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Crystal Structures of S100A6 in the Ca2�-Free and
Ca2�-Bound States: The Calcium Sensor Mechanism
of S100 Proteins Revealed at Atomic Resolution

manner. Most S100 genes appear clustered within hu-
man chromosome 1q21 [11], a region that is often altered
in transformed cells, consistent with a role in tumor
progression [6]. The expression of the S100A6 gene, in
particular, is increased in leukemia cells [12] and during
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Watertown, Massachusetts 02472 the G1 phase of the cell cycle [13], implying a role in

cell cycle progression (thus, S100A6 is also known as
calcyclin). Experiments at the protein level show that
S100A6 is overexpressed in numerous human cancerSummary
cells [14–16]. It has also been reported that S100A6
may be involved in reversing the inhibition exerted byS100A6 is a member of the S100 family of Ca2� binding
caldesmon on smooth muscle contraction [17]. Bindingproteins, which have come to play an important role
of S100A6 to the regulatory domain of annexin XI, ain the diagnosis of cancer due to their overexpression
Ca2�-dependent phospholipid binding protein, has beenin various tumor cells. We have determined the crystal
connected with a potential role in cell proliferation andstructures of human S100A6 in the Ca2�-free and Ca2�-
differentiation [18].bound states to resolutions of 1.15 Å and 1.44 Å, re-

Three-dimensional structures of S100 proteins in thespectively. Ca2� binding is responsible for a dramatic
Ca2�-bound form have been determined by X-ray crys-change in the global shape and charge distribution
tallography [7, 19–22] and NMR spectroscopy [23–25].of the S100A6 dimer, leading to the exposure of two
Recently, three structures of S100 proteins bound tosymmetrically positioned target binding sites. The re-
target peptides have been also reported: S100A10-sults are consistent with S100A6, and most likely other
annexin II [8], S100A11-annexin I [9], and S100B-p53S100 proteins, functioning as Ca2� sensors in a way
regulatory peptide [26]. Contrary to what might be ex-analogous to the prototypical sensors calmodulin and
pected, the binding site and orientation for the twotroponin C. The structures have important implications
annexin peptides is different from that of the p53 pep-for our understanding of target binding and coopera-
tide. Thus, interpretation of the current structural datativity of Ca2� binding in the S100 family.
would suggest that target binding by different S100 pro-
teins involves different sites.

Introduction Three NMR structures of S100 proteins, correspond-
ing to the Ca2�-free (or apo) state, are also available

In higher eukaryotes, an extensive repertoire of Ca2�

[27–29]. However, there is disagreement concerning
binding proteins translate transient increases in intracel- these Ca2�-free structures [24, 30, 31]. For example, the
lular Ca2� levels into a multitude of cellular processes structures of Ca2�-free and Ca2�-bound rabbit S100A6
[1]. The vast majority of these proteins bind Ca2� through are very similar, leading the authors to question the role
helix-loop-helix structures that usually exist in pairs and of S100 proteins as Ca2� sensors [23, 29]. In contrast,
are referred to as EF-hand motifs [2, 3]. While several the structures of Ca2�-free and Ca2�-bound rat S100B,
EF-hand proteins, including calmodulin and troponin C, which is similar in sequence to S100A6, reveal a major
work as Ca2� sensors, undergoing structural changes conformational change of helix III upon Ca2� binding
that expose target binding sites upon Ca2� binding, oth- [24, 28]. A higher resolution update of the structure of
ers, such as calbindin D9k, exhibit little structural change Ca2�-free rabbit S100A6 appears to confirm the exis-
and are thought to work as Ca2� buffers [4]. tence of significant differences between the structures

Most S100 proteins form dimers in solution. Each sub- of S100A6 and S100B [31]. Groves et al. [30] have sug-
unit is a 10–12 kDa acidic molecule with two EF-hand gested that these discrepancies might arise from model-
Ca2� binding domains. While the C-terminal EF-hand ing errors due to insufficient structural constraints.
displays a canonical 12 amino acid, parvalbumin-like We describe here the X-ray crystal structures of E.
Ca2� binding loop, the N-terminal EF-hand, which is coli-expressed human S100A6 in the Ca2�-free and
usually referred to as the S100-hand, encompasses 14 Ca2�-bound states to resolutions of 1.15 Å and 1.44 Å,
amino acids and has a lower affinity for Ca2� [5, 6]. respectively. In both states, S100A6 forms dimers stabi-
Observed deviations from this common description are lized by hydrophobic interactions between helices I and
the facts that (1) some S100 proteins have lost their IV of each monomer. Ca2� binding is responsible for an
ability to bind either one or both of the Ca2� ions while �86� reorientation of helix III and marked changes in
still adopting a Ca2�-bound-like conformation [7–9]; (2) the positioning and structure of helix II, the linker loop
there is at least one monomeric member in the family, between helices II and III, and the C-terminal end of
calbindin D9k [10]; and (3) some S100 proteins form het- helix IV. The combination of these structural differences
erodimers [5]. results in a dramatic change in the global shape and

In contrast to calmodulin, which is ubiquitously ex- charge distribution of the S100A6 dimer, leading to the
pressed, S100 proteins are expressed in a cell-specific
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exposure of two symmetrically positioned target binding the canonical EF-hand (H III–L III–H IV), which comprise
Ca2� binding sites 1 and 2, respectively. The two Ca2�sites. These findings are consistent with the notion that

S100A6 and probably other S100 proteins function as binding motifs are connected by the variable linker loop,
L II (Figure 1). The regions of the structures that changeCa2� sensors. Also discussed here are the potential im-

plications of these findings for our understanding of the least between the Ca2�-free and Ca2�-bound states
are helix I and the N-terminal two-thirds of helix IV, whichtarget binding and cooperativity of Ca2� binding in the

S100 family. account for most of the hydrophobic interactions that
hold the dimers together. The N-terminal S100-hand
undergoes fewer changes on Ca2� binding than the ca-

Results and Discussion nonical C-terminal EF-hand.
Within the N-terminal S100-hand, the most noticeable

Structures of Ca2�-Free and Ca2�-Bound S100A6: difference upon Ca2� binding is a displacement of helix
The Ca2� Sensor Mechanism II that can be described as two perpendicular transla-
Two different crystal forms of E. coli-expressed human tions of �4.2 Å toward helix I and �1.8 Å along its own
S100A6 were obtained for both the Ca2�-free and Ca2�- axis in the direction of the Ca2� binding site (Figure 1C).
bound states (see Experimental Procedures). Whereas Notice, however, that this movement of helix II does not
one of the Ca2�-free crystal forms (tetragonal P42212) lead to any significant difference in interhelical angles
diffracted the X-rays to less than 3 Å resolution, the other (Table 1). The displacement of helix II seems to be driven
(orthorhombic C2221) produced a complete dataset to by the strong bidentate coordination of the Ca2� by
1.15 Å resolution. Crystals of this second form were the side chain carboxylic group of Glu33 located at the
used to determine the structure from the anomalous beginning of this helix. Upon Ca2� binding, Glu33 moves
signal of a seleno-methionine derivative. However, since �2.7 Å toward the Ca2�, displacing a water molecule
the presence of a single methionine residue in human present in the Ca2�-free form (Figures 2A and 2C). In
S100A6 provided insufficient anomalous signal for the addition to Glu33, the pentagonal bipyramidal coordina-
determination of the structure, it became necessary to tion of the Ca2� in this site is completed by a water
add a second methionine at position 3 (Cys3Met) by molecule and the main chain carbonyls of Ser20, Glu23,
site-directed mutagenesis. Subsequent determination Asp25, and Thr28, which add to a total of 14 amino acids
of the structure of wild-type Ca2�-free S100A6 confirmed between the first and last Ca2� ligands (Figure 2C). In
that the Cys3Met mutation had no noticeable effect on the Ca2�-free state, there are two well-defined water
the structure (rms deviation of 0.11 Å between C� molecules in site 1, displaying temperature factors of
atoms). The tetragonal Ca2�-free form was then deter- 9.3 Å2 and 15.5 Å2. These water molecules compensate
mined by molecular replacement and refined indepen- for most of the interactions involving the metal ion in
dently to 3.5 Å resolution. Because of its lower resolu- the Ca2�-bound state, thus helping to keep the confor-
tion, this last structure will not be extensively discussed mation of site 1 largely unchanged after Ca2� binding
here. It is important to notice, however, that the C� (Figure 2A).
atoms of the two Ca2�-free crystal forms superimpose In contrast, the C-terminal EF-hand undergoes a ma-
with an rms deviation of 0.56 Å, indicating that in spite jor conformational change upon Ca2� binding. Superim-
of the different crystallization temperatures, buffer con- position of the N-terminal two-thirds of helix IV from
ditions, and crystal packing, the structures are nearly the Ca2�-free and Ca2�-bound structures highlights a
identical. Monoclinic (C2) and orthorhombic (P21212) dramatic �86� reorientation of the amphiphilic helix III
crystals of Ca2�-bound S100A6 were obtained under (Figure 1D). This measure provides a more accurate
identical crystallization conditions (see Experimental estimate of the extent of the conformational change
Procedures). Both Ca2�-bound structures were deter- than the traditional calculation of the interhelical angles
mined by molecular replacement and refined to resolu- within each individual structure (listed in Table 1). In the
tions of 1.44 Å (C2 form) and 1.76 Å (P21212 form). The Ca2�-free structure, four hydrophobic residues from the
rms deviation between the C� atoms of the two Ca2�- inner face of helix III (Ile53, Leu56, Met57, and Leu60)
bound structures is 0.75 Å. In all the structures, regard- participate in a hydrophobic cluster with residues from
less of whether or not Ca2� is bound, S100A6 forms helix II (Leu34, Leu37, Ile38, and Leu42), the linker loop
dimers. However, only in one of the crystal forms, ortho- II (Ile44, Lys47, and Leu48), and helix IV (Phe76, Ala79,
rhombic (P21212) Ca2�-bound S100A6, the dimer is con- Leu80, Leu82, and Ile83). The majority of these side
tained within the asymmetric unit, whereas in the others, chains become solvent-exposed upon Ca2� binding
the dimers are formed by crystal symmetry operators. and, as suggested by the structures of S100 proteins
Throughout this work, comparison of the two states of with bound peptides [8, 9, 26], participate in target
S100A6 is based on the two highest resolution struc- binding.
tures (i.e., monoclinic C2 Ca2�-bound and orthorhombic While the coordination of the Ca2� in site 1 is largely
C2221 Cys3Met Ca2�-free.) mediated by main chain carbonyls (Figure 2C), the Ca2�

Comparison of these structures clearly highlights the ligands in site 2 include, in addition to a water molecule
conformational changes upon Ca2� binding that charac- and the main chain carbonyl of Glu67, the side chains
terize S100A6 as a Ca2� sensor. In both the Ca2�-free of Asp61, Asn63, Asp65, and Glu72 (Figure 2D). Glu72,
and Ca2�-bound states, the overall fold of the monomers in particular, is equivalent to Glu33 of site 1. Both gluta-
consists of four helices and three loops. These elements mates form bidentate interactions with the Ca2� and
of secondary structure are arranged into two Ca2� bind- constitute the last ligand in their respective Ca2� binding

loops, occupying position number 4 of the C-terminaling motifs known as the S100-hand (H I–L I–H II) and
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Figure 1. Ribbon Representation of the
S100A6 Monomer in the Ca2�-Free and Ca2�-
Bound States

After superimposing the structures corre-
sponding to the Ca2�-free and Ca2�-bound
states, regions that display the major confor-
mational change (defined as those for which
the C� positions deviate by more than 2.0 Å)
are represented in pink (A and B). These in-
clude parts of the Ca2� binding loops, helix
II, the linker loop II, helix III, and the C-terminal
end of helix IV. Notice that helix I and the
N-terminal two-thirds of helix IV, which form
the intermonomer interface, change less
upon Ca2� binding (cyan). In (C) and (D) are
shown the superimpositions of the N-terminal
S100-hand and C-terminal (canonical) EF-
hand in the Ca2�-free (purple) and Ca2�-
bound (green) states. Notice how helix II un-
dergoes translations in two perpendicular
directions and helix III undergoes a major ro-
tation (�86�) after Ca2� binding. The side
chain of Tyr84, the amino acid that marks the
starting point for the unwinding of helix IV, is
also shown in (D) for the two structures. Using
the same color scheme as in (A) and (B), the
amino acid sequence of S100A6 is shown in
(E) (pink and cyan), illustrating how different
regions of the sequence are affected by Ca2�

binding. The amino acids implicated in the
coordination of the metal ion in the two Ca2�

binding loops are underlined (black). Also
underlined (blue and yellow) are the regions
that, by analogy with the three known struc-
tures of S100 protein-peptide complexes, are
predicted to participate in target binding in
S100A6. The blue lines correspond to the tar-
get binding site as observed in the structure
of S100B-p53 regulatory peptide [26]; the yel-
low lines indicate the target binding site ac-
cording to the structures of S100A10-annexin
II [8] and S100A11-annexin I [9] (where the
dash and continuous traces indicate the fact
that the binding interface in the two annexin
complexes includes interactions with the two

monomers). See also Figure 4 for a model that combines these two target binding modes into a single and contiguous site. Superimposed
on the sequence are representations of the secondary structures of Ca2�-free (purple) and Ca2�-bound (green) S100A6, defined by the main
chain hydrogen bonding pattern (� helices and � strands are represented by cylinders and arrows, respectively). Notice that there are
differences in the length of helices II, III, IV, the linker loop II, and the � strands connecting the Ca2� loops. The � sheet that connects the
two Ca2� binding loops includes three amino acids from each loop in the Ca2�-free state, but only one in the Ca2�-bound state. (Although
reports of Ca2�-bound structures of S100 proteins usually refer this to as a � sheet, strictly speaking, the � sheet does not exist in the Ca2�-
bound state; i.e., two hydrogen bonds connecting the main chain backbone of two amino acids do not define a � sheet.)

helix of each motif (i.e., helices II and IV). Asp61 and Thus, it appears that the interactions of Asp61 and
Asn63, which in the Ca2�-free state are part of helix III, Asn63 with the Ca2� constitute a major factor in driving
move by �13 Å in order to coordinate the Ca2�. This, in the reorientation of helix III.
effect, shortens helix III by two amino acids (Figure 1E). Another difference between the two Ca2� states is

that the C-terminal helix IV is approximately two turns
shorter in the Ca2�-free state. Similar differences in the

Table 1. Interhelical Angles1 of S100A6 in the Ca2�-Free/Ca2�- length of helix IV, depending on whether or not Ca2� is
Bound States

bound, have been previously observed for S100B and
H I H II H III H IV S100A6 [25, 27, 31]. The unwinding of helix IV in the

present crystal structure of Ca2�-free S100A6 begins atH I — 132.2/135.6 �39.5/�107.5 117.6/129.0
H II — �144.0/116.5 �46.5/�27.5 Tyr84, whose side chain rotates by �45� between the
H III — �157.0/117.3 two structures (Figure 1D). In the Ca2�-free structure,

the aromatic ring of Tyr84 of one monomer is con-The definition of helices I to IV in the Ca2�-free and Ca2�-bound
states is as in Figure 1. strained within a hydrophobic cluster formed by the side
1 Interhelical angles (�) were calculated using the program interhlx chains of Leu42, Ile44, Lys47, Ile53, and Leu80 from the
(Kyoko Yap, University of Toronto).

same monomer, while its OH is hydrogen bonded to the
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Figure 2. Representation of the S100-Hand and Canonical EF-Hand

The Ca2� binding sites 1 (A and C) and 2 (B and D) are shown in the Ca2�-free (purple) and Ca2�-bound (green) states. Also shown are the
2Fo-Fc electron density maps (contoured at 1.5 �) around the amino acids that participate in the coordination of the Ca2�. The maps were
calculated at 1.15 Å (Ca2�-free) and 1.44 Å (Ca2�-bound) resolution. The coordination of the Ca2� in both sites follows a pentagonal bipyramidal
arrangement. In S100A6 (as in most S100 proteins), the S100-hand contains two more amino acids in the Ca2� binding loop than a typical
(parvalbumin-like) EF-hand (14 versus 12). Notice that while site 1 undergoes very limited changes upon Ca2� binding, site 2 undergoes a
major rearrangement. In the Ca2�-free structure, two water molecules in site 1 seem to account for most of the interactions involving the
metal ion in the Ca2�-bound state. With the exception of the bidentate carboxyl group of Glu33 and a water molecule, the coordination of the
Ca2� in this site primarily involves main chain carbonyls. In contrast, Ca2� is coordinated in site 2 by the side chains of Asp61, Asn63, Asp65,
the bidentate carboxyl group of Glu72, a water molecule, and the main chain carbonyl of Glu67. Notice how the side chain of this last glutamate
also coordinates a water molecule in site 1 (A and C). This water molecule then participates in the coordination of the Ca2� in site 1, thus
providing a potential link for cooperativity between the two sites. Another view of Glu67, together with a representation of the � sheet that
connects the two Ca2� binding sites, is provided in (E) and (F). In the Ca2�-bound structure, the � sheet involves only one amino acid from
each site, Leu29 and Val68 (see also Figure 1E).

O�1 atom of Asp6 from the second monomer. Such an from the second monomer. The new orientation of the
side chain of Tyr84 is consistent with a longer helix IV.orientation of the side chain of Tyr84 is responsible for

a break in the main chain hydrogen bonding pattern Interestingly, a change in the microenvironment of Tyr84
upon Ca2� binding has also been detected by fluores-of helix IV. Ca2� binding overcomes the hydrophobic

interactions that keep this cluster together, exposing cence studies [32].
It has been suggested that the specificity of interac-these side chains to the solvent. This appears to trigger

the rotation of the side chain of Tyr84 to form new hy- tion with targets may be mediated by the linker loop II,
which exhibits the lowest sequence similarity among alldrophobic contacts with the side chains of Ile9 and Val13
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Figure 3. Electrostatic Surface Representation of the S100A6 Dimers in the Ca2�-Free and Ca2�-Bound States

The full-charge electrostatic potential calculation was performed with program GRASP [50]. Red and blue areas indicate negatively and
positively charged regions, respectively. Three views of the molecules are shown for each state rotated in increments of 90� (A and B). Notice
how the electrostatic charge distribution on one side of the molecule (facing helices I and I�) is less dramatically affected than the opposite
side (facing helices IV and IV�) by Ca2� binding. Thus, Ca2�-bound S1006 can be clearly distinguished from its Ca2�-free counterpart as a
globally more hydrophobic state. Notice also how Ca2� binding brings about marked changes in the shape of the molecule, creating two
symmetrically positioned target binding sites (see also Figure 4). The Ca2�-bound dimer exposes a surface of 9549 Å2 to the solvent as
compared to 9136 Å2 for the Ca2�-free state.

S100 proteins [5, 33]. In Ca2�-free S100A6, the loop only modest differences between the Ca2�-free and the
Ca2�-bound states, thus failing to reveal the existencecontains a short 1.5 turn helix, which is extended to

2 turns in the Ca2�-bound structure (Figure 1E). The of Ca2�-induced conformational switch [23, 29, 31].
orientation and position of the loop are also different
between the two states. In the Ca2�-bound structure, Cooperativity of Ca2� Binding

EF-hand Ca2� binding loops generally occur in pairs,the loop becomes more exposed to the solvent, uncov-
ering the hydrophobic side chains of Leu42, Ile44, and allowing for positive free energy coupling (cooperativity)

between Ca2� binding sites. This aspect of Ca2� bindingLeu48.
In summary, the major changes upon Ca2� binding to has been studied better in the case of calmodulin [34],

troponin C [35], and calbindin D9k [36]. As compared withsites 1 and 2 involve helices II and III, respectively, which
are connected by the linker loop II. Within the homodi- calmodulin or troponin C, which have nearly symmetric

Ca2� binding loops, cooperativity may involve a differentmer, helices II and II�, the linker loops II and II�, and
helices III and III� form the most solvent-exposed area mechanism in S100 proteins, where the Ca2� binding

loops are markedly different. The determination in thisof the molecule (Figure 3). Thus, the Ca2� sensor mecha-
nism of S100A6 can be pictured as the Ca2�-dependent study of atomic resolution structures of both the Ca2�-

free and Ca2�-bound states provides a unique opportu-opening/closing of two oppositely oriented “arms” (H
II–L II–H III and H II�–L II�–H III�) connected to a central, nity to identify structural elements that may be relevant

to cooperativity (Figures 2E and 2F).relatively fixed “core” region (H I–H IV–H I�–H IV�). In
addition, the last approximately two turns of helices In the Ca2�-free state, a short two-stranded antiparal-

lel � sheet between amino acids Leu29-Lys31 andIV from each monomer are part of the external Ca2�-
switchable area. We speculate that other members of Gln66-Val68 connects the Ca2� binding sites 1 and 2.

Interestingly, in the Ca2�-free state, the hydrogen bond-the S100 family share this mechanism. Although the
solution structures of Ca2�-free and Ca2�-bound rat ing pattern is consistent with the last two amino acids

of the � strand from site 1 (Ser30 and Lys31) beingS100B [24, 28] support similar conclusions, they differ
markedly from the two S100A6 states reported here. simultaneously assigned as the first two amino acids of

helix II (Figure 1E). In the Ca2�-bound structure, the �For instance, there is an �20� difference between the
orientation of helix III in the structure of Ca2�-free sheet is shortened to just two hydrogen bonds between

the carbonyls and amides of Leu29 from site 1 and Val68S100A6 reported here and that of Ca2�-free S100B [28].
However, our results are in more obvious disagreement from site 2 (Figures 2E and 2F). Thus, the structures

seem to suggest that Ca2� binding to one of the siteswith previous structures of rabbit S100A6, which display
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Figure 4. Model of Target Binding

Ribbon and all-atom surface representations are shown side-by-side for the S100A6 dimers in Ca2�-free (A), Ca2�-bound (B), Ca2�-bound with
one target peptide modeled as in the structures of S100A10-annexin II [8] and S100A11-annexin I [9] (C), and Ca2�-bound with two target
peptides bound to the hydrophobic patches (D), where the second peptide is modeled from the superimposition of the S100B-p53 structure
[26] on that of Ca2�-bound S100A6. The color scheme is as in previous figures (Ca2�-free: purple and Ca2�-bound: green, where the two
different intensities of the colors represent the two separate monomers that conform the S100A6 homodimer). The annexin II and p53 peptides
are shown in yellow and blue, respectively. Two symmetric hydrophobic patches become exposed upon Ca2� binding. Because the annexin
[8, 9] and p53 [26] peptides bind to different parts of these patches, a number of hydrophobic amino acids remain exposed in each case. It
is possible that binding of full-length targets incorporates elements from both modes of binding, effectively integrating the two target binding
sites into a single extended site (as shown in [D]).

weakens the � sheet that connects the two sites. An Ca2� binds first to the higher affinity site 2, this will
probably result in a concomitant movement of Glu67additional link between the two Ca2� sites is provided

by the side chain of Glu67 from site 2, which in both the and shortening of the � sheet between the two Ca2�

sites, which may, respectively, rearrange the waterCa2�-free and Ca2�-bound states helps coordinate a
water molecule in site 1 (Figure 2). In the Ca2�-bound structure and increase the flexibility of site 1, thus fa-

voring Ca2� binding to this site.structure, this water molecule is one of the ligands of
the Ca2�. Hence, Glu67 may signal the binding of Ca2�

from one site to the other. The Ca2�-Free and Ca2�-Bound Dimers:
Implications for Target BindingAlthough most of the biochemical data (reviewed in

[37]) are consistent with a two-step Ca2� binding model, The biologically functional unit for most S100 proteins
is a dimer [5]. Although the hydrophobic interactionsit remains unclear which of the two sites binds Ca2�

first. Moreover, the structures alone cannot provide an that hold the S100A6 dimer together are not significantly
altered by Ca2� binding, the intermonomer contact sur-answer to this question. If we assume, for example, that
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Table 2. Data Collection, Refinement, and Model Quality Statistics

Ca2�-Free (Cys3Met) CA2�-Free Wild-Type Ca2�-Bound Form 1 Ca2�-Bound Form 2

Data collection
Space group C2221 C2221 C2 P21212
Unit cell parameters

a, b, c (Å) 37.3, 48.1, 83.5 37.4, 48.0, 83.0 45.2, 39.2, 48.1 56.6, 58.4, 51.0
�, �, 	 (�) 90, 90, 90 90, 90, 90 90, 110.4, 90 90, 90, 90

Resolution range (Å) 30–1.15 30–1.9 15–1.44 19.2–1.75
Completeness (%) 88.2 99.8 99.8 97.4
Number of observations total/unique 399,427/25,856 40,635/6,136 53,548/14,330 74,706/16,853
Redundancy 14.8 6.6 3.7 4.4

2 1.333 1.08 1.04 1.217
Rmerge(%)1 6.5 6.7 5 6.1
R2merge(%)2 6.1 6.9 7.2 6.2
Average I/sigma 25.5 13.3 22.2 18.2

Refinement and model quality
Resolution range (Å) 20.0–1.15 30.0–1.9 15.0–1.44 19.2–1.76
Completeness (%) 95.2 99.8 99.8 97.4
�-cutoff none none none none
Rfactor (%; all reflections)3 18.6 17.6 21.2 18.5
Free Rfactor (%)4 22 18.2 23.1 19.9
Rms deviations

Bond distance (Å) 0.015 0.006 0.004 0.008
Bond angles (�) 2.5 1.28 1.04 1.34
Dihedral angles (�) 20.4 19.84 18.21 18.79
Improper angles (�) 2.07 0.76 0.71 0.79

Coordinate error (Å) from
Luzzati plot 0.16 0.22 0.2 0.18
Sigma 0.09 0.21 0.12 0.11

Average B factors
Protein atoms 14 18.5 17.8 19.27
Water molecules 30 27.5 29.5 30.14

Ramachandran
Most favored regions (%) 96.1 96.3 93.9 96.9
Additionally allowed regions (%) 3.9 3.7 6.1 3.1
Generously allowed regions (%) 0 0 0 0
Disallowed regions (%) 0 0 0 0

1 Rmerge � �|I � �I�|/� I; I is the intensity of an individual measurement and �I� its mean value.
2 R2merge � �(I � �I�)2/�I2

3 Rfactor � �|Fo � Fc|/�|Fo|; Fo and Fc are observed and calculated structure factors, respectively.
4 Free Rfactor: same as Rfactor but calculated for a subset of the reflections (5%), which were omitted during the refinement and used to
monitor its convergence.

faces (calculated with the CCP4 program AREAIMOL dimers are central to understanding the mechanism of
target recognition. Three structures of S100 proteins[38]) differ, being 3018 Å2 and 2795 Å2 for Ca2�-free and

Ca2�-bound S100A6, respectively. Such a difference, bound to target peptides are currently available [8, 9,
26]. The crystal structures of S100A10 in complex withamounting to �8% of the total interface in the Ca2�-

bound state, implies a lower stability of the Ca2�-bound an annexin II peptide [8] and that of S100A11 complexed
with a peptide from annexin I [9] are quite similar (rmsdimer. Lower stability of the dimer in the Ca2�-bound

state may also result from the uncovering of the hy- deviation of 0.87 Å). Such a level of resemblance is
remarkable since there is no sequence similarity be-drophobic patches. In addition, marked differences due

to Ca2� binding are observed in the overall shape and tween the two annexin peptides, and S100A11 binds
Ca2� whereas S100A10 does not. In both structures, twosize of the dimers (Figure 3), with the Ca2�-free state

being more compact (40  29  43 Å3 ) than the Ca2�- annexin peptides per S100 dimer bind to symmetrically
positioned sites defined by the C-terminal end of helixbound state (42  31  51 Å3 ). The total surface exposed

to the solvent is smaller in the Ca2�-free (9136 Å2 ) than IV and the linker loop II of one monomer, and the
N-terminal end of helix I� of the second monomer (Fig-in Ca2�-bound (9549 Å2 ) states. The two states are also

distinguished by marked differences in their electro- ures 1E and 4C). However, in a separate study [26],
binding of a p53 regulatory peptide to S100B takes placestatic surface charge distributions (Figure 3). As indi-

cated by previous studies [25, 39–41], the crystal struc- through a different site, defined by helices III and IV
of the same monomer, and in a nearly perpendiculartures show that the solvent-contacting interface of the

Ca2�-bound dimer is less charged and, in some regions, orientation to that of the annexin peptides. In an attempt
to identify which of these two modes of binding maymore hydrophobic than that of the Ca2�-free form. These

differences are especially pronounced on the helices IV best account for the structural differences observed
upon Ca2� binding to S100A6, the structures of the com-and IV� face of the dimers (Figure 3).

Differences between the Ca2�-free and Ca2�-bound plexes were superimposed on those of Ca2�-free and
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Table 3. Multiple Anomalous Dispersion (MAD) Phasing Statistics

Wavelength (Å) �1 � 1.02046 �2 � 0.97997 �3 � 0.94286
Resolution range (Å) 100–1.6 100–1.6 100–1.6
Completeness (%) 88.4 94 96.6
Number of observations (total/unique) 101,216/9,038 112,088/9,572 136,391/9,857
Redundancy 11.2 11.7 13.8

2 1.082 1.09 1.097
Rmerge(%)1/R2merge(%)2 4.2/4.6 5.9/5.3 4.9/5.0
Number of heavy atom sites 2 2 2
Phasing power3 (Iso/Ano) Centric na/na 0.7/na 1.5/na

Acentric na/1.2 1.0/2.9 2.1/3.2
Rcullis4 (Iso/Ano) Centric na/na 0.9/na 0.6/na

Acentric na/0.94 0.87/0.54 0.51/0.52

1 Rmerge � �|I � �I�|/�I; I is the intensity of an individual measurement and �I� its mean value.
2 R2merge � �(I � �I�)2/�I2

3 Phasing power � rmsd (|FH|/E); FH is the heavy atom structure factor amplitude and E is the residual lack of closure.
4 Rcullis � ||FPH � FP| �FH|/|FPH � FP|; FP, FH, and FPH are the protein, heavy atom, and derivative structure factors, respectively.
na � not available.

Ca2�-bound S100A6 (Figure 4). The interface involved appear to be critical to the way S100 proteins interact
with their effector molecules. Complexes of S100B within contacts with the peptides in either one of the com-
a p53 peptide [26] and S100A10 and S100A11 withplexes is inaccessible in Ca2�-free S100A6 (Figure 4A).
annexin II and annexin I peptides [8, 9] leave important,On the other hand, no significant clash occurs when the
albeit different, fractions of the hydrophobic patchescomplexes are superimposed onto Ca2�-bound S100A6
exposed to the solvent. Based on the assumption that(Figures 4C and 4D), further supporting the idea that
the entirety of the hydrophobic patches should interacttarget binding by S100 proteins involves a Ca2�-depen-
with the biological target, we have advanced here adent sensor mechanism. One way to reconcile the fact
target binding model that combines elements from thethat the p53 and annexin peptides bind to different areas
modes of binding of the p53 and annexins peptides. Weof the same hydrophobic patch is to assume that the
propose that binding of full-length targets may poten-two modes of binding complement each other and coex-
tially integrate these two modes of binding into oneist upon binding of a full-length target (rather than a
unique target binding interface. Also compatible withpeptide). Such a model (Figure 4) would help one to
this model would be the idea that certain S100 moleculesunderstand two potential concerns about the structure
could bind two different targets either sequentially (asof the S100B-p53 complex. First, it has been proposed
Ca2� increases) or simultaneously. Validation of thisthat each of the two target binding sites of S100 proteins,
model will have to await the determination of the struc-which function both as homodimers and heterodimers,
ture of a complex of a S100 protein with its intact molec-may involve simultaneous contacts with residues from
ular effector.both monomers [5]. Although this holds true for the two

A detailed comparison of the structures of Ca2�-freeannexin complexes [8, 9], contacts with the p53 peptide
and Ca2�-bound human S100A6 with equivalent struc-involve only one monomer of the S100B dimer [26]. Sec-
tures of rabbit S100A6 [23, 29, 31] and rat S100B [24,ond, the annexin complexes, but not the p53 complex,
28] exposes marked differences of the structures in bothaccount for extensive interactions with both the linker
states. Even though the existence of a Ca2� sensorloop II and the C terminus of helix IV, the two most
mechanism has been previously visualized in rat S100Bvariable regions in S100 proteins, which have long been
[24, 28], the details of such a mechanism are unlike

predicted to participate in specific target binding [5, 37].
those reported here for human S100A6. Among the three
reported solution structures of S100 proteins in the

Biological Implications Ca2�-free state, it is the more thoroughly refined rabbit
S100A6 [31] that more closely resembles the structure

Considerable interest is being devoted to the study of of human S100A6 described here. We predict that ex-
S100 proteins because of their purported association pressed doubts concerning the existence of a Ca2� sen-
with a number of human diseases and their importance sor mechanism in S100 proteins [23] will be removed
for the clinical diagnosis of cancer. S100A6, in particular, once a similar level of refinement is attained for the
is overexpressed in certain breast cancer cell lines. The solution structure of Ca2�-bound rabbit S100A6. More-
high-resolution crystal structures of Ca2�-free and Ca2�- over, given the striking similarity among the various
bound S100A6 reported here should help resolve an Ca2�-bound structures of S100 proteins determined to
ongoing debate about whether or not S100 proteins high resolution by X-ray crystallography [7, 19–22], in-
function as Ca2� sensors. This study provides conclu- cluding that of the monomeric Ca2�-buffering protein
sive evidence for a major conformational change in calbindin D9k [10], the structural variations in the S100
S100A6 upon Ca2� binding, which includes an �86� re- family of calcium binding proteins are likely to be rather
orientation of helix III in addition to changes in the struc- limited. Differences in sequence localized within the tar-
ture and positioning of helix II, the linker loop II, and the get binding regions, rather than global structural differ-
C-terminal end of helix IV. By exposing two symmetri- ences, are more likely to account for the vast diversity

of functions and targets observed within this family.cally positioned hydrophobic patches, these changes



X-Ray Structures of Ca2�-Free and Ca2�-Bound S100A6
565

[42]. The two Ca2�-bound structures were determined by molecularTwo routes of communication between the Ca2� bind-
replacement with program AMoRe [43] and using the crystal struc-ing sites 1 and 2 can be recognized from the high-
ture of S100A7 [7] as a search model. Refinement and model buildingresolution structures of S100A6 reported here. One
were done with programs wARP-Refmac [44] and O [45] (Table 2).

route observed in all the structures, independent of Datasets from the two crystal forms of Ca2�-free S100A6 were
whether or not Ca2� is bound, involves the coordination initially collected using our in-house equipment (Rigaku RU-H3RH B

X-ray generator, mar345 Imaging Plate detector, Oxford Cryostreamof a water molecule in site 1 by the side chain of Glu67
low temperature system, and Charles Supper Double Mirror X-rayfrom site 2. In the Ca2�-bound structures of S100A6,
Focusing System). The structure was solved from the multiple anom-this water molecule coordinates the Ca2� in site 1. An
alous dispersion (MAD) signal obtained from a seleno-methionineidentical link is observed in all the crystal structures of
derivative (Table 3). Our first attempt, however, to solve the structure

S100 proteins that bind two Ca2� ions per monomer from the MAD signal resulting from the single methionine residue
(calbindin D9k [10], S100B [22], S100A11-annexin I pep- present in wild-type S100A6 (Met57) did not produce an interpret-

able electron density map. In order to enhance the anomalous signal,tide [9], and S100A12 [21]), but is absent in the structure
an additional methionine residue was introduced by site-directedof S100A8 [20], which has a divergent loop I where Ca2�

mutagenesis at position number 3 (Cys3Met). The sulfur atoms ofis coordinated by five ligands only (instead of seven in
the two methionines in the mutated protein were then substitutedS100A6). Thus, Glu67 (or its equivalent in other S100
with selenium by growing the cells in minimal media supplemented

proteins) may effectively “signal” the binding of Ca2�
with seleno-methionine. Crystals of this derivative were obtained

from one loop to the other. A second route of communi- under identical conditions to those of wild-type S100A6 in space
group C2221. A three-wavelength MAD experiment was collectedcation is provided by the two-stranded � sheet that links
at the BioCARS beamline 14-BM-D (APS, Argonne). The positionsthe two Ca2� binding sites. In Ca2�-free S100A6, the
of the two selenium atoms in the asymmetric unit of the crystals were� sheet involves hydrogen bonding contacts between
located with program SnB [46] and refined with program SHARP [47],three residues from each of the Ca2� binding sites. How-
resulting in a first set of phases that were further refined by solvent

ever, in all the Ca2�-bound structures listed above (in- flipping with program SOLOMON [48]. The structure was built and
cluding that of S100A8) [9, 10, 20–22], the � sheet is refined automatically with programs wARP-Refmac [44], using a

dataset to 1.15 Å resolution collected at BioCARS beamline 14-BM-shorter, consisting of just two hydrogen bonds between
C (APS, Argonne) from the same crystal that produced the three-the carbonyls and amides of one amino acid from each
wavelength MAD data. The quality of the structures reported hereCa2� binding site. It is possible that binding of Ca2� to
was validated with program PROCHECK [49]. Table 2 summarizesone of the sites, more likely site 2 which has a higher
the data collection, refinement, and model quality statistics. (Aniso-

affinity for Ca2�, both weakens the � sheet and alters tropic refinement of the two highest resolution structures of Ca2�-
the water structure of the other site through the Glu67 free and Ca2�-bound S100A6 is currently underway).
connection, thus favoring Ca2� binding to the remaining
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