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ABSTRACT. The crystal structure of human psoriasin (S100A7) in the native, calcium-bound form has
been determined from two crystal forms of the protein crystallized with and without divalent zinc. The
overall structures of the dimeric protein closely resemble the previously determined holmium-substituted
structure. The structures also reveal a zinc-binding site of the protein, which is formed by three histidines
and an aspartate residue. Together, these residues coordinate the zinc ion in a way similar to the pattern
seen in certain metalloproteases and in particular the collagenase family of proteins. Sequence comparison
suggests that this zinc site is present in a number of the remaining members of the S100 family. The
structure of S100A7 crystallized in the absence of zinc further shows that loss of zinc results in a
reorganization of the adjacent empty and distorted EF-hand loop, causing it to resemble a calcium-loaded
EF-hand.

Psoriasin (S100A7) is a small, homodimeric protein of consistent with a three-residue shortening of the loop region
22.7 kDa belonging to the S100 class of calcium binding that should otherwise accommodate the ion.
EF-hand proteins. The protein is abundant in many human  yhjle calcium is known to stimulate many cell types, zinc
cell types, but most remarkably, it was found to be at least often has an antagonistic effect on cell growth. Important
S times upregulated in the keratinocytes of patients suffering proteins such as calmodulin and the S100 proteins are
from the chronic and hyperprohft_araﬂve skin disease PSOriasis pelieved to take part in this regulatiof)( The existence of
(1-3). Even though much scientific research has been carriedisiinct EF-hand calcium binding motifs is well established
out in establishing the molecular basis of psoriasis, very little ¢y a1 members of the S100 family, but numerous studies

is known presently about this complex disease, and the exacly|so imply that divalent zinc should be considered a major
function of S100A7 is currently unknown. It is, however, regulator of their function §-12). In fact, it has been

believed that the protein responds to transient changes i”postulated that the S100 proteins should be considered as
the cellular calcium concentration by binding yet unidentified primarily zinc-regulated proteins and not merely as proteins
receptor molecules. that bind zinc for structural reasons. The latter conclusion is
The three-dimensional crystal structure of S100A7 was pased on the fact that protein stability does not seem to be
recently determined at atomic resolution using a holmium- ajtered upon binding or loss of the zinc ioh3j.
substituted variant of the protein to solve the crystallographic
phase problemd4). Earlier work suggests a great degree of
chemical similarity between calcium and the lanthanide
elements with respect to binding by proteids®), and it is
believed that the derivative S100A7 structure reflects the
physiological and calcium-loaded form of the protein with

high accuracy. The overall structure of S100A7 is largely reported for SI00A1216). In all cases, however, it is found

similar to other S100 proteins for which the structure is that the calcium- and zinc-binding sites are distinct and that
known, but several important differences exist with respect . 9

to, for example, interhelical angles and the layout of the |nr;[eract|or1 V\r':th the FWO 1ons convsi\ys.dr;fferent structural

individual helices. Most importantly, SI00A7 seems to lack changes in t. N protglns. For example, it 1as been suggested

the ability to bind calcium in the N-terminal EF-hand, that the binding of zinc by S100B results in the exposure of
hydrophobic groupsi@). In some cases, these conforma-

tional changes supposedly lower the affinity of the protein

T This work was funded by a special program for biotechnology under for calcium, whereas in other cases, the affinity increases.

the Danish Natural Science Research Council and a Hallas-Mgller y, . . . . . .
fellowship from the Novo Nordisk Foundation to M.K. With respect to the location of the zinc-binding site, it was

* Atomic coordinates for the structures described in this paper have proposed that a His-X-X-X-His motif which is often found
been deposited in the Protein Data Bank under entries 2psr (high-zincnear the C terminus in a number of the proteins might be

structure) and 3psr (low-zinc structure), along with structure factor involved, provided the motif is present in a helik2( 15
amplitudes. ’ ’

*To whom correspondence should be addressed. E-mail: mok@ 17)- Moreover, some of the S100 proteins contain high
imsb.au.dk. amounts of cysteine residues, and it has been claimed that
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A number of the S100 proteins have been shown to bind
zinc with significant affinity, but there seems to be no
consensus with respect to the number of distinct sites present.
For most of the studied S100 proteins, a relatively large
number (six to eight) of zinc sites have been repor&d (
10, 12—14), whereas only one zinc site per monomer was
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these could possibly participate in a zinc finger-like structure 14561 Summary of Crystallographic Data Collection
(9, 10).

In a previous study, the divalent cation binding properties ?gﬁﬁl g?'nsqtﬂl
of S100A7 were studiedl) and the protein was found to ,

. : . resolution range (A) 3842.5 19.9-2.05
bln_d_ several c_aIC|um_ and zinc atoms per monomer, the  etector R-AXIS II MAR30
affinity for calcium being considerably higher than that for temperature (K) 208 100
zinc. The binding constant for the first zinc ion was measured  space group P212:2; P452,2
to 100 M, which is in the typical range for the S100 cell d’kmens'ons 6215 5106
proteins. The existence of one or more zinc-binding sites gEAg 56.67 51.96
has thus been described previously in a number of biochemi- c(A) 76.38 116.03
cal studies for members of the S100 family, but the location  no. of unique reflections 8199 10791
of the site and the zinc ligands have not been identified so gfnr Slge?efﬁggsngz?ty 894355(2_;33 5 g-géi-f())o 0
far. = . o Reym (%) 12.2 (54.4) 11.3 (42.3)

In this paper, we describe for the first time the exact |42 5.4 (1.4) 15.9 (5.0)

_St_ructure of the re_gulat_ory_ Zm_c S'_te _|n an S100 _prOte'n’ and Numbers in parentheses correspond to the outermost resolution
it is shown how zinc binding is similar to what is seen for ghell, 2.64-2.50 and 2.122.05 A for crystal forms | and Il

another important class of proteins. We report two crystal respectively.
structures of the native, calcium-loaded form of S100A7 in

the presence and absence of divalent zinc. The structurestapi"ary on an R-AXIS Il detector at the H. C. @rsted

reveal the location and conformation of the zinc-binding site Institute (Co ; ; ;

. penhagen, Denmark), operating a Rigaku rotating
of S100A7 as well as structural changes imposed by the 5nq4e emitting Cult radiation at 1.5418 A19). A highly
binding of the ion. redundant data set was recorded in framedgf= 2.5°.

The crystals are orthorhombic and belong to space group
EXPERIMENTAL PROCEDURE . . . .
OCEDURES P2,2,2; with the following cell dimensionsa = 52.15 A,b
Purification and CrystallizationRecombinant S100A7 = 56.67 A,c=76.38 A, anda = 8 = y = 90°. The data
was expressed irEscherichia colias a fusion protein,  were integrated with DENZO and reduced with the CCP4
purified, and crystallized as previously reportd®)( Dif- program SCALA p2—24). Structure factors were calculated
ferent crystal forms of the protein were obtained depending with TRUNCATE.

on whether CryStaIIization was carried out in the absence Molecular Rep|acemenBoth structures were solved by
(type 1) or in the presence (type Il) of divalent zinc ions. mglecular replacemen®$) using the program AMORE2,
Rod-shaped crystals of type | were obtained for a protein 2¢). Because the structures were believed to be similar to
concentration of approximately 5.5 mg/mL in 22% (W/V) the structure of holmium-substituted S100A7 previously
polyethylene glycol (PEG}000, 5-10% (v/v) glycerol, and  determined in our laboratory using MAD phasind),(a
5-10 mM CaC} in a pH range of 6.58.0 at 20°C. In search model was constructed that included all main chain
contrast, crystals of type Il were bipyramidic and appeared gn( side chain atoms from one monomer (residues A1-A100),
at pH 6.7 and 4 or 20C in 5-12% (w/v) polyethylene glycol byt not solvent or the heavy metal ion. The location of the
(PEG) 4000, 10% (v/v) glycerol, and 20 mM Zns@sing  molecule in the data from crystal form Il was determined
a protein concentration of approximately 14 mg/mL. successfully using space groupds2,2, thus fixing the
Data Collection and Processingzor crystal form I, unknown nature of the 4-fold axis. The resultiRefactor
monochromatic X-ray diffraction data & 0.862 A) were  was 40.0% and the correlation coefficient 55.0%. The crystals
collected to high resolution at a cryogenic temperature (100 contain a single monomer in the asymmetric unit with the

K) at the BW7B wiggler beamline (EMBL-Hamburg, dimer dyad placed along the proper 2-fold crystallographic
Germany) on a single crystal mounted in a lo@p)( These axis.

crystals could be frozen directly from the mother liquor and
diffracted to at least 2.0 A. Native data collected from a
single crystal were integrated and processed with the
DENZO/SCALEPACK suite 20). The crystals were tet-

For the orthorhombic data, four clear solutions to the
rotation function appeared for the monomer which two by
two corresponded to symmetry-related solutions for the
. . : . dimer. This crystal form thus contained both monomers in
ragonal in space group4.2:2 with the following dimen- o asymmetric unit. The finadR-factors were 47.8% and

sions:a=b=51.96 A,c = 116.03 A, andv = = y = 49.4% for the two monomers with correlation coefficients
90°; however, the identity of the 4-fold axis (proper or screw) of 32.1% and 25.2%, respectively.

could not be determined because of missing reflections along Phasing. Both lecul | ¢ soluti
thec-axis (see Table 1 for data collection statistics). Structure . asing. both ‘molecuiar replacement solutions were

; ; initially subjected to 10 cycles of rigid-body refinement with
factor ampitudes were calculated wilh the CCP4 Program o program REFMAC 22, 27, 26) using data to the

maximum resolution. To minimize bias from the calculated

phases of the search model, solvent flattening and histogram

matching were applied for several cycles in the program DM

(22, 29), exploiting the high solvent contents of 60% for the
— tetragonal crystal form and 50% for the orthorhombic crystal

1 Abbreviations: PEG, polyethylene glycol; rms, root-mean-square;

rmsd, root-mean-square deviation; MMP, matrix metalloprotease; NMR, form. This significantly improved the initial molecular

nuclear magnetic resonance; asu, asymmetric unit; NCS, noncrystal-"féPlacement phases, and investigation of the resulting
lographic symmetry. electron density map revealed several cases of reorganization

Crystals of type | did not diffract as well as the tetragonal
crystal form. For these crystals, room-temperature data were
collected to 2.5 A on a single crystal mounted in a glass
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a-helical elements. Each monomer contains, in the nomen-

Table 2: Summary of Crystal Structure Refinement ’ ) . i
clature used for holmium-substituted S100A7, five helices

crystal crystal numbered | (GIn4Lys18), II (Lys28-Phe39), I (Asn41-
, Lys48), lll (Tyr53—Lys61), and IV (Phe74GIn88). | and
28: g]f :ﬁgfgﬁgg #]S%cé(;gk set) ;757 110236 Il are part of the N-terminal EF-hand, while Il and IV are
no. of parameters refined 6442 3509 part of the C-terminal EF-hand (Figure 1). The linker helix,
no. of atoms in the model II', is a regular ¥-turn helix, whereas helix 1l (that takes
protein 1538 769 part in the C-terminal EF-hand) is short and distorted.
Ncsgl;':sr:traim used 6§es 1?]% The structure of the protein crystallized in the presence
crystallographic residual of excess amounts of divalent zinc (denoted the high-zinc
R-factor (%} 22.4(18.9) 21.9 (20.1) structure from hereon) reveals clear and high-occupancy sites
freeR-factor (%} 290.3(26.6)  27.0(25.1) for both zinc and calcium, even though only zinc and not
B-factor model individual, individual, calcium was present in the crystallization buffer. Calcium,
isotropic isotropic . .
averages-factor however, is bound very strongly to the C-terminal EF-hand
protein (£2) 51.3 25.1 of the protein, and very harsh and denaturing conditions are
solvent (&) S 56.4 41.0 necessary to remove it. Thus, calcium seems to be present
rm;gf&"@%‘;’;‘%ﬂ:&? ideality 0.004 0.005 in the protein throughout the purification regardless of its
bond angles (deg) 0.015 0.019 concentration in the surrounding buffer. In the structure from
Ramachandran plot statistics the orthorhombic crystal form (which shall be denoted the
most favored regions (%) 90.8 94.3 low-zinc structure from hereon), no zinc was present during
additional allowed regions (%) 8.6 5.7 crystallization and only one of the monomers binds the ion
generously allowed regions (%) 0.6 0.0 . . .
disallowed regions (%) 0.0 0.0 in the crystal structure whereas both monomers bind calcium
overall G-factor 0.16 0.18 strongly. When the crystal packing of the molecule is

@ The numbers in parentheses correspond tdRtfector calculated inspected, it is evident that f[he loss of ,Z'nc from one
for reflections that are more significant than dnly. ® Ramachandran ~ monomer but not the other is due to different solvent

statistics and the overaB-factor were calculated with ProCheckd. accessibilities. The vacant zinc site is positioned near a large
solvent cavity, whereas the occupied zinc site is tightly

with respect to the search model. Also, omit maps showed Packed against a helix from a neighboring molecule. The
density for the parts that were left out from the calculation CTyStal packing interactions between the two zinc sites and
of the phases. neighboring molecules, however, are similar for both mono-

mers.
At the bottom of the dimer (near the C termini in Figure
1), the putative receptor-binding cleft is evident from all three
structures. The width of the cleft, however, varies depending
on whether zinc is bound, in such a way that in the high-
zinc structure the distance between the two canonical EF-
hand calcium ions is 27.8 A whereas this increases to 28.7
A for the low-zinc structure.
Calcium-Binding Sitedn accordance with the predictions
o, made from the structure of Ho-bound S100A7, only the
.. C-terminal EF-hand (termed the “canonical” EF-hand) of the
calcium-loaded form binds an ion, whereas the N-terminal

Refinementnitial models from the two crystal forms were
manually fitted to the electron density map using the graphics
program O 80). These models were both subjected to least-
squares refinement using the program SHELXL of the
SHELX-97 program suite3() with the standard protein
geometry restraints of Engh and Hub&2). The “free”
reflection set was selected as a random 5% pool of reflec-
tions. For the tetragonal crystal form, the final model includes
96 of 100 residues in the asymmetric unit, one*'Cand
one Zritt with refined occupancies of 0.87 and 1.0
respectively, and 105 fully occupied solvent positions (see

Table 2 for a summary of the refinement). . o
y ) EF-hand (the “variant” EF-hand) does not. The affinity for

For the orthorhombic crystal form, rebuilding of side calcium in the canonical EE-hand is suoposedly very hiah
chains and a part of the main chain in the N-terminal EF- . PP y very nig

hand loop was carried out to fit bot@E, — DF. and in tha; the occupancy refl_nes to approximately unity for bot_h
: ! . . the high-zinc and low-zinc structures. The occupancy is
mF, — DF. density maps. The final model includes residues . X )
; .~ somewhat higher than that for at least one of the ions in the
1-96 for both monomers, the last couple of residues being

: . . o holmium-substituted S100A7 structure, probably reflecting
too flexible to trace properly in the density. Additionally, the difference in ionic radii (G4 radius, 0.99 A: H' radius
two C&" ions, a single Z# ion, and 68 full occupancy e ’ ’

solvent molecules have been included. The occupancies of0'894 A) or varying solvent accessibilities due to crystal

the calcium ions are very high and approach unity during packing. I_n both sf[ructures, the_calcium ion in the canonical
the refinement process, whereas the zinc ion has a somewha F-hand is coordinated by residues Asp62 (t), Asn64 (1),

smaller occupancy of 0.55. A noncrystallographic symmetr SP66 (1), Lys68 (1), Gu73(¥), and a solvent molecule as
pancy ot t.5o. ry grap ymmety expected from the canonical Tufty and Kretsinger EF-hand
(NCS) restraint was used to relate the two monomers in the

, . : motif (see the legend of Figure 3 for a description of the
asymmetric unit for the orthorhombic data. ligand notation). The positions of both main chain and side

RESULTS chain atoms in the canonical EF-hand are very similar for
both the holmium-substituted and calcium-bound structures
Overall Structure.The overall structure of both €& with an overall root-mean-square difference (rmsd) of about

bound S100A7 dimers is very similar to the previously 0.3 A between all main chain atoms of the hellwop—
determined structure of the Ho-substituted protein in that both helix motif. A similar difference is found when the two
structures describe a homodimer that consists of mainly calcium-bound structures are compared. Thus, the substitu-
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Ficure 1: Cartoon representation of the overall structure of the zinc-bound S100A7 homodimer (the high-zinc structure). The monomers
have been colored differently but represent the same structure due to the crystallographic 2-fold axis. The helices are labgléd, I, 11, 11

and IV from the N terminus, for which | and Il form the variant EF-hantidlthe linker helix, and Ill and IV form the canonical EF-hand

motif. The calcium ions in the canonical EF-hand (colored violet) are shown along with their ligands Asp62, Asn64, Asp66, Lys68, and

Glu73. The zinc ion is cyan and is surrounded by the ligands HisB86, HisB90, HisA17, and AspA24. Figures 1, 2, and 6 have been
produced with MOLMOL E£0).

tion of calcium for holmium does not appear to change the zinc site. This hydrogen bond network extends as far as the
ion coordination in the canonical EF-hand. side chain of ThrB83 and the main chain oxygen of AspA24
High-Zinc StructureThe strong binding of a single zinc  in one end, and the side chain of AspB14 and SerB89 in the
ion per monomer in the tetragonal crystal form is achieved other end and possibly further.
through three histidines each donating the#; l[dtom and Low-Zinc Structureln the orthorhombic crystal form, one
an aspartate donating both its terminal oxygen atoms, thusof the two monomers in the asymmetric unit clearly binds a
forming an overall five-coordinate conformation (Figure 2a). zinc ion whereas the other does not. The conformation of
The zinc-binding site furthermore ties the two monomers the zinc-loaded site is largely identical to the equivalent
together, because two of the coordinating histidines (HisB86 position in the tetragonal crystal form, but the empty zinc
and HisB90) originate from the C terminus of one monomer site shows several interesting differences. With respect to
whereas the other histidine and the aspartate (HisSA17 andside chain orientation, the three histidines of the coordination
AspA24) are located in the N terminus of the other. Thus, sphere move only slightly upon loss of the ion, but the
S100A7 binds a total of two zinc ions per dimer, effectively adjacent aspartate has turned and is now pointing away from
involving all histidine residues in the protein. In Figure 3, the site (Figure 2b). Furthermore, loss of the zinc ion also
the four amino acids that participate in binding of the zinc has a profound impact on the main chain of the empty variant
ion have been labeled in a way similar to the classic Tufty EF-hand loop in which this aspartate is located. When we
and Kretsinger notation for calcium in which T denotes a examined the resulting electron density map after molecular
monodentate ligand ant a bidentate ligand. We suggest replacement as well as thmF, — DF. difference map
that this notation be used to describe the coordination of zinc through the course of refinement, it was evident that the most
by the S100 proteins. The coordination sphere is thus formedsignificant structural changes of the main chain with respect
by the three monodentate histidines (HisA17, HisB86, and to the search model occur in this particular region. The result
HisB90) and a single bidentate aspartate (AspA24). In of this structural rearrangement is that the variant EF-hand
addition to the metal ion ligands, the zinc site contains a loop becomes more wide and open compared to the high-
number of highly ordered solvent molecules (Figure 2a). Four zinc structure (Figure 4), whereas the side chains of the three
water molecules are directly involved in hydrogen bonds to histidines remain more or less in the same position. Figure
the zinc ligands (two to AspA24, one to HisB86, and one to 5 shows the distance between the main chain atoms in the
HisB90), whereas at least eight other water molecules arevariant EF-hand loop for the two structures. It is clear that
located in a complex solvent network in the vicinity of the while helices | and Il which are stabilized by secondary
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Ficure 2: S100A7 zinc site. (&) The zinc site in the high-zinc structure with the ion (cyan sphere), surrounding residues, and solvent
molecules (red spheres). The zinc ion is tightly coordinated by the three histidines and an aspartate residue from the variant EF-hand loop,
for which the main chain has been colored yellow for clarity. Also, the zinc ligands participate in an extensive hydrogen bond network as
shown by the thin red lines. The zinc ion is close to a hydrophobic cluster comprised of three phenylalanines. (b) The empty zinc site from
the low-zinc structure. Here, the aspartate that otherwise coordinates zinc has moved away, resulting in a remodeling of the variant EF-
hand loop of which it is part (yellow main chain). Notice the remarkable widening of this adjacent loop toward the left in the figure. Also,
significant reorganization of the nearby hydrophobic cluster is evident compared with the zinc-bound case. Due to loss of the ion or perhaps
the somewhat lower resolution of this data set, no clear solvent network is visible.

structure interactions remain more or less unchanged, large The presence of a crystallographic 2-fold axis relating the
structural changes take place for the main chain of residuestwo parts of the homodimer in the tetragonal crystal form
21-23 as well as for the zinc-coordinating His17. Moreover, shows that the sequence identity of the two monomers is
it seems that the histidine main chain in its conformational reflected at the structural level under conditions where an
change also brings along its neighboring residues to someequal number of ions is bound. However, as the low-zinc
extent (Figures 2 and 5). Interestingly, however, the main structure confirms, the protein is also perfectly capable of
chain of Asp24 that is also part of the zinc coordination does attaining an overall asymmetric conformation. Whether this
not shift as much as neighboring residues-23. The overall conformation is physiologically relevant or due to crystal
rmsd between the main chain atoms in the two conformations packing is not certain and will have to be investigated further.
of the loop is about 1.5 A. In addition to this dramatic, local ~ When the high-zinc structure of S100A7 is structurally
conformational change, significant global structural changes aligned with the low-zinc structure, a small but visible breath-
from the loss of the zinc ion are also evident. Thus, in the like movement of the dimer is evident. Upon binding of zinc,
low-zinc structure, one end (the zinc binding) appears to be the molecule contracts around the zinc sites but also around
more compact than the other. It seems as if the protein hasthe potential substrate binding cleft, whereas it expands
the ability to contract asymmetrically when a single ion is around the top of the molecule (Figure 1). Furthermore, the
lost. The highly ordered solvent structure observed in the structure of the hydrophobic core of the protein is signifi-
zinc-bound state is absent in the low-zinc structure, but this cantly altered upon binding of zinc. This result confirms the
could also be due to the fact that the data from the previous observation that the absorption characteristics of

orthorhombic crystals are somewhat poorer. the S100 proteins are modified upon interaction with metal
ions @, 11, 13). Thus, the binding of zinc not only causes a
DISCUSSION local structural change in the neighborhood of the zinc site

but also has a profound impact on the overall protein

Overall Structure.The fact that the overall shapes of the conformation. This could indicate that the binding or the
two calcium-loaded S100A7 structures reported in this paper release of the intrinsic zinc ion is involved in regulation of
resemble the previously determined holmium-bound form substrate binding affinity.
to a great extent first of all confirms the suitability of Calcium Binding Calcium coordination by the variant EF-
lanthanide elements as substitutes for calcium for at leasthand is generally achieved by main chain oxygen atoms in
the EF-hand proteins. Most of the remainder of the S100 addition to a conserved bidentate glutamate, but this motif
proteins are good candidates for application of this powerful shows much variability for members of the S100 family.
method of structure determination, but since similar experi- Because S100A7 lacks the important glutamate and because
ments have been carried out for other calcium-binding the EF-hand loop is three residues shorter (Figure 3), it was
proteins B, 6), it is likely to apply in a wider range of cases. originally believed that the protein could not bind calcium
This procedure is thus a valuable tool for structure deter- in the classical way4). This conclusion was based on the
mination, due to the significant anomalous dispersion signal holmium-substituted structure only, and did not take into
from the heavy atom. account the fact that the protein’s affinity is likely to be
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SI00A7 . . . L. SNTQAERSIIGMIDMF TR R|D| IDKPISILLTMMKENFPNFLSACDKK
* * w i
SI00A9 . . L Lo MTCKMSQLERNIETIINTF S|V K|L LNQGIEJFKELVRKDLQNFLKK .ENK
SI00A12 . . . . L L TKLEEHLEGIVNIF S|V R[X| LSKGIEJLKQLLTXKELANTI! KN . IK
S100B ... Lo SELEKAVVALIDVF S|G R|E LKKS|E[JLKELINNELSHFLEE . 1 K
S100A8 . . . L Lo MLTELEKALNSIIDVY S|L 1K VYRDIDILKKLLETECPQYIRK. .
S1I00A3 . . . L MARPLEQAVAAIVCTEF AlG R|C| LCQAJEJILKELLQKELATWTPT. EF
S1I00A1 . . . . L L GSELETAMETLINVF S$1G K]E| LSKKIE[LKELLQTELSGFLDA . QK
S100A2 . . L L L e e MCSSLEQALAVLVTTF S|C QJE| LSKGIEMKELLHKELPSFVGE . .KV
S100A4 . L L 0 L L MACPLEKALDVMVSTF S|G K|E| LNKS|IE[LKELLTRELPSFLGK. .RT
SI00A6 . . Lo MASPLDQAIGLLIGT! Fi;: S|G K|E| LSKKEJLKELIQKELT. . 1GS. .KL
SI00AI0 . . . L L PSQMEHAMETMMFTF AlG DJK] LTKEDJILRVLMEKEFPGFLEN . . QK
S100A5 MPAAWILWAHSHSELHTVMETPLEKALTTMVTTF S|G R|E]| LSRXK|EILKELIKKELC. . LG. . . EM
S1I00A11 . . . L MAKISSPTETERCIESLIAVF AlG K|Dj LSKT|EJFLSFMNTELAAFTKN . QK
S100D ..o STKKSPEELKRIF AAKE LSKDELKLLIQAEFPSLL AAAAA K
C-hand v
IR AT, — P e e L et C
S100A7 GTNYLADVFEKK NE[D][K]1 b FS[E}f L SLLGD 1 ATD Y] AAPCSGGSQ. . ... . ...
g1~ |+

S100A9 NEKVIEHIMEDL]| NIA|IDIKIQ|L S FE|JEfF I MLMARLTWA EKMAIEGDEGPGHHHKPGLGEGTP
S100A12 DKAVIDEIFQGL NIQIDIE|IQJVDFQIEJF 1 SLVAI1I ALKA YHTEKE . . . . . . . . . o .
5100B EQEVVDKVMETL D|GID|GIE|[C D FQIEJFMAF VAMVTTA EFFEZHE . . . . . . . .. . . ... ...
S100A8 .KGADVWFKEL N|TID|GJAJ]VNF QIEJF L 1 L VI KMGV AAJ? KK S ESHKE . . . . .. .. ... ..
S100A3 RECDYNKFMS VL NIKJD|C|JE]JVD F VIE]Y VRS LACLCL YCJ(sEYF CPSEPPCSQ. . .. .. ...
S100A1 DVDAVDKVMKEL N|GID|GIEJVD FQIE]YVVLVAALTVA NFF NS . . ... . s
S100A2 DEEGLKKLMGNL NISIDIQIQJY D FQIEJ]YAVFLALITVM DFF CPDRP . . . . . . ... ... .
S100A4 DEAAFQKLMSNL) N|R|PENIEJ]VD FQJEJ]YCVFL SCI AMM EFFESGFPDKQPRKK . . . . . . . ..
S100A6 QDAEIVKLMDDL NIKIDIQIEJ]Y N FQJE]Y I TFLGALAMI EALEEG . . . . . . . . . ...
S100A10 DPLAVDKIMKDL CIRID[GJK|]VGFQIS|[FFSLTIAGLTIA DYF HMKQKGKK . . . .. .. ...
S100AS KESSIDDLMKSL N|SIDJQIEJI D F K|E]Y SVFLTMLCMA DFF DNK . . . . .. . . ... ...,
S100A11 DPGVLDRMMKKL NISID|GIQIL D F S|[EJF LNL I GGL AMA DSF AVPSQKRT . . . .. .. ...
S100D GPNTLDDLFQEL NGDG_E_VSFE_E_FQVLVKKISQ4 ..................

Ficure 3: Sequence alignment of the known members of the S100 family. With psoriasin (S100A7) at the top, the rest of the S100 proteins
have been placed in order of decreasing similarity with respect to the zinc-binding site. The secondary structure (helices as hatched bars
and loop regions as black lines) as well as the helix nomenclature is shown above the S100A7 sequence. Residues that are supposed to
participate in calcium binding are in outline boxes, whereas proposed zinc ligands are in gray boxes. The first line below the S100A7
sequence represents the proposed zinc coordination by a given residue, and the second line represents the calcium ligands in the Tufty and
Kretsinger notation (T for a monodentate ligand, 1 for a bidentate ligand, w for solvent molecules, and * for a main chain oxygen). Only
S100A7 and S100A10 lack the three amino acids in the variant EF-hand which should coordinate calcium with main chain oxygen atoms.
For the remainder of the family, the residues in this region that could potentially act as zinc ligands are shown in the box denoted (). All
sequences are from the human genome, except for S1I00A6 and S100B for which the sequences correspond to the protein used for structure
determination (rabbit and bovine, respectively). Protein accession numbers in the SwissProt database are P31151 (S100A7), P06702 (S100A9),
P80511 (S100A12), P02638 (S100B), P05109 (S100A8), P33764 (S100A3), P23297 (S100A1), P29034 (S100A2), P26447 (S100A4),
P30801 (S100A6), P08206 (S100A10), P33763 (S100A5), P31949 (S100A11), and P29377 (S100D).

different due to the different chemical characteristics (such three-amino acid gap in the sequence alignment with the rest
as ionic radii) of holmium with respect to calcium. For none of the members of this family (Figure 3). Thus, the fact that
of the crystal forms presented here is calcium bound in the the zinc site is made up of residues His86 and His90 from
distorted N-terminal EF-hand of S100A7. These results one monomer and residues His17 and Asp24 from the other
therefore confirm the finding that S100A7, in contrast to the results in binding together the empty variant EF-hand loop
remaining S100 proteins, only binds one calcium ion per of one monomer with the C-terminal helix of the other.
monomer. This result indicates that it is much more likely Significant stabilization of the dimer structure is likely to
that the physiological function of S100A7 is controlled result from this interaction, but the low-zinc structure (as
through binding and release of the zinc ion, since loss of well as the holmium-bound structure) also shows that zinc
calcium from the C-terminal EF-hand leads to protein is not necessary for protein stability. The location of the zinc-
denaturation (M. Etzerodt, personal communication). binding site is clearly at the surface of the dimer and close

Zinc Binding.The results reported in this paper establish {0 the putative receptor molecule binding cleft. This strongly
the existence of a zinc site for SI00A7 that is likely to be Suggests that zinc binding is involved in the physiological

physiologically relevant and outline the residues involved function of the protein and does not merely represent a
in zinc binding. Zinc-binding motifs similar to the one seen structural feature. The notion that the affinity for zinc is lower

for S100A7 have been reported for other proteins, even than that for calcium is in accordance with several t_)iochemi-
though these sites often consist of only two histidines in Cal analyses that all conclude that the S100 proteins should
addition to the acidic residue. The two histidines from the b€ considered zinc-regulated proteins as well as calcium-
C-terminal part of S100A7 that participate in zinc binding "egulated proteinsl@).

are located near the end of helix IV and are placed four Reorganization of an EF-Hand Looppon the discovery
residues apart, a very common feature that corresponds to dhat S100A7 was probably not able to bind calcium with its
complete helical turn (the His-X-X-X-His motif). Less variant EF-hand, it was also concluded that the three missing
consensus is found with respect to the sequence separatiommino acids in the sequence (with respect to the remainder
of the other two residues participating in the coordination. of the S100 family) forced the main chain to “cut short”
In the case of S100A7, the coordinating residues in the N and continue in the next helix before the loop was “com-
terminus are even located on a different molecule. His17 is plete”. When viewed along helix | (Figure 4b), this loop
at the very end of long helix I, whereas Asp24 is located in appears narrower and much flatter than that of the corre-
the middle of the empty variant EF-hand loop right after the sponding calcium-loaded EF-hand (Figure 4a). Evidently, the
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Lys28 Lys28
lle26 lle26
Asp24 Asp24
a b C

Ficure 4: Structural alignment of the EF-hand motifs in some of the S100A7 structures. (a) The canonical EF-hand in S100A7 from the
high-zinc structure. Notice the significant width of the loop that surrounds the calcium ion. (b) The variant EF-hand as it appeared in the
holmium-substituted S100A7 structure and also in the high-zinc structure from crystal form II. This EF-hand loop is much narrower and
thus does not support an ion. (c) The remodeled variant EF-hand loop from the low-zinc structure in crystal form I. The remodeling of the
EF-hand loop makes it wider, and it closely resembles the conformation found in the canonical hand.

loop is not large enough to accommodate calcium becausethat are most likely to contain a zinc-binding site like the
the interatomic distances between the main chain oxygenone observed in S100A7 include S100A9, S100A12, and
atoms that were supposed to coordinate the ion are not larggoossibly S100B and S100A8. Structural investigation of the
enough. When we compare the variant EF-hand loop from exact functional relationship between these two types of
the high-zinc structure (Figure 4b) with the reorganized loop ligand sites is of the utmost importance for the further
that results from the loss of zinc in the nearby binding site understanding of the function and regulation of the dimeric
(Figure 4c), it is clear that the latter closely resembles the S100 proteins.
open loop conformation found in the calcium-loaded EF-  Structural Alignment of S100B and S100/Aart from
hand. This suggests (even though no calcium has yet beerS100A7, the homodimeric members of the S100 family for
identified in the variant loop) that structural changes resulting which three-dimensional structures are known comprise
from binding or loss of zinc could trigger or regulate calcium S100B and S100A6, which both have been determined in
binding by the variant EF-hand. Although the missing amino the apo and calcium-loaded states by NMB3<36).
acids in the case of S100A7 could impede the binding of Recently, a structure of S100B in the calcium-loaded state
calcium in this particular protein, such a zinc-triggered also determined by X-ray crystallography has been published
calcium binding could perhaps be responsible for regulation (37). S100A6 (calcyclin) is less interesting in this context,
of several of the other members of the S100 family. because it completely lacks the two histidines in the C
A Recurring Themdn Figure 3, the amino acid sequence terminus and thus only contains two histidines in the variant
of psoriasin (S100A7) has been aligned with those of the EF-hand. Whether zinc binding can be achieved by other
other members of the S100 family. As seen from the figure, means for this protein cannot be judged from the present
S100A9 and S100A12 most closely resemble the pattern seerdata. In the apo structure of S100B, however, most of the
in S100A7 with respect to zinc binding, in that both the important residues are in place. When we compare the
position and type of the four amino acids are unchanged. It available structures with the primary sequence alignment
is therefore very likely that these two proteins both contain mentioned above, it is clear that residues HisA15, HisA25,
high-affinity zinc sites such as the one seen in S100A7. HisB90, and HisB85 are all localized close to each other in
Moreover, none of them exhibit the gap of three amino acids the structure. Moreover, both glutamates B89 and B91 seem
in the variant EF-hand and also contain the important to be properly placed for participation in a possible zinc-
conserved glutamate necessary for binding calcium in this binding motif. The side chains are too far apart in the
loop. Thus, it is clear that these two members of the family structural models, however, for actual binding of zinc to be
most probably bind calcium in the variant EF-hand and that possible. But here it must be taken into account that the
this could be regulated by binding or release of zinc. The available models represent the apo structures of the proteins
situation is different for proteins S100B and S100A8, which and that significant structural changes have been observed
lack the bidentate aspartate involved in zinc binding. This upon calcium binding. Exactly which of the residues that
residue has instead been substituted for a histidine. Anotherwould interact in a possible zinc site is unclear, but it seems
aspartate, however, can be found two residues earlier, andnost likely that the coordination involves HisA15, HisA25,
this could play a role in the zinc binding. In the sequences HisB90, and either GluB89 or GluB91.
below S100A8 in Figure 3, the zinc-binding motif gradually Comparison with the Metalloproteaseldsing the four
vanishes. The most conserved parts are the N-terminalligands of the zinc-binding site of S100A7 as a template, a
histidine and the aspartate, although this has been shiftedsearch for structural homologues was carried out with the
by two residues in the sequence (shown with the box markedprogram SPASM 38). Interestingly, it turned out that the
() in Figure 3). In contrast, the two C-terminal histidines zinc site in S100A7 is clearly reminiscent of zinc sites found
are missing for the remainder of the S100 family, one of in certain metalloproteases, especially the collagenase family
them being substituted for an asparagine in several of thethat contains both a structural and a catalytic zinc site similar
sequences. Thus, to summarize, the members of the familyto the one in S100A7 (PDB entries 1kbc, 1mmb, 1cge, and
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FiGurRe 5: Average distance between main chain atoms in the variant EF-hand in the zinc-bound and zinc-free cases. The upper part of the
graph shows the secondary structure corresponding to this region of the monomer. Helices | and Il are represented by thick arrows, and the
variant EF-hand loop is represented by a thin line. Whereas the helix regions generally are quite rigid with a displacement of less than 0.5
A, both His17 and Asp24 that take part in the zinc coordination are more flexible (with an about 1.0 A change). Notice how the residues

in the neighborhood of these zinc ligands also are displaced more than average. The largest changes, however, are seen for residues Arg21,
Arg22, and Asp23 in the beginning of the variant EF-hand loop.

ljap) 39—43). Similar motifs have been observed for other site of S100A7 has been structurally aligned with the
proteins, including matrilysin (PDB entries 1mmp, 1mmgq, inhibitor-bound catalytic zinc site (Figure 6b) and the
and 1mmr) 44) and stromelysin (PDB entries 1hfs, 1sIm, structural zinc site (Figure 6c) of neutrophil collagenase. The
and 1sin) 45—47). Common to these proteins is the fact zinc site in S100A7 shares with the structural zinc site of
that they all belong to the family of matrix metalloproteases collagenase the nature of the acidic side chain in the
(MMPs). This group of proteins is specifically involved in  coordination, which is an aspartate in both cases. The
the degradation of extracellular matrix components such asorientation of this aspartate residue is clearly different,
fibrillar collagens, proteoglycans, fibronectin, laminin, and however, in that the aspartate in S100A7 donates both its
gelatin in such diverse processes as wound healing andOd atoms to the coordination. Therefore, the 5-fold coor-
embryonic development. Also, they have been reported to dination in SLTO0A7 more closely resembles the catalytic zinc
be universally expressed during tumor progression and site of collagenase when bound to a substrate.
metastasis48). These proteases are generally larger than  |mplications for Substrate Bindinglhe location of the
the S100 proteins and consist of several domains that arezinc site in SI00A7 near the putative substrate-binding cleft
important for their substrate specificity. The overall folding  for this type of proteins and the fact that coordination of the
of the MMPs is also very different from that of the S100 zinc ion clearly resembles that of the MMPs has implications
proteins, which are pure-domain structures. Common  for the present theory of substrate binding to the S100
between the two groups of proteins, however, is their sharedproteins. The fact that the zinc can be lost from S100A7
ability to bind both calcium and zinc. Calcium is bound without denaturation of the protein makes it unlikely that
specifically in loop regions of the MMPs, but not by an EF- the ion should be present for solely structural reasons.
hand motif as is the case for the S100 proteins. In contrast,S100A7 (and the rest of the members of the S100 family)
the similarities are very clear with respect to the zinc site. does not, however, contain the large catalytic domain
The MMPs all contain two zinc sites per molecule, one being necessary for proteolytic activity. But the close proximity
directly involved in substrate binding (referred to as the of the zinc site to the substrate-binding cleft and the location
“catalytic site”) and one that is not involved in proteolysis, of the site on the surface of the molecule strongly suggest
but which stabilizes the tertiary structure of the protein (the that the ion be somehow functionally related to the binding
“structural site”). In both these sites, zinc is coordinated by of receptor molecules. The binding of inhibitor molecules
three histidines but whereas the structural site clearly has asimilar to real substrates is well documented for the MMPs
monodentate aspartate, the acidic side chain is located abouélso from a structural point of views®, 40, 42, 45, 46). In

4 A from the catalytic site (see Figure 6b,c). The fact that these cases, the proximal glutamate in the catalytic zinc site
the aspartate involved in the structural zinc site is mono- turns away, leaving room for the substrate which then will
dentate implies that its side chain is tilted with respect to coordinate zinc in a similar bidental manner (see Figure 6b).
the zinc ion and that it thus only contributes one of its two The interatomic distances between zinc and its ligands in
06 atoms to the coordination sphere. The structural zinc is S100A7 (with the His N,—Zn distance being 2:02.2 A,
therefore four-coordinate, while the catalytic zinc is five- the Asp @;—Zn distance being 2.2 A, and the Asp©-
coordinate when bound to an inhibitor. In Figure 6, the zinc Zn distance being 2.6 A) very much resemble the distances
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Ficure 6: Structural alignment with zinc-binding motifs from the metalloproteases. (a) The zinc-binding site in S100A7 consists of three
histidines from helical regions and an aspartate from the variant EF-hand loop. (b) The catalytic zinc-binding site of neutrophil collegenase
with bound inhibitor (PDB entry 1jap)30). The catalytic zinc site in collagenase also consists of two histidines near each other in a helix,
whereas the third is in a loop region. The hydroxamate terminus of the inhibitor peptide simulates the coordination of zinc by a carboxyl
group. (c) The structural zinc-binding site of neutrophil collagenase (PDB entry 148e)This resembles the zinc site in S100A7 with
respect to the number and type of coordinating residues but differs in that they originate primarilg-ftoamds.

found in the collagenase catalytic zinc site between the the R-AXIS facility at the H. C. @rsted Institute. Also, we
protease and its inhibitor (the Hiseid-Zn distance being  thank Michael Etzerodt and H. C. Thggersen at the Labora-
2.1 A, the inhibitor carboxylate 2-Zn distence being 2.2 tory of Gene Expression (IMSB, Aarhus University) for
A, and the @-Zn distance being 2.6 A). Thus, the providing the recombinant protein and for helpful discus-

coordination of the zinc ion in S100A7 more closely

resembles that of the inhibitor-bound collagenase than that

of the collagenase with an empty catalytic site. Conclusively,
the observations leave open the question of whether zinc
regulates the function of the S100 proteins by binding and
thereby imposing a conformational change or whether the
zinc site is directly involved in binding of substrate molecules
in a way similar to the situation observed for the MMPs.
ConclusionThe reported structures of the calcium-bound
form of S100A7 suggest that the high-affinity EF-hand
calcium mainly is a structural site, since loss of the ion leads
to denaturation of the protein. Also, we have so far not been
able to identify any bound calcium in the variant EF-hand,;
therefore, regulation of the protein’s function is not likely
to be controlled by this site. Thus, regulation of receptor or
substrate affinity must be achieved partly through binding
or loss of the zinc ion. The location of the zinc-binding site
close to the putative substrate-binding cleft strongly supports
this theory. An important regulatory role for zinc is also
suggested from the reorganization of the variant EF-hand
that results from loss of the ion. Even though calcium binding
is not observed, the possibility that conformational changes
resulting from loss of zinc can result in binding of calcium
by the variant EF-hand under suitable conditions cannot be
ruled out. From an alignment of the structures now available
of two different native states of S100A7, part of the internal
mobility and possible reorganization of the molecule has
become evident. The alignment reveals a highly flexible
macromolecule with the ability of adapting different shapes
under different cellular conditions. Research is underway to
establish the identity of the receptor molecule of S100A7,
and we are hopeful that future experiments will reveal in
detail how metal ion regulation affects complex formation.
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