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Summary

S100A4 (metastasin) is a member of the S100 family of calcium-binding proteins that is directly
involved in tumorgenesis. Until recently, the only structural information available was the solution
NMR structure of the inactive, calcium-free form of the protein. Here we report the crystal structure
of human S100A4 in the active, calcium-bound state at 2.03 A resolution that was solved by molecular
replacement in the space group P65 with two molecules in the asymmetric unit from perfectly
merohedrally twinned crystals. The Ca2*-bound S100A4 structure reveals a large conformational
change in the three-dimensional structure of the dimeric S100A4 protein upon calcium binding. This
calcium-dependent conformational change opens up a hydrophobic binding pocket that is capable
of binding to target proteins such as annexin A2, the p53 tumor suppressor protein, and myosin l1A.
The structure of the active form of S100A4 provides insight into its interactions with its binding
partners and a better understanding on its role in metastasis.
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Introduction

The family of S100 proteins belongs to the largest subgroup of EF-hand calcium-binding
proteins and has been described as having either intracellular or extracellular function, or both.
1 Currently 21 S100 family members have been identified in humans and are expressed |n a
cell-specific manner suggesting that each S100 protein has a different function and role.2

4 Some of these functions include cell differentiation, cell growth, cell-cycle regulation and
the assembly/disassembly of cytoskeletal proteins. 5,6 Another feature of S100 proteins is their
association with different stages and types of cancers. SlOOA4 S100A6, S100A7 and S100B
have all been shown to be over-expressed in cancer cells.” Although the exact role of S100
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the accession code 3CGA.
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proteins in the development of cancer is unclear, it appears that the calcium-dependent
conformational change of S100 proteins is important for forming protein interactions with
targets involved in cancer progression.

S100 proteins, named based on the observation that they are soluble in 100% saturated
ammonium sulfate, are low molecular weight (10-12 kDa), acidicgroteins that normally exist
as symmetric homodimers stabilized by noncovalent interactions.” Each S100 monomer is
composed of two EF-hand calcium-binding domains (helix-loop-helix motif). 10 The N-
terminal EF-hand (also known as the S100 hand, pseudo EF-hand or half EF-hand)
encompasses 14 amino acids and coordinates calcium weakly via backbone carbonyl oxygen
atoms, while the C-terminal EF-hand (also known as the canonical EF-hand) is composed of
12 amino acid residues and coordinates calcium with a higher affinity (Kq = 2.6 uM) via side-
chain carboxylate oxygens. 11 Although most S100 proteins bind calcium, there are a few
exceptions, including S100A10, which does not bind calcium due to deletions in the calcium
coordinating residues in its EF-hand loops. 12 For most S100 proteins that are capable of
binding calcium, the apo state is known as the inactive, closed conformation and the calcium-
bound state is known as the active, open conformation. Upon calcium binding, a large
conformational change results in the exposure of a hydrophobic binding pocket in each
monomer, which is capable of binding to intracellular or extracellular proteins. 13,1415
Several S100 proteins have been shown to form complexes with intracellular and extracellular
protelns |ncIud|n% S100A10/annexin A2, S100A11/annexin Al, S100B/p53 and S100B/
CapZ 9 Human S100A4, also known as metastasin, has been shown to form
complexes with several intracellular and extracellular targets in a calcium-dependent manner,
which may be related to S100A4’s role in tumor progression. 11 Some of S100A4’s targets
include the p53 tumor sug)ressor protein, the heavy chain of nonmuscle myosin-II, liprin -1
and annexin A2.20; 21;

Human S100A4 (metastasin) is the best-characterized member of the S100 protein family in
terms of its role in cancer and metastasis formation and has been recently shown to contribute
to tumor-induced angiogenesis. 23,24 0ver- -expression of SL00A4 has been observed in several
metastatic cancers, mcludlng breast, pancreatic, prostate, gallbladder and lung cancer to name
afew.25 26, 27; 28,29 High levels of SL00A4 protein have been shown to be present in human
carcinoma cells, prlmar! colorectal carcinomas, gastric adenocarcinoma and invasive
pancreatic carcinomas. 2 In addition, S100A4 has been immunocytochemically
detected in the carcinoma ceIIs of human breast cancers.33 34 The metastatic phenotype in
in vitro and in vivo models of mammary carcinogenesis has been strongly associated with up-
regulated levels of S$100A4.35 Previous studies have shown the development of the metastasis
phenotype in nonmetastatic rat mammary epithelial cells when transfected with rodent or
human S100A4 genes.36? 37 Furthermore, S100A4 has been shown to be secreted by cancer
cells and is detectable in the serum of cancer patients indicating that S100A4 may serve as a
prognostic marker in human cancers.11; 38 Determining the three-dimensional structure of
Ca%*-bound S100A4 is essential, since it is the calcium-bound form of S100A4 that generates
a biological effect.

Until now, the only structural information published on S100A4 has been that of the inactive,
calcium-free form determined by solution NMR.39 In order to understand the calcium-
dependent activation of SI00A4 and its interactions with target proteins we have determined
the active, Ca2*-bound structure of S100A4. Since then, two other coordinate sets of Ca%*-
bound S100A4 have been deposited into the Protein Data Bank by two different groups without
accompanying publications. Both deposited coordinate sets are from trigonal spacegroups
(P3,21 and P35, PDB codes 3C1V and 2Q91, respectively). In this paper, we present a
structural analysis of Ca2*-bound S100A4 determined using perfectly merohedrally twinned
crystals in the hexagonal spacegroup P6s at 2.03 A resolution.
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Pathuri et al. Page 3

Results and Discussion

Detection of merohedral twinning

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

The x-ray diffraction data were processed in spacegroups P65 and P6522, which resulted in
Rmerge Values of 7.5% and 7.8%, respectively (Table. 1). Since the data merged well in both
spacegroups without any significant increase in Ryerge Or the number of rejected reflections,
both spacegroups were initially considered. Unlike in the case of crystals of the integral
membrane protein bacteriorhodopsin40, in the case of S100A4 the higher-symmetry
spacegroup could not be excluded based on packing density, because the P65 cell contains two
molecules in the asymmetric unit, and the P6522 cell contains one molecule. A Patterson self-
rotation plot was calculated using the program MOLREP from the ccP44L suite (Collaborative
Computational Project, Number 4, 1994) in the lower-symmetry spacegroup (P6s) that
revealed the presence of a two-fold axis along the crystallographic ¢ axis (y = 90°, ¢ = 90°,
= 180°), which is expected for a crystallographic six-fold axis (Figure 1a). However, the self-
rotation plot revealed additional two-fold peaks occurring every 30° in the a/b plane, which is
usually an indication of a P6,22 space group. Based on the results of the Patterson self-rotation
plot, the Ca2*-bound S100A4 structure was initially treated as spacegroup P6522 with one
monomer in the asymmetric unit. After several rounds of model building and refinement at
2.03 A resolution with cycles of energy minimization and torsion-angle simulated annealing
using the maximum-likelihood target function in CNS v.1.142, the R and Rfree Values stalled
at 36% and 41%, respectively. This lead us to consider that the Ca?*-bound S100A4 crystals
might be merohedrally twinned and belong to spacegroup P6s. There were several indications
that the Ca2*-bound S100A4 structure might be merohedrally twinned. First, the Rmerge Value
for the higher symmetry Laue group 6/mmm (Rmerge Of 7.8%) is only slightly higher than for
the lower symmetry Laue group 6/m (Rmerge Of 7.5%). Second, merohedral twinning is
commonly reported for crystals in hexagonal spacegroups, especially when there is an
unusually long ¢ axis (c = 176.2 A). In addition, we were able to find molecular replacement
solutions in both spacegroups, P65 (two monomers per asymmetric unit) and P6522 (one
monomer per asymmetric unit).

To confirm the presence of merohedral twinning, the Ca2*-bound S100A4 data set was tested
for twinning using the Twin Detector: Padilla-Yeates Algorithm
(http://nihserver.mbi.ucla.edu/pystats/) (Figure 1b) and the Merohedral Crystal Twinning
Server (http://nihserver.mbi.ucla.edu/Twinning).4 +44T0 our surprise, the perfect merohedral
twinning test from the Merohedral Crystal Twinning Server revealed that the calculated values
of (12)/(1)2 for acentric reflections were closer to 2.0 (no twinning) than to 1.5 (perfect
twinning), indicating that the crystals were not twinned.#4 Also, no strong evidence of
merohedral twinning was found using the twinning analysis program TRUNCATE from
ccpatl (Figure 1c). However, the partial merohedral twinning test from the Merohedral
Crystal Twinning Server44 did estimate a twin fraction of 0.46 (SHELXL commands “TWIN
100-1-1000-1"and “BASF 0.461516"), which contradicted the results from the perfect
merohedral twinning test and the twinning analysis program TRUNCATE. Failure to detect
merohedral twinning by the majority of the twinning servers and analysis programs indicated
above may be due to the close alignment of the non-crystallographic symmetry (NCS) two-
fold axis with that of the twinning operator. A similar instance was reported by Eisenberg and
coworkers in 2003; they also were unable to detect merohedral twinning using the conventional
twinning servers despite havin%the typical warning signs of twinning and high R factors after
several rounds of refinement. They were only able to obtain reasonable R factors after
including a twinning operator and twinning fraction during refinement and concluded that
merohedral twinning was not detected because it was masked by NCS. Based on these results,
refinement in SHELXL-97 was attempted using a twin fraction of 0.46 and the twinning
operator k, h —I as suggested by the partial merohedral twinning test.46 After the first round
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of refinement in SHELXL-97, the twinning fraction refined to very close 0.5, so no detwinning
was attempted. Manual model-building and several rounds of refinement were performed in
SHELXL-97, which led to the final R values of 23.6% (F, > 40 (Fg)) / 25.5% (no cutoff) and
Rfree Values of 28.1% (Fq > 4o (Fy)) / 33.1% (no cutoff). The R and Ryree dropped dramatically
after the introduction of twinning during refinement, which strongly supported our initial
suspicions of merohedral twinning. The final model of Ca2*-bound S100A4 exhibits good
stereochemistry and consists of 176 amino acids (dimer in the asymmetric unit), 51 water
molecules and four calcium ions. To further investigate the issue of the alignment of the non-
crystallographic symmetry (NCS) two-fold axis with that of the twinning operator, we utilized
the Xtriage program, a tool for analyzing structure factor data to identify the presence of
twinning using the NZ test, the L test (Padilla Yeates) and Britton and H analyses.47 The
following interpretation was offered by the Xtriage program: “As the data does not appear to
be twinned, one can interpret this as origination from a 2-fold NCS axis parallel to the putative
twin axis or that the spacegroup is too low. It might be useful to refine a putative twin fraction
during refinement and/or re-assess your data processing.” These analyses suggest that we have
a ca5e4%f masked merohedral twinning similar to that reported by Eisenberg and coworkers in
2003.

Overall structure of active, Ca2*-bound S100A4

The crystal structure of active, Ca2*-bound S100A4 was solved by molecular replacement
using the structure of the most closely related S100 protein, active Ca2*-bound S100A6 (PDB
code: 1K96).13 The Ca?*-bound crystal structure of ST00A4 exhibits the same overall topology
seen in other S100 proteins and like other S100 proteins crystallized as a tight homodimer
(Figure 2). Each monomer consists of four a-helices (H1, H2, H3 and H4) connected by short
loops (L1, L2 (hinge) and L3) (Figure 3). The first helix (H1) is formed by residues Leu5-
Ser20, the second (H2) by residues Lys31-Glu41, the third (H3) by residues Phe55-Leu62 and
the fourth (H4) by residues Phe72-Glu88. The loop regions L1, L2 and L3 connect the pairs
of helices H1-H2, H2-H3 and H3-H4, respectively. In S100A4, the C-terminal loop is long
and very basic and makes it unique in comparison to other S100 proteins; however, in the
Ca%*-bound S100A4 crystal structure the C-terminal loop (Phe89-Lys101) was disordered in
the electron density maps. The hinge region (L2) links helices H2 and H3 and shares low
sequence homology to other S100 proteins and has been shown to be involved in target binding.
Each S100A4 monomer consists of two helix-loop-helix calcium-binding domains known as
EF-hands (EF-hand | and EF-hand I1) which are brought into close proximity in the structure.
The N-terminal EF-hand (EF-hand 1), which is also known as the pseudo EF-hand, is formed
by H1-L2-H2 and is comprised of 14 residues (Ser20-Glu33). The calcium ion in the pseudo
EF-hand (Kg > 50 uM) is primarily coordinated by backbone carbonyl oxygen atoms.48; 49
The C-terminal EF-hand (EF-hand I1), which is also known as the canonical EF-hand, is formed
by H3-L3-H4 and is comprised of 12 residues (Asp63-Glu74). The calcium ion in the canonical
EF-hand is coordinated with a higher affinity (Kq = 2.6 uM) primarily through side chain
oxygen atoms.#8: 49 | the pseudo EF-hand, the calcium ion is coordinated in a pentagonal
bipyramidal coordination sphere formed by the backbone carbonyl oxygen atoms of Ser20,
Glu23, Asp25, Lys28, the bidentate carboxylate group of Glu33 and a water molecule (Figure
4a). In the canonical EF-hand, the calcium ion is coordinated in a hexagonal coordination
sphere formed by the monodentate carboxylate groups of Asp63 and Asp67, the side-chain
carbonyl of Asn65 and the bidentate carboxylate group of Glu74 and the backbone carbonyl
group of Glu69 (Figure 4b).

The overall size of the Ca2*-bound S100A4 dimer is approximately 54 x 41 x 31 A3 and the
total buried surface area between monomers A and B is 3,065 A 2. Similar to the apo-S100A4
structure and other S100 structures, the Ca2*-bound S100A4 homodimer is held together by
the X-type four-helix bundle formed between helices H1 and H4 of monomer A and helices
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H1’ and H4’ of monomer B. Yeast two-hybrid assays revealed that residues Phe72, Tyr75,
Phe78 and Leu79 from helix H4 are essential for dimerization in vivo.90 Mutation studies on
S100A4 revealed that side chains Phe72, Tyr75, Phe78 and Leu79 from helix H4 (or helix H4")
form noncovalent interactions with the hydrophobic side chains Met12, VVal13 and Phel16 from
helix H1’ (or helix H1) to form the dimerization interface.®0 In addition to the residues that
form the X-type four helix bundle, residues Leu34, Leu37 and Leu38 of helix H2, Leu62 of
helix H3, Leu29 of loop L1, Leu42 and Leu46 of loop L2 and Val70 of loop L3 contribute to
monomer integrity. A sequence alignment of S100A4 with five other S100 proteins (S100A1,
S100A6, S100A10, S100A11 and S100B) reveals similar residues involved in dimerization
(Figure 5). In helix H4, the phenylalanine residue at position 72 in SLI00A4 is strictly conserved
in the other S100 sequences, while residues Tyr75, Phe78 and Leu79 in SL00A4 have aromatic
or aliphatic substitutions throughout the sequences. In helix H1, the phenylalanine residue at
position 16 in S100A4 is strictly conserved in the other S100 sequences, while residues Met12
and Vall13 have aliphatic substitutions throughout the S100 sequences. The amino acid residues
important for S100 dimerization appears to be either strictly conserved or have homologous
substitutions, which may be the reason why heterodimerization is possible between different
members of the S100 family.

Most members of the S100 protein family contain one or more cysteine residues and are capable
of forming disulfide-linked homotetramers under oxidizing conditions.1 S100B and S100A10
have been shown to form disulfide-linked dimers via surface-exposed cysteine residues (Cys61
and Cys70, respectively) in the EF-hand 11 Ioop.51? 52 5100A4 contains four cysteine residues,
one near the N-terminus (Cys3) and three in helix H4 (Cys76, Cys81 and Cys86). Due to the
presence of four cysteine residues, Ca?*-bound S100A4 was crystallized under reducing
conditions (in the presence of 10 mM dithiothreitol) to prevent the formation of disulfide linked
S100A4 dimers. In the Ca?*-bound S100A4 structure, Cys76 and Cys81 only move by 1.41 A
and 0.83 A, respectively (Cys3 is not visible in the electron density maps). The lack of
conformational change is probably because Cys76 is located at the SI00A4 dimer interface,
while Cys81 is exposed to the solvent in both the calcium-free and calcium-bound forms. On
the other hand, Cys86 undergoes the most dramatic conformational change in response to the
addition of calcium by moving 2.98 A. Cys86 is one of the residues comprising the hydrophobic
target-binding site and is buried in the calcium-free (inactive) form, while it is exposed in the
calcium-bound (active) form such that it could possibly interact with other SI00A4 dimers
under oxidizing conditions or different protein targets under reducing conditions. Therefore,
the Ca2*-bound S100A4 structure reported here most likely represents the S100A4 dimer
present in the reducing environment of the cytosol.

Comparison with the inactive apo S100A4 structure

A comparison of the inactive apo-S100A4 structure and the active Ca2*-bound S100A4
structure highlights the major conformational change S100A4 undergoes in the presence of
calcium (Figure 6;;1).39 A structural comparison of the apo-S100A4 and Ca?*-bound S100A4
structures reveals dramatic differences in the overall shape and size of the dimers. The inactive
apo-S100A4 dimer structure is more compact (43 x 40 x 35 A3) in comparison to active
Ca?*-bound S100A4 dimer structure (54 x 41 x 31 A3). The root mean square distance
(r.m.s.d.) of the C, atoms between apo-S100A4 and Ca2*-bound S100A4 is 1.67 A, illustrating
significant conformational changes between the apo and calcium-bound states (Figure 6b). The
most noticeable differences occurs in helices H2 and H3 and in the loop regions L1 (EF-hand
1), L2 (hinge) and L3 (EF-hand II) (Figures 7 (a) and 7 (b)). A superimposition of the apo and
Ca?*-bound S100A4 structures reveals a 70° reorientation of helix H3 such that helix H3 is
now nearly perpendicular to helix H4 in the presence of calcium. This dramatic reorientation
of helix H3 opens up the target binding region formed by helix H4 and loop L2 (hinge). In
addition, helix H3 is one turn shorter in the Ca2*-bound structure than in the apo structure,

J Mol Biol. Author manuscript; available in PMC 2009 October 31.
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which extends the length of the L2 loop (hinge) by two amino acids. The regions of the Ca2*-
bound structure that change the least in comparison to apo structure are helices H1 and H4.
This area of the structure changes the least since the hydrophobic residues from helices H1 and
H4 hold the dimer together via the X-type four-helix bundle.

Upon calcium binding, the amino acid residues in both the pseudo EF-hand (loop L1 or EF-
hand I) and canonical EF-hand (loop L2 or EF-hand I1) undergo changes to accommodate the
calcium ions. In the pseudo EF-hand the coordination of the calcium ion is mediated primarily
by main chain carbonyls and the conformational change is less dramatic than in the canonical
EF-hand where the calcium ion is coordinated primarily by side chain carboxylates. In the
pseudo EF-hand the only major change occurs in residue Glu33 which moves by ~3.8 A to
coordinate the calcium ion via its bidentate carboxylate group. In contrast, all the residues
involved in the calcium coordination in the canonical EF-hand undergo major conformational
changes with residues Asp63 and Asn65 undergoing the most dramatic changes by moving
~7.7 Aand ~8.1 A, respectively.

Interestingly, previous researchers have measured the calcium affinity of S100 proteins by
measuring changes in tyrosine fluorescence intensity.533 4 Typically, the calcium-induced
conformational change resulted in a significant increase in tyrosine fluorescence, which was
correlated with the exposure of the hydrophobic binding sites in the S100 dimer.53 There are
two tyrosine residues (Tyr19 and Tyr75) in human S100A4 located in helices H1 and H4,
respectively. Only slight conformational changes are observed in Tyr19 and Tyr75 in the
presence of calcium, which only move by 0.64 A and 0.67 A, respectively in comparison to
the calcium-free form of S100A4. Therefore, using tyrosine fluorescence to estimate the
calcium affinity of S100A4 is not a reliable method, since the tyrosine residues are located in
the helices that form the S100A4 dimer interface and not in the hydrophobic binding sites that
are exposed upon calcium activation.

Comparison with other S100 structures

The overall structure of Ca*-bound S100A4 displays the same topology as the other members
of the S100 family. The r.m.s.d. values of the Ca atoms between Ca%*-bound S100A4 and the
Ca?*-bound structures of S100A1, S100A6 and S100B and the apo form of S100A10 are 1.57
A, 1.08 A, 1.57 Aand 1.22 A, respectively (PDB codes: 1ZFS, 1K96, 1TUWO and 1A4P
respectively).13; 15; 515 55 5100A10 is one of the few members of the S100 family that is
incapable of binding calcium due to mutations and deletions in its EF-hands; however,
S100A10 is still capable of binding to protein targets in the absence of calcium and is therefore
constitutively active.12 51 The EF-hand | loop of S100A10 is three amino acids shorter than
the EF-hand I loop in S100A4 and in a significantly different conformation. Surprisingly, the
conformation of the EF-hand Il loop in S100A10 is similar to that of S100A4 despite three
major substitutions in the corresponding calcium-coordinating residues (Asn65—Cys61,
Glu69—Lys65 and Glu74—Ser70). The major reason why S100A10 is in a permanently active
conformation is likely due to the similarity of conformations of the EF-hand Il loops that lead
to the exposure of hydrophobic target binding sites formed by helix H4 and loop L2 (hinge)
in both the S100A10 and Ca?*-bound S100A4 structures. The reason why apo S100A10 has
asimilar overall EF-hand 11 conformation as in Ca?*-bound S100A4 could be due to conserved
acidic residues Asp59 and Asp63 and the formation of a salt bridge between Asp63 and Lys65.

Based on the r.m.s.d. values reported above, the Ca*-bound S100A4 structure is most similar
to the apo form of S100A10 and the Ca2*-bound structure of SI00A6. However, the r.m.s.d.
values indicate there are significant differences between the Ca?*-bound S100A4 structure and
the CaZ*-bound structures of S100A1 and S100B. Superimposition of the S100 structures
shows that helices H1 and H2 are in a similar conformation among the S100 structures (Figure
8). However, there are significant differences in the orientation of helices H3 and H4 in the
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Ca%*-bound S100A4 structure in comparison to the Ca2*-bound structures of S100A1 and
S100B. The differences in the positions of helices H3 and H4 are likely due to the variations
in the amino acid sequence in the C-terminal loop of helix H4 and the loop L2 region (hinge)
preceding helix H3. The lack of sequence homology in loop L2 and the C-terminal loop
presumed to determine which specific protein target will interact with specific members of the
$100 family.49

Implications for target binding to annexin A2 and other targets

S100A4 is the best characterized of all the members of the S100 family in its role in cancer;
however, its exact mechanism of action in the development of cancer is unknown.24 The
interactions between S100A4 and its protein targets are dimerization-dependent and calcium-
dependent and may reveal clues on the metastasis-promoting properties of 5$100A4.11 To date,
both intracellular and extracellular targets of SLI00A4 have been identified: the p53 tumor
suppressor protein, F-actin, tropomyosin, SI00A1 and annexin A2 to name a few.20; 23; 50;
56; 57 Most of the S100A4 protein targets that have been identified thus far are found
intracellularlf/. However, accumulating evidence has shown that SI00A4 plays an extracellular
role as well. 11 Although the mechanism of secretion are unclear it is known that S100A4 is
secreted by tumor cells and it has been recently discovered that ST00A4 binds to the endothelial
plasminogen co-receptor, annexin A2, another protein that is secreted by a poorly understood
mechanisms.23 Several annexins have been shown to bind to members of the S100 family to
form heterotetramer complexes including: annexin Al and S100A11, annexin A1l and
S100A6 and annexin A2 and S100A10.16; 17558 Annexins are a family of cytosolic proteins
that bind to negatively charged phospholipids in a Ca*-dependent manner and have been
implicated in several membrane fusion processes.59 The annexin A2/S100A10 heterotetramer
complex is the best characterized of the annexin/S100 complexes discovered thus far and has
been shown to be the only complex that is calcium-independent due to mutations in the EF-
hands of S100A10 that render it incapable of binding calcium, yet arrest it in the active
conformation.12; 16 Previously, only the annexin A2/S100A10 heterotetramer complex was
shown to activate tissue plasminogen activator (t-PA)-mediated plasmin formation. 0
However, a report was recently published that provided evidence that ST00A4 in complex with
annexzig A2 accelerates t-PA-mediated plasminogen activation on the surface of endothelial
cells.

Immunoprecipitation and NMR studies demonstrated direct binding of SI00A4 and annexin
A2, and the binding site was found to be located in the first thirteen residues of the N-terminal
region of annexin A2.23 The report proposed that the angiogenic and metastasis properties of
S100A4 are induced when annexin A2 is translocated to the surface of endothelial cells while
S100A4 is secreted by tumor cells. The report proposed that formation of the S100A4/annexin
A2 heterotetramer complex increases the t-PA-mediated conversion of plasminogen to
plasmin, activating matrix metalloproteinases (MMPs), which in turn induce extracellular
matrix remodeling leading to angiogenesis.

The Ca?*-dependent activation of dimeric S100A4 exposes two symmetrically positioned
hydrophobic target binding sites, each of which is thought to bind specifically to the N-terminal
domain of annexin A2. Electrostatic surface representations of the apo and Ca%*-bound
S100A4 structures reveal that several of the hydrophobic patches buried in the apo structure
are exposed in the Ca%*-bound structure (Figures 9 (a) and 9 (b)). The electrostatic distribution
is most dramatically affected near helices H4 and H4” and loops L2 and L2’ upon calcium-
binding. In the Ca2+-bound structure the major reorientation of helix H3 unveils hydrophobic
residues from helices H4 and H4’ (residues Leu79, 11e82, Cys86 and Phe89) and loops L2 and
L2’ (residues Leu42, Phe45 and Leu46), which likely participate in target binding to annexin
A2. Sequence alignment of SLI00A4 and S100A10 reveals high sequence similarity in the
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annexin A2 target binding region (Figure 5). The crystal structure of SI00A10 and the annexin
A2 N-terminal peptide (first 13 amino acids) revealed that each annexin A2 peptide was bound
to a pocket formed by helix H4 and loop L2 of one monomer and the N-terminal portion of
helix H1’ from the second monomer.® The crystal structure of the S100A10/annexin A2
peptide complex showed that the hydrophobic residues lining the target binding region in
S100A10 are Phe38 and Phe41 of the loop L2 region and Leu78, Cys82 and Tyr85 of helix
H4. Based on a sequence alignment and structural comparison of S100A4 and the S100A10/
annexin A2 complex structure, we propose that hydrophobic residues Leu42 and Phe45 of the
loop L2 region and 11e82, Cys86 and Phe89 of helix H4 from the CaZ*-bound S100A4 structure
form the target binding region for annexin A2 (Figures 10 (a) and (b)). We propose that similar
residues involved in the complex between S100A10 and the annexin A2 N-terminal peptide
may also be involved in the S100A4 and annexin A2 N-terminal peptide interaction; however,
a crystal structure of S100A4 in complex with full-length annexin A2 complex would provide
more information on additional interactions.

Conclusions

We have solved the crystal structure of the active, Ca2*-bound S100A4 (metastasin) from
perfectly merohedrally twinned crystals. The structure of active S1I00A4 reveals a dramatic
conformational change that opens up two symmetrically positioned target binding sites that
are buried in the apo S100A4 structure. Based on the structural information we have gained
from Ca2*-bound S100A4 we propose a model of calcium induced target binding to annexin
A2 and how this interaction may contribute to SI00A4’s role in metastasis and angiogenesis.
Although conventional twinning servers and analysis programs did not detect twinning,
refinement of the Ca2*-bound S100A4 structure was only successful after including a twinning
operator and a twin fraction of 0.5. We believe that conventional twinning servers failed to
detect twinning because NCS masked the twinning operator, a phenomenon that has been
previously reported.45

Materials and Methods

Expression and purification

The pET23a-human S100A4 expression construct was kindly provided by Dr. David J. Weber,
University of Maryland School of Medicine, Maryland, USA and Dr. Anne R. Bresnick, Albert
Einstein College of Medicine, New York, USA. The recombinant plasmid pET23a-S100A4
was expressed in BL21 (DE3) Escherichia coli cells (Novagen, San Diego, CA, USA). Cells
grown from an overnight pre-culture incubated at 37 °C were grown in 1 | Luria-Bertani (LB)
broth medium containing 50 pg/ml ampicillin at 37 °C. At an optical density of 0.8 at 600 nm,
the cells were induced with 1 mM isopropyl B-D-thiogalactopyranoside (IPTG) at 37 °C. The
cells were harvested 4 h after induction by centrifugation at 6000g for 15 min at 4 °C, then
frozen and stored at —20 °C until lysis.

Cell pellets from 6 | of culture were resuspended in 150 ml of lysis buffer [50 mM imidazole-
HCl pH 7.4, 2 mM EGTA, 150 mM NacCl, 10 mM MgCl,, 1 mM dithiothreitol and 1 mM
phenylmethylsulfonyl fluoride (PMSF), containing a protease inhibitor cocktail [20 pg/ml
aprotinin, 0.5 mM benzamidine and 10 pM trans-epoxysuccinyl-L-leucylamido(4-guanidino)
butane (E-64)]. Lysozyme was added to a final concentration of 100 pg/ml and the resuspended
cells were lysed using a French Press. The lysate was centrifuged at 40,0009 for 1 hat4 °C to
remove cell debris and denatured protein. The supernatant was dialyzed against buffer A [10
mM imidazole-HCI (pH 7.4), 10 mM NaCl, 1 mM EGTA, 1 mM NaN3 and 1 mM PMSF].

Human S100A4 was purified using ion-exchange chromatography and all purification steps
were performed at 4 °C. The supernatant was first applied to a 200 ml bed volume DEAE
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Sepharose column (Amersham Pharmacia, Piscataway, NJ, USA) preequilibrated with buffer
A. Unbound protein was removed by washing the column with 200 ml of buffer A and the
S100A4 protein was eluted in buffer B (10 mM imidazole-HCI (pH 7.4), 50 mM NaCl, 1 mM
EGTA, 1mM NaN3and 1 mM PMSF). Fractions containing SL00A4 were pooled and dialyzed
against buffer C (50 mM MES-NaOH pH 5.6 and 1 mM dithiothreitol) and applied to a 200
ml bed volume MonoS cation-exchange column (Amersham Pharmacia, Piscataway, NJ, USA)
pre-equilibrated with buffer C. The column was washed with 200 ml of buffer C to remove
any unbound protein and S100A4 was eluted in 50 mM MES-NaOH pH 5.6, 350 mM NaCl
and 1 mM dithiothreitol using a 50-500 mM NaCl step gradient composed of 50 mM steps.
Fractions containing S100A4 were pooled and dialyzed against 50 mM MES-NaOH pH 5.6,
250 mM NaCl, 100 mM CaCl, and 10 mM dithiothreitol in order to obtain Ca2*-bound crystals
of human S100A4. Prior to crystallization SI00A4 was concentrated to 20 mg/ml via
ultrafiltration using a 10 kDa cutoff ultrafiltration membrane (Millipore Corporation, Bedford,
MA, USA). The purity of the sample during each purification step was confirmed using 15%
(w/v) SDS-PAGE stained with Coomassie Brilliant Blue.

Crystallization and data collection

Crystallization screens were set up using the hanging-drop vapor-diffusion method61 by
mixing 2 pl of protein solution with 2 pl of precipitant solution over wells containing 1 ml of
precipitant solution in EasyXtal Tool plates from Nextal Biotechnologies (Montreal, Quebec,
Canada). Crystallization conditions were obtained in 20% (w/v) PEG 3350 and 100 mM Tris-
HCI pH 8.5 at 22 °C. This condition was optimized to improve the quality of the crystals by
using isopropanol as an additive and using various protein concentrations. The best crystals
grew in three days at 22 °C by mixing 1.5 pl of protein solution (20 mg/ml) with 2 pl of
precipitant solution (20% (w/v) PEG 3350, 10% (v/v) isopropanol and 100 mM Tris-HCI pH
8.5); the maximum dimensions of the crystals were 70 x 70 x 90 pm.

Prior to data collection, Ca?*-bound S100A4 crystals were soaked for a few seconds in the
crystallization solution containing 30% (v/v) glycerol as a cryo-protectant before being flash-
cooled in liquid nitrogen. X-ray diffraction data were collected on beamline 9-1 at the Stanford
Synchrotron Radiation Laboratory (SSRL) using remote robotic data collection ata wavelength
of 0.979 A. The detector was an Area Detector Systems Corporation (ADSC) Q315 CCD
detector. A total of 180 frames of 1° oscillation range and an exposure time of 30 s per frame
were collected from a single crystal. The images were processed to 2.03 A in spacegroups
P65 and P6522 with the program HKL2000.62 Data-collection statistics are summarized in
Table 1.

Structure determination and refinement

Molecular replacement was carried using PHASER63 using the Ca*-bound S100A6 structure
(PDB code: 1K96, 46% sequence identity) as the search model.13 The calcium ions were
removed from the search model prior to molecular replacement.

Due to the presence of strong merohedral twinning, SHELX-97 was used for crystallographic
refinement (TWIN and BASF options).46 In order to avoid bias due to the presence of the
twinning operator the Rsee test reflections were selected to include all reflection (twin pairs)
from several thin resolution shells. During each step of the refinement, twenty conjugate-
gradient cycles were performed and after several rounds of refinement and manual model-
building using the program Coot64, water molecules were added using SHELX-97
(SHELXWAT option). Final refinement statistics for Ca2*-bound S100A4 are listed in Table
1.
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Detection of merohedral twinning

Merohedral twinning analysis was attempted using the Merohedral Twin Detector: Padilla-
Yeates Algorithm available at http://nihserver.mbi.ucla.edu/pystats/ and the Merohedral
Crystal Twinning Server available at http://nihserver.mbi.ucIa.edu/TWinning.43; 44 Twinning
analysis was also performed using the program TRUNCATE from CCP4 (Collaborative
Computational Project, Number 4, 1994). 1 cumulative intensity distribution plots and the
second moment of | were examined in TRUNCATE. The program Xtriage was used to analyze
the structure factor data for the presence of tWinning.47 The twinning fraction was refined with
the program SHELXL-97.46
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Figure 1. Analysis of merohedral twinning for data reduced in spacegroup P6g

(a) Self-rotation function for x = 180°. In addition to the crystallographic two-fold peak at y
=90°, ¢ = 90°, the plot shows two strong two-fold peaks every 30° in the a/b plane, which is
usually an indication of a P622 spacegroup. The resolution limits are 25-2.03 A and the
Patterson vector cutoff radius is 30.0 A. (b) Results from the twinning server (Twin Detector:
Padilla-Yeates Algorithm) suggests that the crystal is not twinned.43 (c) The plot from the
twinning analysis program TRUNCATE from ccpra?l also suggests that the crystal is not
twinned. The expected values of (15)/(1), are 2.0 for non-twined data and 1.5 for perfectly

twinned data.
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Figure 2. Ribbon diagram of the Ca?*-bound S100A4 homodimer

Monomer A is shown in blue, monomer B is shown in green and the calcium ions are
represented as red spheres. The N termini and C termini are labeled as Nt and Ct, respectively.
The figure was prepared using the programs Pymol [http://pymol.sourceforge.net/] and
POVRAY [http://www.povray.org/].
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Figure 3. Ribbon representation of the Ca?*-bound S100A4 monomer

Helix H1 is shown in blue, helix H2 is shown in dark pink, helix H3 is shown in green, helix
H4 is shown in light pink, loop L2 is shown in red, loop L2 (hinge) is shown in orange and
loop L3 is shown in cyan. The calcium ions are represented as gold spheres, the N terminus
(Nt) is shown in yellow and the C terminus (Ct) is shown in purple. The figure was prepared
using the programs Pymol [http://pymol.sourceforge.net/] and POVRAY
[http://mww.povray.org/].
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Figure 4. Coordination of the calcium ions in the EF-hand | and EF-hand Il loops in the Ca?*-
bound S100A4 structure

Calcium ions are represented as red spheres, water molecules as yellow spheres and the
coordination between the calcium ion and oxygen atoms is indicated by cyan dotted lines. (a)
Calcium coordination in the EF-hand | loop. The coordination distances between the calcium
ion and the coordinating oxygen atoms (Ca-O) are as follows: Ca-O Ser20 2.45 A, Ca-O Glu23
2.54 A, Ca-O Asp252.22 A, Ca-O Lys28 2.64 A, Ca-OE1 Glu33 2.77 A, Ca-OE2 Glu33 2.37
A and Ca-O HOH124 2.36 A. (b) Calcium coordination in the EF-hand 11 loop. The
coordination distances between the calcium ion and the coordinating oxygen atoms (Ca-O) are
as follows: Ca-OD1 Asp63 2.31 A, Ca-OD1 Asn65 2.15 A, Ca-OD1 Asp67 2.75 A, Ca-O
Glu69 2.27 A, Ca-OE1 Glu74 2.26 A and Ca-OE2 Glu74 2.61 A. The figure was prepared in
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the molecular graphics programs Pymol [http://pymol.sourceforge.net/] and POVRAY
[http://www.povray.org/].
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Figure 5. Sequence alignment of S100A4 and S100 family members S100A1, S100A6, S100A10,
S100A11 and S100B

The secondary structural elements for S100A4 are indicated above the alignment. Helices H1,
H2, H3 and H4 and loop regions L1, L2 (hinge) and L3 are labeled. The N terminus and C
terminus are labeled as Nt and Ct, respectively. Residues denoted as white letters on red
background are strictly conserved. Residues boxed in blue and denoted in red are homologous
while residues denoted in black are non-homologous in this group. Highlighted in green are
residues that coordinate the calcium ions in EF-hand | (pseudo EF hand) and EF-hand I1.
Highlighted in yellow are residues that form hydrophobic interactions with the annexin A2
peptide in complex with S100A10 and the proposed residues that may form hydrophobic
interactions with annexin A2 in comé)lex with S100A4. The sequence alignment was created
g%mg the program CLUSTALWS9: 66 and the figure was prepared with the program ESPript.
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Figure 6. Comparison of apo (inactive) and calcium-bound (active) S100A4 structures

(a) Ribbon representation of the apo S100A4 NMR structure (blue) superimposed on the
Ca?*-bound S100A4 (pink) crystal structure. Calcium ions are represented as blue spheres in
the Ca?*-bound S100A4 crystal structure. (b) The Ca2*-bound S100A4 dimer colored from
blue to red according to its r.m.s.d. from apo S100A4, with regions with the largest deviations
depicted in red. Helices H1, H2, H3 and H4 and loop regions L1, L2 (hinge) and L3 are labeled.
Superposition of the apo and Ca2+-bound structures was performed with the program
Cootb8 (Cor.m.s.d. 1.67 A) and the figure was prepared in the molecular graphics programs
Swiss-Pdb Viewer69, Pymol [http://pymol.sourceforge.net/] and POVRAY
[http://mwww.povray.org/].
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Figure 7. Overlay of EF-hands I and Il from monomer A of S100A4 in the apo (pink) and Ca?*-
bound (blue) states

Calcium ions are represented as blue spheres in the Ca?*-bound S100A4 crystal structure and
helices H1, H2, H3 and H4 and loop regions L1, L2 (hinge) and L3 are labeled. (a)
Superimposition of the N-terminal EF-hand (EF-hand 1) and (b) the C-terminal EF-hand (EF-
hand 11) in the apo and Ca?*-bound states illustrating how these two regions change
conformation upon calcium bindingS. Superposition of the apo and Ca2*-bound structures was
performed with the program Coot®8 and the figure was prepared in the molecular graphics
programs Pymol [http://pymol.sourceforge.net/] and POVRAY [http://www.povray.org/].
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Figure 8. Superposed Ca ribbon representations of five S100 proteins with bound calcium: S100A4
in blue, the S100A10 in red, S100Al in yellow, S100A6 in mint and S100B in pink

Helices H3 and H4 are labeled to illustrate the differences between the orientations of these
helices among the S100 family members. Bound calcium ions were removed for clarity.
Superposition of the S100 protein structures was performed in the molecular graphics programs
Swiss-Pdb Viewer69 and the figure was rendered with POVRAY [http://www.povray.org/].
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Figure 9. Electrostatic surface potential representations of (a) apo S100A4 and (b) Ca?*-bound
S100A4

Red, blue and white areas indicate negatively charged, positively charged and hydrophobic
regions, respectively. Helices H4 and H4’ and loop regions L2 and L2’ are labeled. The
electrostatic surface representation of the Ca*-bound S100A4 structure highlights the
exposure of two symmetrically hydrophobic target binding sites formed by helix H4 and loop
L2, and by helix H4’ and loop L2’, which are buried in the apo S100A4 structure. The figure
was prepared in the CCP4 molecular graphics program.70
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Figure 10. Ca?*-bound S100A4 structure modeled in complex with the N-terminal domain of
annexin A2, based on a superimposition of the S100A10/N-terminal annexin A2 peptide complex
structure on the Ca2*-bound S100A4 structure.®®

Helices H4 and H4’ and loop regions L2 and L2’ are labeled. (a) Ribbon representation of
Ca?*-bound S100A4 (blue) homodimer with two annexin A2 peptides (yellow) bound to the
target-binding regions formed by helix H4 and loop L2, and by helix H4” and loop L2’. Calcium
ions are represented as red spheres. (b) A close-up view on the overlay of the target-binding
regions of Ca*-bound S100A4 (blue) and S100A10 (orange) with the N-terminal annexin A2
peptide (yellow). The residues (orange) forming hydrophobic interactions in SI00A10 with
the N-terminal annexin A2 peptide are shown as sticks. Corresponding residues Leu42, Phe45,
11e82, Cys86 and Phe89 in S100A4 that may form hydrophobic interactions with the N-terminal
annexin A2 peptide are labeled and shown as sticks. Superposition of the Ca?*-bound S100A4
and S100A10/N-terminal annexin A2 peptide complex structures was performed with the
program Coot®8 and the figure was prepared in the program Pymol
[http://pymol.sourceforge.net/].
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Table 1

Data collection and crystallographic refinement statistics for Ca2*-bound S100A4.

Data Collection

Spacegroup PG
Unit-cell parameters

a=hb(A) 47.1
c(A) 176.2
Matthews coefficient (A% Da %) 2.57
No. of molecules in the ASU 2
Solvent content (%) 52.1

Resolution (A)

50.0 - 2.03 (2.07 - 2.03)

Total observations

187,833

Unique reflections 14,094

Completeness (%) 99.2 (98.6)

Rmerge#(%) 7.5 (47.5)

Average l/o(l) 39.7 (2.9)

Mosaicity (°) 0.47
Refinement

Twin Fraction 0.5

Resolution range (A) 50.0 - 2.03

Number of reflections

Working set [(F, > 40 (F,)/all data] 11,289/13,399
Test set [(F, > 4o (F,)/all data] 594/700

Ruork (%) [(F, > 40 (F)/all data]® 23.6/25.5

Riree (%) [(Fy > 40 (Fo)/all data] ® 28.5/33.1

Average B factor (A?) 313
Ramachandran plotc

Most favorable regions (%) 81.5%

Allowed regions (%) 18.5%

Disallowed regions (%) 0.0%
Model details

No. of protein atoms 1,412

No. of water molecules 51

No. of calcium ions 4

Values in parentheses are for the highest resolution shell.
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#Rmerge =Zhkl Zjllj(hkI)- <I(hkl)>|/ZhkIZj<I(hkI)>, where Ij(hkl) and <I(hkI)> are the intensity of measurement j and the mean intensity for the reflection

with indices hkl, respectively.

a
Rwork = Z|Fobs-Fcalcl/(Z|Fobs|)-

k)The Rfree is the R-factor based on 5% of the data excluded from refinement.

“Determined by PROCHECK.71
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The final model contains amino acids 2-90 for molecule A and molecule B (out of 101 each).
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