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The structures of the complexes between calcium-bound calmodulin and 
synthetic peptides comprising the calmodulin-binding domain of skeletal 
and smooth muscle myosin light-chain kinase have now been solved by 
NMR and X-ray crystallography, respectively. Within coordinate errors, there 
are no significant differences between the two structures. The two domains of 
calmodulin (residues 6-73 and 83-146) remain essentially unchanged upon 
complexation. The long central helix (residues 65-93) which connects the 
two domains in the crystal structure of calcium-bound calmodulin, however, 
is disrupted in the complex into two helices connected by a long flexible loop 
(residues 74-82), thereby enabling the two domains to clamp the bound 
peptide which adopts a helical conformation. The overall structure of the 
complex is globular, approximating an ellipsoid of dimensions 47 x 32 x30t~. 
The helical peptide is located in a hydrophobic channel which passes through 

the center of the ellipsoid at an angle of 45 ° to its long axis. 
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Introduction 

Calmodulin (CAM) is a ubiquitous Ca2+-binding protein 
of 148 residues which is involved in a wide range of 
cellular Ca2+-dependent signalling pathways, thereby 
regulating the activity of a large number of proteins in- 
cluding protein kinases, a protein phosphatase, nitric 
oxide synthase, inositol tfiphosphate kinase, NAD ki- 
nase, cyclic nucleotide phosphodiesterase, Ca 2+ pumps 
and proteins involved in motility [1]. CaM-binding do- 
mains have been isolated from a number of CaM- 
dependent  enzymes and have been shown to comprise 
peptide sequences with a high propensity for helix for- 
mation [1,2]. In addition, both circular dichroism [2,3] 
and NMR [4",5] studies have shown that many naturally 
occurring CaM-binding peptides, such as mellitin and 
mastoporan, as well as synthetic peptides correspond- 
ing to CaM-binding domains, adopt a helical conforma- 
tion upon binding to CaM. 

The crystal structure of Ca2+-CaM was solved a number 
of years ago [6-9]. It is a dumbbell-shaped molecule 
with an overall length of 65 A which comprises two 
globular domains, each of  which contains two Ca 2+- 
binding sites of the helix-loop-helix type, connected 
by a long, solvent-exposed, rigid central helix (residues 
66-92) some eight-turns in length (Fig. 1). In solution, 
on the other hand, 1H-15N NMR relaxation measure- 
ments have demonstrated unambiguously that the cen- 
tral helix is disrupted near its mid-point, with residues 
78--81 adopting an essentially unstructured 'random 
coil' conformation [10-]. Indeed, these residues are so 
flexible that the amino- and carboxy-terminal domains 

of Ca2+-CaM effectively tumble independently of each 
other. Thus, in solution, the so-called 'central helix' is 
not a helix at all but is a 'flexible tether', whose pur- 
pose is to keep the two domains in close proximity for 
binding to their target [10"]. 

A range of biophysical studies, including cross-linking 
experiments [11] and small-angle X-ray and neutron 
scattering [12,13], have indicated that upon complexa- 
tion with certain target peptides, CaM adopts a globu- 
lar conformation. Ever since the appearance of the first 
Ca2+-CaM crystal structure in 1985, the structural mech- 
anism whereby Ca2+-CaM recognizes its target sites 
has been the subject of considerable interest and de- 
bate, and a number of models for a Ca2+-CaM-peptide 
complex have been proposed [14,15]. This problem has 
now been  resolved as a result of the determination of 
the solution structure of a complex of Ca2+-CaM with a 
target peptide (M13) from skeletal muscle myosin light- 
chain kinase (MLCK) [16-] using nmhi-dimensional 
heteronuclear-filtered and -edited NMR spectroscopy 
[17]. The solution structure was subsequently con- 
firmed by the determination of the X-ray structure of 
a complex with a related peptide from smooth muscle 
MLCK [18]. 

In this review, we describe the structure and biologi- 
cal implications of the Ca2+-CaM-peptide complexes 
determined by NMR and crystallography, the confor- 
mational changes that occur upon binding peptide, 
the factors stabilizing the peptide-protein interaction, 
and the relationship of the structures to biochemical 
data and previously proposed models. 

Abbreviations 
CaM--calmodulin; MLCK--myosin light-chain kinase; NOE--nuclear Overhauser effect; tins--root mean square. 
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Solution structure of the Ca2+-CaM-M13 
complex 

Structure determination of the complex 
The 26-residue peptide M13 used for the solution 
studies comprises residues 577-602 of the CaM-bind- 
ing domain of skeletal nmscle MLCK. The solution 
structure was determined on the basis of  1995 experi- 
mental NMR restraints which included 133 interproton 
distance restraints between the pept ide and the pro- 
tein. The amino (residues 1-5) and carboxyl (residues 
147-148) termini of CaM, the tether connecting the 
two domains of CaM (residues 74-82), and the amino 
(residues 1-2) and carboxyl (residues 22-26) termini 
of  M13 were ill-defined by the NMR data and appear  
to be disordered in solution. The atomic root mean 
square (rms) distribution about the mean coordinate 
positions for the rest of  the structure (i.e. residues 6-73 
and 83-146 of CaM and residues 3-21 of M13) is 1.0A, 
for the backbone atoms and 1.4,~. for all atoms. Thus, 
this structure represents a second-generation structure 
according to the classification of Clore and Gronenborn 
[17]. A stereoview showing a best-fit superposition of 
the 24 calculated structures is provided in Fig. 2. 
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Fig. 1. Ribbon drawing of the X-ray structure of uncomplexed Ca TM 
CaM [6]. The amino terminal domain is shown in blue and the 
carboxy terminal one in red. The model was generated with the 
program RIBBONS (written by M Carson). 

Within the errors of the NMR coordinates, there is no 
significant conformational change within each domain 
(residues 4-74 and 82-146) be tween the complexed 
and uncomplexed states. Further, the overall conforma- 
tion of the two domains is very similar, such that their 
backbone  atoms can be super imposed with an atomic 
rms difference of 1.8A. 

Fig. 2. Stereoview showing a best-fit superposition of the backbone (N, C~x, C) atoms of an ensemble of 24 calculated structures of the 
Ca2+-CaM-M13 complex determined by NMR spectroscopy. The amino-terminal domain is shown in blue, the carboxy-terminal domain in 
red, and the M13 peptide in green; the restrained regularized mean structure is also included in the superposition and is highlighted. The 
coordinates were derived from [16-]. 
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Conformational changes upon complexation 
The major conformational change in Ca2+-CaM that 
occurs upon binding to M13 involves an extension 
of the flexible tether (residues 78---81) in the mid- 
dle of the 'central' helix of the solution structure of 
free Ca2+-CaM [10"] to a long flexible loop extending 
from residues 74-81, flanked by two helices (residues 
65-73 and 83-93), thereby enabling the two domains 
to come together to grip the peptide rather like two 
hands capturing a rope (Fig. 3). The hydrophobic 
channel formed by the two domains is complementary 
in shape to that of the peptide helix. This is clearly il- 
lustrated by the schematic ribbon drawings shown in 
Fig. 4, which also highlights the approximate twofold 
pseudo-symmetry of the complex. Thus, whereas the 
two domains of CaM are arranged in an approximately 
orthogonal manner to each other in the crystal struc- 
ture of Ca2+-CaM [6-9], in the Ca2÷-CaM-M13 complex 
they are almost symmetrically related by a 180" ro- 
tation about a twofold axis. A large conformational 
change also occurs in the M13 peptide upon com- 
plexation from a random-coil state to a well defined 
helical conformation. Indeed, the helix involves all the 
residues (3-21) of M13 that interact with CaM, whereas 
the amino (residues 1-2) and carboxyl (residues 22-26) 
termini of the peptide, which do not interact with CaM, 
remain disordered. 

In Figs 2 and 4, the roof of the channel is formed by 
helices II (residues 29-38) and VI (residues 102-111) 
of the amino- and carboxy-terminal domains, respec- 
tively, which run antiparallel to each other, and the 
floor is formed by the flexible loop (residues 74-82) 
connecting the two domains and by helix VIII (residues 
138-146) of the carboxy-terminal domain. The front 
of the channel in Fig. 4(a) and the left wall of the 
channel in Fig. 4(b) is formed by helices I (residues 
7-19) and IV (residues 65-73) and the mini-antipar- 
allel ~sheet comprising residues 26-28 and 62-64, all 
derived from the amino-terminal domain; the back of 
the channel in Fig. 4(a) and the right wall of the chan- 
nel in Fig. 4(b) is formed by helices V (residues 83-93) 
and VIII (residues 138-146) and the mini-antiparallel 
~sheet comprising residues 99-101 and 135-137, all 
from the carboxy-terminal domain. The two domains 
of CaM are staggered with a small degree of overlap, 
such that the hydrophobic face of the amino-termi- 
nal domain mainly contacts the carboxy-terminal half 
of the M13 peptide, whereas the carboxy-terminal do- 
main principally interacts with the amino-terminal half 
of M13 (Fig. 4a). 

The overall Ca2+-CaM-M13 complex has a compact 
globular shape approximating to an ellipsoid with 
dimensions 47×32x30A. The helical M13 peptide 
passes through the center of the ellipsoid at an angle 
of 45" to its long axis. By way of contrast, the approxi- 
mate dimensions of the Ca2+-CaM X-ray structure are 
65 ×30x30A [6-9]. This change in dimensions is re- 
flected by a change in the ratio of the three principal 
components of the inertia tensor from 1.00 : 0.22 : 1.07 
for the X-ray structure of Ca2+-CaM to 1.00 : 1.44 : 1.58 
for the solution structure of the Ca2+-CaM-M13 com- 
plex. In addition, the calculated radius of gyration for 
Ca2+-CaM-M13 is 17A, which is completely consistent 
with the decrease in the radius of gyration from 21 to 
16A observed by both small-angle X-ray and neutron 
scattering upon complexation of Ca2+-CaM with M13 
[131. 

Fig. 3. Schematic representation of the structure of the 
Ca2+-CaM-peptide complex, in which the peptide is represented 
by a rope, and the two domains of CaM by two right hands. 

Complexation results in a decrease in the solvent- 
accessible surface area of CaM and M13 of 1848 and 
1477A2, respectively, which corresponds to a decrease 
in the calculated solvation free energy of folding [19] of 
18 and 20 kcal mo1-1, respectively. This large decrease 
in solvation free energy can account for the very tight 
binding (K a = 109 M-l) of M13 to CaM. In addition, the 
accessible surface area of the portion of M13 (residues 
3-21) in direct contact with CaM in the complex is only 
494 A 2, compared with an accessible surface area of 
3123A 2 for a random coil and 2250A 2 for a helix. 
Thus, over 80% of the surface of the peptide in con- 
tact with CaM is buried. 

Interactions stabilizing the complex 
The Ca2+-CaM-M13 complex is stabilized by numerous 
hydrophobic interactions (summarized in Fig. 5). Par- 
ticularly striking are the interactions of Trp4 and Phe17 
of the peptide which serve to anchor the amino- and 
carboxy-terminal halves of M13 to the carboxy-termi- 
nal and amino-terminal hydrophobic patches of CaM, 
respectively (Fig. 4b). These interactions also involve 
a large number of methionine residues, which are un- 
usually abundant in CaM, in particular four methion- 
ines in the carboxy-terminal domain (Met109, Met124, 
Met144 and Met145) and three in the amino-terminal 
domain (Met36, Met51 and Met71). As methionine is 
an unbranched hydrophobic residue extending over 
four heavy atoms (Cl3 , C~ $8 and Ce), the abundance 
of methionines can generate a hydrophobic surface 
whose detailed topology is readily adjusted by minor 
changes in side-chain conformation, thereby providing 
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a mechanism for the accommodation and recognition 
of different bound peptides [15]. 

Fig. 4. (a,b) Two orthogonal views of a schematic ribbon drawing 
representation of the solution NMR structure of the Ca2+-CaM-M13 
complex, with the amino-terminal domain in blue, the carboxy- 
terminal domain in purple, and the M13 peptide in yellow. The 
hydrophobic side chains of the amino- and carboxy-terminal do- 
mains of CaM are shown in red, and the Trp4, PheS, Vail1 and 
Phel 7 side chains of the peptide are displayed in green. The model 
was generated using the program VISP (written by E de Castro and 
S Edelstein), and the coordinates were taken from [16-]. 

In addition to hydrophobic interactions, a number  
of possible electrostatic interactions can be deduced  
from the calculated NMR structures. Putative interac- 
tions exist between the arginine and lysine residues of  
M13 and the glutamate residues of CaM (also included 
in Fig. 5): G lu l l  and Glul4 in helix I lie within 5~* of  
Lys5 and Lys6 of M13; Glu83, Glu84 and Glu87 in helix 
V of  CaM are close to Lysl9, Argl6 and Lysl8 of M13, 
respectively; and Glu127 in helix VII of CaM is close to 
Arg3 of M13. 

Crystal structure of the Ca2+-CaM complex wi th  
a target peptide from smooth muscle myosin 
l ight-chain kinase 

After the determination of the solution structure of  the 
complex with a peptide from skeletal muscle MLCK, 

a crystal structure with a related 20-residue peptide 
from the CaM-binding domain of  smooth muscle MLCK 
was solved at a resolution of 2.4 A [18]. The sequence 
identity between the peptides used for the NMR and 
crystallographic studies is 30%. As expected, the over- 
all structure and the interactions between the peptide 
and the protein are very similar. The backbone rms 
difference between the solution and X-ray structures 
for the amino- (residues 6-73) and carboxy- (residues 
83-146) terminal domains, for the peptide (residues 
3-19 in the numbering scheme for M13) and for the 
whole complex excluding disordered regions (i.e. for 
residues 6-73 and 83-146 of CaM and residues 3-19 
of the peptide) are 1.9, 1.4, 1.1 and 1.9~,, respectively. 
The precision of the NMR coordinates is -1 A for the 
backbone atoms (which translates to an accuracy of 
-1.6A) [20"]. At a resolution of  2.4A, the accuracy of 
the X-ray coordinates is -0 .4-0.5A [21]. Thus, one can 
conclude that there is no significant difference between 
the solution and X-ray structures within the errors of 
the coordinates. 

There are a few clear-cut minor differences, however, 
in the linker region between the solution and X-ray 
structures of the complex. Thus, in solution, residues 
74-81 are disordered on the basis of the nuclear Over° 
hauser effect (NOE) data [16-], as well as the 13Cox and 
13C[~ chemical shifts [22]. In contrast, residues 73-77 in 
the crystal structure have an extended conformation 
with well defined helices proceeding and following 
this segment [18]. This minor difference results pre- 
sumably from crystal packing forces and/or  a scarcity 
of NOE data in this region. 

Correlation with biochemical data 

The solution and X-ray structures of  the Ca2+-CaM - 
peptide complexes explain a number  of interesting 
observations. Studies of backbone amide-exchange be- 
havior have shown that upon complexation with M13, 
the amide-exchange rates of residues 75-79 are in- 
creased substantially [23]. Previous NMR studies on 
CaZ+-CaM indicated that the long central helix is al- 
ready disrupted near its middle (between Asp78 and 
Ser81) in solution [22] and that large variations in the 
orientation of one domain relative to the other occur 
randomly with time [10-]. The further disruption of the 
central helix upon complexation seen in the structures 
of the two complexes is manifested by the increased 
amide-exchange rates, and supports the view of the 
central helix serving as a flexible linker between the 
two domains. Similarly, the structures of the two com- 
plexes explain the finding that as many as four residues 
can be deleted from the middle of the central helix 
without dramatically altering the stability or shape of 
the Ca2+-CaM-M13 complex [24,25], as the long flexible 
loop connecting the two domains can readily be short- 
ened without causing any alteration in the structure (cf. 
Fig. 4). 
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Fig. 5. Summary of residue pairs for 
which intermolecular NOEs between 
CaM and M13 are observed. CaM resi- 
dues involved in hydrophobic interac- 
tions are boxed. Also included are po- 
tential electrostatic interactions between 
negatively charged glutamate residues 
of CaM, shown in parentheses, and 
positively charged lysine and arginine 
residues of M13; it should be noted that 
the electrostatic interactions have been 
inferred purely from the structure as no 
NOEs have been identified between these 
pairs of residues. Adapted from [16-]. 

The observation from photoaffinity-labeling studies 
that the two domains of CaM interact simultaneously 
with opposite ends of the peptide, such that residue 
4 of the peptide (numbering for M13) can be cross- 
linked to Met124 or Met144 of  the carboxy-terminal 
domain and that residue 13 of the peptide can be cross- 
linked to Met71 of the amino-terminal domain [15,26], 
is in agreement with the structural finding that the 

.amino-terminal half of  the peptide interacts predom- 
inantly with the carboxy-terminal domain whereas the 
carboxy-terminal half of the peptide interacts predomi- 
nantly with the amino-terminal domain (Figs 2--4). The 
observation that at least 17 residues of the M13 pep- 
tide from either skeletal muscle or smooth muscle are 
necessary for high-affinity binding [27,28] is readily ex- 
plained by the intimate interactions of the carboxy- 
terminal hydrophobic residue (i.e. Phel7)  with the 
amino-terminal domain of CaM by which the pep- 
tide is anchored. Finally, the structure accounts for 
experiments in which cross-linking of residues 3 and 
146 of CaM, mutated to cysteine, has no effect on the 
activation of MLCK, even if the central helix is cleaved 
proteolytically at Lys77 by trypsin [11]. Whereas the Ccts 
of residues 3 and 146 are 37A apart in the X-ray struc- 
ture of CaX+-CaM, they are only 20A apart in the solu- 
tion structure of the CaX+-CaM-M13 complex, which is 
close enough to permit cross-linking to occur. 

of the structure, namely the two domains coming to- 
gether in close proximity to form a hydrophobic chan- 
nel occupied by a peptide in a helical conformation, 
are similar in the two cases. 

There are however  substantial differences. First, the ex- 
tent of the M13 peptide in direct contact with CaM 
is a little greater in the model (residues 1-21) than 
in the solution structure (residues 3-21). Second, the 
peptide in the model is oriented at 180" relative to 
that in the solution and X-ray structures, such that the 
amino- and carboxy-terminal halves of the peptide in 
the model interact with the amino- and carboxy-ter- 
minal domains of CaM, respectively. (The possibility 
of inverting the orientation of the peptide is how- 
ever stated in the description of the model.) Third, 
the relative orientation of the two domains is signifi- 
cantly different. This can be attributed to the fact that 
the central helix remains essentially intact in the model 
except for the kink introduced at SerS1, whereas in the 
solution structure it is broken up and partitioned into 
two helices separated by a long eight-residue flexible 
loop, thereby permitting a more optimal arrangement 
of the two domains. Thus, when the carboxy-terminal 
domains of  the model and solution structures are su- 
perimposed, the atomic rms displacement between the 
amino-terminal domains of the two structures is 8 ,~. As 
a consequence,  the width of  the channel is a little wider 
and the two domains are slightly more separated in the 
model than in the solution structure. 

Comparison with previous models 

It is of interest to compare the structures of the Ca 2+- 
CaM-peptide complexes with the class III model pro- 
posed by Persechini and Kretsinger [14]. In this model, 
binding is accomplished by introducing a kink in the 
central helix by simply changing the ¢,~ angles of 
SetS1 from -5T,-47" to -54",+98 °. The general features 

An alternative model was also proposed by O'Neil and 
DeGrado [15]. As in the previous model, a kink was in- 
troduced by altering the ¢,Xl t angles of SetS1. Although 
the orientation of the peptide in this model, based 
on the results of photo-labeling studies, was correct, 
only a relatively small distortion was introduced into 
the central helix, so that the complex retained to some 
degree a dumbbell shape as opposed to the globular 



shape observed in the actual structure, and did not pos- 
sess a well defined hydrophobic channel. 

Implications of the structures of the 
calmodulin-target  peptide complexes 

A large body of experimental data shows that CaM 
binds to numerous proteins whose binding donmins 
exhibit a propensity for et-helix formation [1,2]. A com- 
parison of these sequences reveals little homology. 
Yet ninny of the very tightly binding peptides (K a > 
5x107M -l) share the common property of contain- 
ing either aromatic residues or long-chain hydrophobic 
residues (leucine, isoleucine or valine) separated by 12 
residues, as sumnmrized in Fig. 6. In the case of M13, 
these two residues are Trp4 and Phe17, which are ex- 
clusively in contact with the carboxy- and amino-termi- 
nal domains of CaM, respectively (Figs 4 and 5). Given 
that these two residues are involved in more hydropho- 
bic interactions with CaM than any other residues of 
the peptide (cf. Fig. 5), it seems likely that this feature 
of the sequence can be used to align the CaM-binding 
sequences listed in Fig. 6, thereby permitting one to 
predict their interaction with CaM. 

It is clear from this alignment that the pattern of 
hydrophobic and hydrophilic residues is in general 
comparable for the various peptides, suggesting that 
the mode of binding and the structure of the cor- 
responding complexes with Ca2+-CaM are also likely 
to be similar. For example, there is, in general, con- 
servation of hydrophobic residues at the positions 
equivalent to Phe8 (in M13) which interacts with the 
carboxy-terminal domain and Valll  which interacts 
with both domains (cf. Figs 4 and 5). In addition, 
there are no acidic residues present which would re- 
sult in unfavorable electrostatic interactions with the 
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negatively charged glutamate residues on the surface 
of CaM (cf. Fig. 5). The minimum length of  peptide 
required for high-affinity binding to Ca2+-CaM is de- 
fined by the 14-residue mastaporans, which comprise 
the two hydrophobic residues at the anLno and car- 
boxyl termini (Fig. 6) and have approximately the same 
equilibrium association constant (K a = 1-3 x 109 M-l) as 
M13 [3]. This structural alignment also predicts that a 
peptide stopping just short of the second hydrophobic 
residue of the pair (i.e. the residue equivalent to Phe17) 
would only bind to the carboxy-terminal domain and 
that the resulting complex would therefore retain the 
dumbbell shape of Ca2+-CaM 

This is exactly what has been observed by small-angle 
X-ray scattering using two synthetic peptides, C24W 
and C20W (Fig. 6), comprising different portions of 
the CaM-binding domain of the plasma membrane Ca 2+ 
pump [29]. The complex with the C24W peptide, which 
corresponds to residues 1-24 of  M13 and contains a 
tryptophan at position 4 and a valine at position 17, has 
a globular shape similar to that of Ca2+-CaM-M13. The 
complex with the C20W peptide, on the other hand, 
which corresponds to residues 4-16 of M13 and there- 
fore lacks the carboxy-terminal hydrophobic residue of 
the pair, retains the dumbbell shape of Ca2+-CaM [29], 
suggesting that the peptide only binds to the carboxy- 
terminal domain. 

Concluding remarks 

The solution [16-] and X-ray [18] structures of the 
two complexes of Ca2+-CaM with target peptides from 
skeletal and smooth nmscle MLCK reveal an unusual 
binding mode in which the target peptide is se- 
questered into a hydrophobic channel formed by the 
two domains of CaM with interactions involving 19 

SK-MLCK MI3 K 
SM-MLCK MI3 R 
Ca Pump C24W Q 

C20W LRRGQ 
Calspermin A R 
Calcineurin A R K 
Mastaporan 
Mastaporan X 
Mellitin G I G 

l 

RRWI 
R KWJ 
I LWI 
I LWI 
RK LI 
E V,II 

II 

 v[_J 

5 i0 

K K N~I A~ 
QF K T G H A V  

R G~N R I 

F R G~AIV L N R I K A A K AV 
RW K R A I 
N L K L AA 
NWKG I AAMAKK 
KVL[]TG __PALI 

Interacting C C C N 
domain of CaM N 

15 20 25 

S A A N R ~ K K I  S S S GALM 
R A I G R L S S S  
QTQ I R V V N A  FRS S 
Q T Q I K  
V A S S R L G S  
G K M A R V S  FVL 
LAKKIL' 

LLI 
S WII KRKRQ Q 

Fig. 6. Alignment of tightly binding (K a >5 x 10 7 M -]) CaM-binding sequences based on the structural role of Trp4 and Phel 7 in anchoring the 
M13 peptide to the carboxy- and amino-terminal domains of CaM, respectively. Each sequence features a pair of aromatic and/or long-chain 
aliphatic residues (boxed) separated by a stretch of 12 residues which correspond to Trp4 and Phel 7 of M13. In addition, there are generally 
hydrophobic residues at positions equivalent to Phe8 (which interacts with the carboxy-terminal domain) and Vail1 (which interacts with 
both domains). Adapted from [16-]. 



844 Proteins 

residues of the target peptide (i.e. residues 3-21 of 
M13). In addition, a key requirement appears to be 
the presence of two long-chain hydrophobic or aro- 
matic residues separated by 12 residues in order to 
anchor  the peptide to the two domains of CaM (Fig. 4). 
By anology, the rope (i.e. the CaM-binding domain of  
the targe0 has to be long enough and have two knots 
at each end for the two hands (i.e. domains) of CaM 
to grip it (Fig. 3). This particular mode of binding is 
therefore only likely to occur if the CaM-binding site is 
located either at an easily accessible carboxyl or amino 
terminus or in a long exposed surface loop of  the target 
protein. An example of the former is MLCK and of the 
latter is calcineurin. In accordance with their location, 
the CaM-binding sites in these proteins are susceptible 
to proteolysis [28,30]. 

Clearly, other types of complexes between Ca2+-CaM 
and its target proteins are possible given the inherent 
flexibility of the central helix [10%22,23]. For example, 
in the case of the T-subunit of  phosphorylase kinase, it 
appears that there are two discontinuous CaM-binding 
sites which are capable of binding to Ca2+-CaM simul- 
taneously [31], and binding of a peptide derived from 
one of  these sites causes elongation rather than con- 
traction of Ca2+-CaM [32], indicating that the complex 
is of a quite different structural nature. Similarly, in the 
case of  cyclic nucleotide phosphodiesterase [33] and 
CaM kinase II [34], the CaM-binding sequences do 
not have the same spacing of hydrophobic residues 
seen in M13 and the other sequences listed in Fig. 
6, and, in addition, CaM kinase II is not susceptible 
to proteolysis in the absence of phosphorylation [35], 
suggesting that the mode of binding is different again. 
Thus, in all likelihood, the complexes of Ca2÷-CaM with 
target peptides from skeletal and smooth MLCK repre- 
sent one  of a range of CaX÷-CaM binding modes that 
achieve CaM-target protein interactions in an efficient 
and elegant manner. 
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