therefore if X is the fraction of calmodulin with peptide W bound one
can write:

[CW] =X.C;

[CS] =C;-X.C;

W] = W;-X.C;

[S] = ST - CT + X.CT

Subscript T represents the total concentration of the species. For ease of
representation the ratio of the dissociation constants (K4(W)/Ky(S)) shall be described

subsequently as R.

Therefore R is given by:

R = {(Wr-X.CD(Cr-X.Cp}{(X.Cp(S-C+X.Cp}

X is given by the solution of a quadratic:

X = (-b + (b - 4.a.0)*/(2.2)

Where a = R'CT-CT! b = R.ST = R.CT + w-r + CT’ c = WT

The measured fluorescence is then fitted to the equation:

erm330nm = X(Fo -F lnl') + me

F, and F, are the fluorescence intensities observed at [S] = 0 and as [S] tends to
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infinity. F,, F, and R are treated as variable parameters in the fitting of data. x?

minimization is again used as a determination of best fit, see section Al.l.

216



Appendix 2

Determination of the stoichiometric calcium binding constants for calmodulin.
The calcium binding experiment is described in section 3.3. Briefly, the
experiment involves competition between calmodulin and the chromophoric chelator
BAPTA for calcium. The spectroscopic properties of BAPTA are altered when it binds

calcium and this provides the signal which permits determination of binding constants.

The equilibria involved are described by the following equations. The symbols P,
Ca, and B have been used to represent protein (or protein:peptide complex), calcium, and

the chromophoric calcium chelator BAPTA respectively.

P  +Ca=PCa K, = [PCa)/([P].[Ca])
PCa + Ca=PCa K, = [PCa)/([PCa].[Ca])
PCa, + Ca = PCa, K, = [PCa])/([PCa,].[Ca])
PCa, + Ca«PCa, K, = [PCal/([PCa].[Ca])
B + Ca = CaB Kes = [CaBJ/([Ca].[B])

The subscripts refer to the number of sites filled, without identifying the actual sites
occupied. Thus [PCas] is the sum of the concentrations of all calmodulin species with 3

sites occupied. These sites could be 1,2,3; 1,2,4; 1,3,4 or 2,3,4.

Total calcium [Caroq] is given by equation A2.2:
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Equation A2.2: [Caror] = [Ca] + [CaB] + [PCa] + 2[PCa,] + 3[PCa,] +

4[PCa,]

The method of analysis requires an expression from which free [Ca] can be obtained.
This involves substitution for [CaB], [PCa] etc in equation A2.2.
Kea = [CaBJ/([Ca].[B])
= [CaBJ/{[Ca].([Bror]-[CaB])}
= [CaBJ/([Ca].[Bror]-[Ca].[CaB])
[CaB] = Keup ([Ca].[Bror]-[Ca].[CaB])
[CaB].(1 + Kews.[Ca]) = KewlCa). [Bror]

Hence:

Equation A2.3:  [CaB] = K¢g.[Cal.[Borl/(1 + K. [Ca])

The ratio of {[Ca bound to CaM]/[Total CaM] can be described in terms of the

concentration of free calcium, using the Adair equation, equation A2.4.

Equation A2.4:

[Ca bound to CaM]/[Total CaM] =

{K,.[Ca] + 2.K,.K,.[Ca} + 3.K,K,K,.[CaP + 4.K.K,K,.K.[Ca]‘} / {1 +

K,.[Ca] + K,.K,.[Ca] + K,.K,.K,.[Ca] + K,.K,.K,.K,.[Ca]‘}

It can be seen from equation A2.2 that [Protein bound to calcium] = [PCa] + 2[PCa,]
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+ 3[PCa,] + 4[PCa,]. Therefore one can write:

Equation A2.5:
([PCa] + 2[PCa,] + 3[PCa,] + 4[PCa,)) = [Progl -{{K,.[Ca] + 2.K,.K2.[Ca]2 +
3.K,.K,.K,.[CaP? + 4.K.K,K;K.[Ca]*} / { 1 + K,.[Ca] + K..K,.[Ca]® +

K,.K,.K..[CaP® + K,.K,;.K;.K,.[Ca]‘}}
Substituting equation A2.5 and A2.3 in equation A2.2 gives:
Equation A2.6:
[Carorl-[Ca] - Kcg.[Cal.[Brorl/(1 + Kcgp.[Cal) - [Proql-{K,.[Ca] + 2.K,.K,.[Ca]?
+ 3.K,.K,.K,.[CaP + 4.K,. K, K;.K.[Ca]*} / {1 + K,.[Ca] + K,.K,.[Ca]* +

K,.K,.K,.[Cal’ + K,.K,.K,.K,.[Ca]‘} = 0.

This equation can be solved for [Ca] using a standard Newton-Raphson method.

Variation of absorbance with free calcium concentration

The absorbance A at any wavelength is given by:

A= eC,B[CaB] + GB.[B] + APROT
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where Apror is the absorbance from the protein, which is assumed not to change as the

free calcium concentration changes.
A = €c,p.[CaB] + €5.([Bror] - [CaB]) + Apgor
Substitute from equation A2.3:

A = ecyp. {Kcup-[Ca).[Bror] / (1 + Kcup.[Cal)} + €5.[Bror] - €. {Kcup-[Cal.[Brorl / (1 +
Kews-[Cal)} + Apgor

= €p.[Bror] + {ec.s-[Brotl - €n-[Brorl}-{Kews-[Cal / (1 + Kcpp.[Cal)} + Apgor
As [Ca] — infinity then A = ec5.[Bror]l + Ajpror (= Apys, the absorbance in the
presence of saturating calcium).

As [Ca] - zero then A — €5.[Bror] + Apror (= Aymus, the absorbance in the complete

absence of calcium).

€cap-[Brot] - €s.[Bror] = Aprus - Avmnus

Then

A = Ayvus + {Arius - Avvus} - {Keas-[Cal/(1 + K 5.[Ca]
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The experimental data are fit directly to this equation. The variables are Ap, s and
A,mus and the stoichiometric constants K1-K4 used in the calculation of the free [Ca] are

determined using equation A2.6.
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Appendix 3
Stopped-flow spectrophotometry: Data analyses

Stopped-flow spectrophotometric techniques were used to determine the rates of
calcium and peptide dissociation from calmodulin and calmodulin:target peptide
complexes as described in section 4.4. For each reaction studied at least nine individual
stopped-flow traces were collected and averaged. The average of the nine traces was then
fitted using a commercially available (Hi-Tech SF-61) non-linear least squares procedure
based on the Marquardt method, (Marquardt, 1963). A single exponential was
considered acceptable unless a significantly better x? and distribution of residuals were
obtained for a double exponential fit. Each experiment was repeated at least three times

and the average rate constant with standard deviation was reported.
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Appendix 4

Relationship between intrinsic and stoichiometric association constants

The relationship between the stoichiometric association constants and intrinsic (site)

constants are described by the following equations:

Ki, = Kk+k+k+k

K, = (hk+kk +kk +kk +kk +kk)/ (& +k+k +k)

K, = (kkk + kkk, + kkk, + kkk,) / (K +kks + kk, + Kk + kk,+
ksk,)

K = kkkk/(kkks + kkk, +klk, + kkk,)
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