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Abstract

EF-hand calcium binding proteins have remarkable sequence homology and structural similarity, yet their response to binding of calcium

is diverse and they function in a wide range of biological processes. Knowledge of the fine-tuning of EF-hand protein sequences to optimize

specific biochemical properties has been significantly advanced over the past 10 years by determination of atomic resolution structures. These

data lay the foundation for addressing how functional selectivity is generated from a generic ionic signal. This review presents current ideas

about the structural mechanisms that provide the selectivity of different EF-hand proteins for specific cellular targets, using S100 and

calmodulin family proteins to demonstrate the critical concepts. Three factors contribute significantly to target selectivity: molecular

architecture, response to binding of Ca2+ ions, and the characteristics of target binding surfaces. Comparisons of calmodulin and S100

proteins provide insights into the role these factors play in facilitating the variety of binding configurations necessary for recognizing a

diverse set of targets.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Intracellular calcium signaling relies on the superfamily

of EF-hand calcium binding proteins, which regulate diverse

cellular activities ranging from exocytosis, muscle contrac-

tion, metabolism, transcription, fertilization and cell prolif-

eration, to Ca2+ buffering and homeostasis [7,8,67]. EF-hand

calcium sensors such as S100 and calmodulin family

proteins translate the physiological changes in calcium levels

into specific cellular responses by undergoing a large
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conformational change that exposes a binding site recog-

nized by downstream effectors. The sensitivity of these

proteins to temporal and spatial changes in calcium concen-

trations in the range of 0.1–10 AM is achieved by fine-tuning

their calcium affinities into precisely the appropriate range.

The basic structural/functional unit of EF-hand proteins

is a pair of EF-hand motifs [34] that together form a stable

four-helix bundle domain (Fig. 1) [48,61]. The pairing of

EF-hands enables cooperativity in the binding of Ca2+ ions,

which is essential for generating a clean response to the

relatively modest change in Ca2+ concentration during

active signaling [37]. Studies have shown that the entire

EF-hand domain must be treated as a single, globally

cooperative unit [48,61]. In order to understand transduction

of Ca2+ signals by EF-hand proteins, it is also important to

recognize that the affinity for Ca2+, conformational response

to the binding of ions, and interaction with targets are all

energetically coupled [6].

Many EF-hand proteins contain more than a single EF-

hand domain. Structural variations in how the domains are

organized contribute significantly to selectivity for targets
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Fig. 1. Basic structural features of EF-hand Ca2+ binding proteins. The panels display structures of the isolated EF-hand motif (1CLL) [9], EF-hand domain

from CaM (1CLL) [9], intact Calmodulin (1CLL) [9] and S100B (1MHO) [41]. Different colors are used to distinguish between the pairs of EF-hands, the two

subunits of S100B and the two EF-hand domains of CaM. All figures in the paper were generated in MOLMOL [33].
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and the diversity in EF-hand protein function. The well-

studied S100 and calmodulin family proteins provide a clear

example of differences in the organization of two domains

(Fig. 1).

The interaction between any two proteins ultimately

comes down to the characteristics of their respective binding

surfaces. Consequently, understanding the Ca2+-dependent

regulation of signaling pathways by EF-hand proteins

requires atomic level knowledge of the structures of the

complex with the target protein. Over the past ~10 years, the

number of three-dimensional structures of complexes has

increased at a very rapid pace. Considerable progress has

been made in elucidating guiding principles of target

interactions, particularly for calmodulin [13,71]. This

review focuses on the structural basis for the selectivity of

EF-hand proteins for different targets. Calmodulin and S100

family proteins are used to demonstrate basic principles. We

highlight the differences in the overall architecture of these

proteins and the malleability of the target binding surface as

part of a combined mechanism to generate target selectivity

amongst members of these two families.
2. Calmodulin family proteins

The calmodulin family is very large and has been

extensively characterized amongst the EF-hand Ca2+ sensor

proteins [7,8,67]. Much of what is known today in regards

to the mode of action of EF-hand Ca2+ sensors is based on

the structural analysis of the parent protein, calmodulin

(CaM) and its interactions with various targets. Hence, CaM
is used as an example for discussing the principal

determinants of target selectivity.

2.1. Structural overview of CaM

Calmodulin, the archetypal EF-hand calcium sensor,

consists of two canonical EF-hand domains tethered by a

flexible helical linker (Fig. 1). The two domains share high

overall sequence homology (75%), as well as structural

similarity in the presence [9,11,21] and absence of Ca2+ ions

[22,35,74]. However, the differences in the two domains are

significant enough to result in distinct biochemical proper-

ties. For example, the calcium affinity of CaM-C (Kd~10
�6

M) is 10-fold stronger than CaM-N (Kd~10
�5 M) [23,37].

The consequences of structural changes within each

domain induced by the chelation of Ca2+ ions by side-chain

(and one backbone) oxygen atoms in each of the two EF-

hands creates a large solvent exposed hydrophobic surface

that interacts with targets. The presence of four methionines

in each binding pocket is critical, as the unique physi-

ochemical properties of this side chain helps stabilize the

open conformation and provides a high degree of structural

malleablility for adapting to the many different targets

regulated by calmodulin [13,48,49,73]. Remarkably, the

electrostatic character of the binding surface of the two

domains is significantly different. CaM-N possesses acidic

patches that are partly neutralized by inclusion of basic

residues in and around the binding pocket. In contrast, the

binding pocket of CaM-C is predominantly acidic. In

addition to the fundamental differences between the two

domains, the flexible linker between them enables a great
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deal of variability in the relative orientations of the two

domains [2], which is a critical factor in the ability of CaM

to interact with such a large number of targets.

Structural characterization of CaM by NMR has also

revealed significant differences in the conformational

dynamics of the N- and C-domains, which appears to

influence their independent functions. The NMR structure

of apo-CaM suggests a closed conformation for the N-

domain, with the hydrophobic core largely sequestered from

solvent [11,35,74]. In contrast, there is clear evidence for

dynamic exchange between a closed and one or more

partially open conformations in the C-domain [19,20,35,39].

A dynamic equilibrium involving conformations with a

partially exposed hydrophobic core has been proposed to

play a critical role in CaM function, by enabling pre-

association of CaM with targets before a calcium signal is

generated [10,62]. In this hypothesis, canonical signal

transduction by CaM corresponds to transition from a pre-

associated state mediated by the C-domain to full engage-

ment by both domains. This mechanism solves the timing

problem caused by the need for activated CaM to diffuse

through the crowded intracellular environment to find the

target once a Ca2+ signal is generated. An excellent

illustration of this idea is provided by the recently published

structure of apo-CaM complexed with the gating domain of

SK Potassium Channel [57]. In this structure the target is

pre-associated exclusively with a closed conformation of the

C-domain of apo-CaM using a limited set of intermolecular

contacts. There are no detectable interactions with the N-

domain of CaM in the absence of calcium. This is unlike the

situation at elevated levels of calcium when both domains of

CaM are engaged in interactions with the intracellular gating

domain [58]. A bsemi-openQ conformation of CaM-C has
Fig. 2. Structures of calmodulin in complex with targets showing different bin

complexes containing peptides derived from smooth muscle Myosin Light Chain K

CAP-23/NAP-22 (1L7Z) [40]; CaM-induced dimerization of the N-terminal dom

CaMBD from SK Potassium Channel (1G4Y) [58]; extended binding mode for the

[17]. In each of the figures the ribbon representation of CaM is colored blue and th

orange colored spheres.
also been observed for Ca2+-free EF-hand domains of

myosin light chains (essential and regulatory) in complex

with an IQ-motif from the heavy chain [28].

2.2. Target interactions

Calmodulin mediates a myriad of cellular processes such

as cell division and differentiation, gene transcription, ion

transport by channels, membrane fusion and muscle

contraction [7,8,67]. The list of targets regulated by CaM

is extensive and includes adenylyl cyclases, CaM kinases,

ion channels and various cell surface receptors. This

diversity is matched by variation in the way CaM interacts

with its many targets [76].

2.2.1. Canonical wrap-around mode

The best known mode of interaction of CaM with target

involves the binding of both CaM domains to a single

binding region, as exemplified by the structure of CaM in

complex with the binding peptide of smMLCK (Fig. 2) [44].

This binding mode is observed for all peptides derived from

the autoinhibitory domains of myosin light chain kinases

and other CaM-dependent kinases [43,50]. The peptide

adopts a helical conformation and is enveloped by the two

domains, hence the term bwrap-aroundQ. The intrinsic

flexibility in the linker enables a large reduction in the

separation of the two domains from the 50 2 in the crystal

structure of free CaM to less than 10 2 when wrapped

around the target peptide. The complex is anchored by

bulky hydrophobic side chains and further stabilized by

basic side chains from the peptide that interact favorably

with acidic residues in and around the binding site. The

helical conformation of the peptide facilitates the correct
ding modes. The panels show the wrap-around CaM binding modes for

inase (smMLCK, 1CDL) [44] and the N-terminal myristoylation group from

ain of Petunia Glutamate Decarboxylase (1NWD) [72] and cytoplasmic

complex with the Ca2+-Pump (1CFF) [18] and anthrax edema factor (1K93)

e peptide is a shade of red or yellow. The calcium atoms are represented as
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spacing of key anchor points at the surface of the target,

which is important for interactions with both domains.

Based on the spacing of bulky hydrophobic groups that

serve as anchor points, the CaM binding motifs have been

classified into four categories described as 1–5–10, 1–8–14,

1–16 and IQ motifs, respectively [13,54,71] (Fig. 3).

Typically the first position is bound to the C-terminal domain

of CaM while the residues at position 10 or 14 interact with

CaM-N. In the 1–16 motif, the alignment of the peptide is

reversed and the residue at the first position interacts with

CaM-N instead. The orientation of the peptide is determined

by steric factors and the presence of a basic patch near the N-

terminus (classes 1–5–10, 1–8–14) or C-terminus (class 1–

16) of the target sequence, respectively [50].

An interesting variation on the wrap-around binding

mode involves CAP-23/NAP-22, a brain specific PKC

substrate involved in axon regeneration that lacks a

consensus CaM-binding motif [40]. An intriguing hint to

the unique nature of this interaction was that the binding of

CAP-23 is dependent on myristoylation at its N-terminus.

Insight into the structural mechanism was obtained from a

recent X-ray structure, which showed the myristoyl group in

the same site as target peptides that bind in the wrap-around

mode (Fig. 2). In this case, the fatty acid was enveloped

within the groove between the CaM-N and CaM-C domains.

The wrap-around mode was initially assumed to be the

predominant structural mechanism for CaM binding to its

targets. However, the publication of several structures in the

past few years in which the target has posttranslational

modifications or contains non-consensus CaM binding

motifs has greatly expanded the CaM binding repertoire.

These structures confirm the important roles of conforma-

tional flexibility within each CaM domain and variability in

the relative positioning of the two domains for adapting to

different targets. For example, the intrinsic malleability of

CaM enables it to compensate for the absence of what were

assumed to be critically positioned anchor residues. Some of

these structures have also presented the first evidence

supporting a role for CaM dimerization in biological

function.
Fig. 3. Comparison of the amino acid sequences of CaM binding motifs.

For canonical CaM binding motifs the Trp side chain is colored green and

remaining hydrophobic anchor points are colored red. Basic residues are

indicated in blue.
2.2.2. Extended binding modes

Although the wrap-around binding mode of target

binding to CaM is the best characterized, many members

of the CaM family, including CaM itself, are distinguished

by binding in an extended mode such that their domains

interact with different regions of the target. This mode of

binding is best characterized for troponin C (TnC), which

has two EF-hand domains similar to CaM [26,60,59,27].

The recently published high-resolution X-ray structure of

the core domain of the cardiac troponin complex has

provided details of interactions involving TnC, the Ca2+-

binding subunit in the ternary complex containing TnI, the

inhibitory subunit and TnT, the tropomyosin-binding sub-

unit in muscle contraction [64]. The mode of action of the

complex involves the sequential calcium triggered confor-

mational response of the two domains from TnC. The C-

domain of TnC has such high Ca2+ affinity, that it is Ca2+-

loaded even in the resting state and hence constitutively

bound to a portion of TnI. At elevated levels of calcium, the

regulatory N-domain of TnC binds Ca2+ ions and undergoes

a conformational change, which in turn engages a different

part of TnI. TnC is a classic example where the calcium

response is generated by coupling the functionality of the

CaM-like domains in the extended mode.

Similarly, the structure of CaM in complex with a

fragment of the plasma membrane Ca2+ pump revealed that

at basal levels of Ca2+, the channel is partially activated by

interactions of CaM-C with an auto-inhibitory domain that

releases the active site of the ATP-binding domain from the

Ca2+ Pump [18] (Fig. 2). However, maximum pumping

efficiency is achieved only after Ca2+ levels are elevated and

CaM-N is activated and engaged with a different region of

the ATP-binding domain.

The most direct example of CaM binding in the extended

mode comes from the structure of the complex with the

anthrax exotoxin, Edema Factor [17] (Fig. 2). Although the

Edema factor carries a 1–8–14 CaM consensus sequence, the

structure of the intact catalytic domain (EFCD) complexed

with CaM revealed an extended mode of binding. The EFCD

surrounds and makes extensive contacts with both domains

of CaM, which stabilizes the open conformation of the active

state of EFCD. In the structure, CaM-C is Ca2+-loaded and

occupies an open conformation that engages the EFCD in a

conventional manner through an exposed hydrophobic

patch. In contrast, CaM-N is Ca2+-free and occupies a

closed conformation, which causes it to contact the EFCD

through it exterior surface. This binding at the surface of the

domain is reminiscent of a report on CaM interaction with a

MARCKS peptide, in which interactions were proposed to

be mediated by CaM-N in a closed or partially open

conformation [70]. The differences in how the two domains

interact with the EFCD is consistent with NMR studies that

reveal the Ca2+ affinity of CaM-N to be much weaker than

that of CaM-C in the presence of the EFCD [66].

The extended binding mode is also used for targets

that bind to apo-CaM. Many of these targets, such as
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neuromodulin and neurogranin, interact through the IQ

motif [32], which contains the consensus sequence

IQxxxRGxxxR (reviewed in Ref. [1]). Some IQ motifs

bind to CaM in both the absence and presence of Ca2+

(e.g., insulin receptor substrate-1, myosin) and in some

cases the IQ motif is combined with other CaM binding

sequences (e.g., the cardiac L-type voltage gated calcium

and the cardiac voltage gated sodium channels [65,69]).

As noted above, no structural details for CaM bound to

IQ motif targets are available. However, a model for

CaM/IQ motif interactions has been proposed in which

the IQxxxR segment interacts strongly with a semi-open

CaM-C, with support from limited contacts between the

GxxxR segment and the surface of CaM-N in a standard

closed conformation [14,28].

2.2.3. Dimerization binding modes

Several examples of CaM-induced dimerization of the

target have been reported. The structure of CaM in complex

with the gating domain of the Ca2+-activated K+ membrane

channel is an interesting example where dimerization of the

channel has been achieved by CaM adopting the extended

configuration of the EF-hand domains (Fig. 2). At low

levels of Ca2+, the pore of the channel is closed with apo-

CaM bound to the intracellular gating domain of the channel

via the C-domain [57]. At elevated levels of Ca2+, CaM-C

still retains its apo-state and is associated with the target.
Fig. 4. Fine-tuning of the binding surface in CaM family of proteins. Molecular

Kar1p (1OQP) [29] and CaM-C bound to the peptide from Ca2+-Pump (1CFF) [18

(yellow) and electrostatics (red/blue) were generated in MOLMOL. The arrow

difference between the binding surfaces that impart target specificity. Hydrophobic

peptide are shown in neon representation.
However, under these conditions CaM-N is loaded with the

Ca2+ ions and engages a regulatory domain from a second

molecule leading to the opening of the channel [58].

CaM-induced dimerization plays a vital role in triggering

the activity of glutamate decarboxylase (GAD), an enzyme

required for normal plant growth through regulation of g-

aminobutyrate and glutamate metabolism. The structure of

the complex revealed a novel arrangement of CaM wrapped

around two GAD peptides, which interact with each other

and also make contact with one of the domains from CaM

[72] (Fig. 2).

A third type of dimerization binding mode was found for

CaM interacting with the N-terminal basic region from the

homodimeric basic-helix-loop-helix (bHLH) motif-contain-

ing transcription factor SEF2-1/E2-2. The family of bHLH

transcription factors is activated by a common CaM-

dependent mechanism [12], where two molecules of CaM

interact in an extended mode with the SEF2-1 dimer [36].

2.3. Target selectivity within the CaM family

The observation of fundamentally different modes of

interaction and binding to different conformations of CaM

domains implies that elucidating the structural basis for

target selectivity will be difficult. Moreover, the disclosure

of many of the extended and dimerization mode structures is

fairly recent. The one area where excellent progress has
surface representations of the complex of CRC-C bound to a peptide from

]. For each complex two separate representations of the hydrophobic surface

(size of hydrophobic pocket) and circle (basic patch) indicate points of

(black) and charged side chains (basic/blue and acidic/red) from the target
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been made is the detailed analysis of structures of target

complexes with CaM in the wrap-around binding mode. As

noted above, the classification based on the spacing of

hydrophobic anchors is well established [71].

At the atomic level, the differences in sequence at key

hydrophobic sites lead to a specific pattern of knobs and

holes for each protein. This pattern at the surface needs to be

matched by the target in order to attain high affinity binding.

The flexible nature of the Met side chains at the binding

surface has been discussed as a critical factor in facilitating

this surface complementarity between CaM and the target

[13,49,73]. Here, we provide one example of fine-tuning of

hydrophobic anchors, by comparing the binding surfaces of

CaM and a very close homolog, Centrin. This comparison is

made using the structure of the complex of CaM-C with a

peptide from the plasma membrane Ca2+-pump (PMCP)

[18], which is strikingly similar to the structure of the

complex of the C-terminal domain of centrin (CRC-C) with

a peptide fragment from the centrosomal protein Kar1p [29].

Centrin is an essential component of the centrosome and

other microtubule organizing centers with substantial

sequence homology to calmodulin. There is striking

similarity between CRC-C and CaM-C (82% homology,

48% identity), which extends even to the positioning of side

chains in the hydrophobic core of the protein [29]. Despite

this rather extensive similarity, a limited number of differ-

ences at critical places in the sequence have significant

effects on their respective binding surfaces, sufficient to

substantially alter the nature of target interactions. The

surface representations in Fig. 4 reveal the importance of

these differences in creating complementary shape and

charge features to match the target sequence. The Trp side

chain is the primary hydrophobic anchor in Kar1p, and is

buried in a deep pocket, not unlike the peptide from the

calcium pump. However, the replacement of two Met

residues with smaller Ala and Ile residues in CRC-C

enlarges the holes in the CRC-C binding surface, thereby

enabling interaction with a target that has larger hydro-

phobic side chains (Leu in Kar1p instead of a Gly in PMCP)

than a target optimized to fit in the CaM-C binding site [29].

The presence of a basic patch in CRC-C near the N-terminus

of the target peptide is yet another factor that imparts

specificity to CRC interactions with Kar1p relative to CaM

binding of PMCP. Similar conclusions on the origin of

target selectivity can be made based on atomic level

comparisons of the CaM-C binding site containing other

canonical binding motifs [29].
3. S100 family proteins

The ~23 members of the S100 proteins identified in

humans constitute a major family of EF-hand calcium

sensor proteins. S100s are associated with multiple targets

that promote cell growth and differentiation, cell cycle

regulation, transcription and cell surface receptor activities
(reviewed in Refs. [16,25]). The calcium signaling activities

of these proteins are tailored in part by a distinct pattern of

subcellular localization and tissue specific expression [75].

The detection of abnormal S100 gene expression in different

disease states including chronic inflammation, tumor pro-

gression, cardiomyopathy, Alzheimer’s and psoriasis and

has fueled further clinical interest in this multigenic family

of proteins [25].

3.1. Structural overview

The basic structural and functional unit of the S100

proteins is a symmetric dimer comprised of two EF-hand

domains, which are organized into an eight-helix bundle

[51]. While all S100 proteins form homodimers, some are

known to preferentially form heterodimers with other S100

isoforms, e.g., S100A8/S100A9 and S100A1/S100B

(reviewed in Ref. [15]). At the primary sequence level,

S100 proteins are distinguished from all other EF-hand

proteins by a unique 14-residue S100-specific Ca2+-binding

loop in the N-terminal EF-hand of each domain [63].

The conformational change triggered by calcium binding

to S100 proteins is vastly different in the two EF-hands. The

N-terminal EF-hand undergoes a relatively small change in

conformation, whereas the change in the C-terminal EF-hand

is much larger, although not as dramatic as in CaM [38,56].

As a consequence, the depth of the hydrophobic pocket

created upon ion binding is very shallow in S100 proteins

compared to CaM. Another characteristic feature of S100

proteins is that they have two symmetrically disposed target

binding sites per dimeric globular domain. This implies that

the structural mode of target interaction is fundamentally

different between the S100 and CaM families.

One additional distinctive characteristic of S100 proteins

is their binding of additional divalent metal ions such as

Zn2+ and Cu2+ at sites that are remote from the Ca2+ binding

sites. Binding of these botherQ divalent ions with high

affinity plays a role in chemotactic activity and the

homeostasis of toxic metal ions (reviewed in Ref. [24]).

The structures of zinc-bound S100A7 [5], S100B [68] and a

copper-bound S100A12 [46] revealed symmetrically dis-

posed metal binding sites near the dimer interface. However,

the effect of these ions on the structure is very limited, with

the most significant changes due to rearrangement of side

chains that chelate the ions. Most importantly, it has not

been firmly established how the binding of divalent ions

supports or antagonizes interaction with targets.

A final point of interest regarding S100 protein structure

is their potential to form higher order organizational states

ranging from disulfide cross-linked forms to higher order

oligomers [31,45]. Although there is no structural informa-

tion available, oxidation of S100B into a disulfide cross-

linked form has been shown to promote neurotropic effects

in the extracellular space [3], and higher order oligomeriza-

tion states of S100A12 homodimers are proposed to mediate

function of the multimeric cell surface receptor for advanced
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glycation end products [45,47]. Interestingly, the structure

of a S100A12 hexamer was determined at millimolar

concentrations of Ca2+ found only in the extracellular

milieu. S100A9 was crystallized in an octameric state and

the structure revealed an entirely different mode of

oligomerization using CHAPS molecule to bridge the

dimers via interactions with the S100 target-binding site

[31]. The functional relevance of S100 protein oligomeriza-

tion remains an area of intense interest.

3.2. Target interactions

S100 proteins activate multiple targets that are involved in

regulating a diverse range of cellular activities, including cell

growth and differentiation, cell cycle regulation, transcrip-

tion and cell surface signaling (reviewed in Refs. [16,25]).

The calcium signaling activities of S100 proteins are tailored

in part by a distinct pattern of subcellular localization and

tissue-specific expression [75]. These characteristics suggest

that S100 proteins are used in parallel to the traditional EF-

hand Ca2+ sensors, to provide very tightly regulated and

specific calcium signaling pathways.

Several high-resolution structures are available for S100-

target peptide complexes (Fig. 5). Because the hydrophobic

groove in S100 proteins is rather shallow compared to CaM

family proteins, the S100 target peptides do not insert

themselves deeply into a binding pocket as do CaM binding

proteins, but rather splay across the wider S100 protein

binding surface [4]. As noted above the dimeric architecture

also clearly distinguishes S100 complexes from CaM

complexes, in particular, because there are two identical

binding sites per S100 dimer. Theoretically, S100 proteins

could serve to link different target molecules, although there

is no known example reported to date.

The typical S100-binding region from the target is a short

helical segment rich in basic and hydrophobic residues.

These characteristics complement the hydrophobic and

acidic S100 target-binding site formed from side chains in

the two helices of the C-terminal EF-hand and the linker

connecting the two EF-hands (Figs. 5 and 6). Unlike CaM

targets, the S100 target sequences display greater variation

in the content and position of anchor residues. Some
Fig. 5. Variation in the target binding modes of S100 family of proteins. The panels

(1BT6) [53] and S100B bound to peptides from p53 (1DT7) [55] and NDR kinase

peptide is red.
attempts have been made to extract a consensus sequence

d+OXO*XOOT (+=basic, O=hydrophobic, *=hydrophilic,

X=variable) for S100B targets but accurate predictions

based on this motif have not been made for all the known

biological targets of S100B [42].

Compared to CaM, the binding surface of S100 proteins

is flatter, more open and characterized by a variability of

sequence that suggests a different structural mechanism for

modulating the shape of the binding surface [4]. Of note,

there is a significant difference in the ratio of polar and

hydrophobic residues at the binding surface of the CaM and

S100 protein families (Fig. 7). Thus, the specificity appears

not to be regulated as strictly by the spacing of bulky

hydrophobic groups as in the case of the CaM family. Other

factors like the ability to complement the polar and charged

groups at the surface of the S100s appear to be of greater

importance in target specificity [4]. The validity of these

hypotheses remains to be tested as more high-resolution

structural information on S100 proteins in complex with

binding partners become available.

3.3. Target selectivity within the S100 protein family

There is considerably less information available on S100-

target interactions as compared to CaM family proteins.

However, since the 3D structures of S100 proteins are so

similar yet target binding is known to be specific, it is

already possible to analyze some of the factors contributing

to target selectivity. In fact, considerable progress has been

made in understanding how the sequences of S100 proteins

are fine-tuned to generate unique target binding surfaces.

The flatter binding surface of S100 proteins relative to

CaM seems to result in a remarkable lack of uniformity in

the orientation of the target with respect to the S100 protein

(Fig. 5). Even more surprising is the observation that

individual S100 proteins can bind to different targets in

different ways [4]. For example, the structures of peptides

from p53 [55], CapZ (not shown in figure) [30] and NDR

kinase [4] in complex with S100B all have different

orientations in the binding site (Fig. 5).

These structures show that different modes of binding are

generated by variability in S100 sequence (15–65%
display the complexes of S100A10 bound to N-terminal Annexin II peptide

(1PSB) [4]. The ribbon representation of the protein is colored blue and the



Fig. 7. Comparison of the % accessible surface area (ASA) of residues at the target-binding site of each subunit of S100 proteins and the isolated EF-hand

domains of calmodulin. The four-letter PDB codes are indicated for each structure used in the analysis. The ASA of individual residues (N10%) and surface

properties such as hydrophobic, polar or charged (N30%) that contribute more than the cutoff are highlighted in color. The surface areas were calculated in

Insight II (Accelrys) using the Lee and Richards algorithm.

Fig. 6. Variability in the target-binding surface of S100 family of proteins. Molecular surface representations of the complex of S100B bound to peptides from

p53 (1DT7) [55] and NDR kinase (1PSB) [4]. For each complex two separate representations of the hydrophobic surface (yellow) and electrostatics (red/blue)

were generated in MOLMOL. Hydrophobic (black) and charged side chains (basic/blue and acidic/red) from the target peptide are shown in neon

representation.
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homology), which alters the hydrophobic and polar charac-

ter of the target binding sites adapted for a wide range of

targets. Each target appears to use its particular hydrophobic

and charged side chains to match a complementary surface

of the S100 protein, maximizing energetically favorable

contacts (Fig. 6). This conclusion also supports the observed

variation in the binding modes for S100B, where a common

interaction surface is employed to generate a slightly

different set of contacts to match the properties of each

target peptide [4].

The obvious differences in orientation of the target

peptide with respect to the protein mask the fact that a

number of key hydrophobic contacts to residues in the C-

terminal EF-hand are conserved in each of these structures

[4]. The biggest differences and hence the controlling factor

appears to arise from contacts with the linker region, which

contains a number of charged and polar residues. The

functional importance of multiple binding modes available

to S100 proteins has still to be established in relation to the

intact target protein.
4. Conclusions

The basic mechanism for calcium driven signal trans-

duction pathways controlled by CaM and S100 proteins

relies on conformational change in the EF-hands, which

exposes a hydrophobic surface for interacting with the

target. However, understanding the structural origins of

functional specificity requires deeper insight into the

structural basis for interaction. The specificity of an EF-

hand protein for a given target is derived from the

physicochemical properties of the binding surface, as well

as structural features like the flexible nature of the dumbbell

structure of CaM and the oligomeric states of S100 proteins.

Although the binding of targets to CaM and S100 proteins is

driven largely by hydrophobic interactions, a comparison of

the binding surfaces has revealed that the mechanism

dictating target selectivity involves a complex mixture of

factors.

The most critical obstacle to developing a complete

understanding of the structural basis for calcium dependent

signal transduction by EF-hand proteins is the dearth of

structures with intact proteins or protein domains. The large

majority of structures to date are of an EF-hand protein with

a peptide fragment corresponding to the binding region from

the target. While these structures reveal the requisite atomic

level detail to understand the mode of action of the EF-hand

protein, they do not provide insight into the means by which

intact target proteins are activated. For instance, the X-ray

structures of N-terminal peptides of annexin II bound to

S100A10 [53] and of annexin I bound to S100A11 [52]

provide only a partial glimpse of how these interactions

promote membrane fusion. To achieve further understand-

ing of this mechanism, it is necessary to determine

structures of complexes in multiple states and utilize
spectroscopic approaches to characterize the transitions

and dynamics between states. Excellent progress has been

made in a few selected systems (e.g., the troponin complex

[64]), and this set the stage for several exciting new

breakthroughs that are anticipated in the next few years.
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