12670 Biochemistry2002,41, 126706-12680

Solution Structure of Human Mts1 (S100A4) As Determined by NMR
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ABSTRACT. Mtsl is a member of the S100 family of €abinding proteins and is implicated in promoting
tumor progression and metastasis. To better understand the strtfctucgon relationships of this protein

and to begin characterizing its €adependent interaction with protein binding targets, the three-dimensional
structure of mts1 was determined in the apo state by NMR spectroscopy. As with other S100 protein
family members, mts1 is a symmetric homodimer held together by noncovalent interactions between two
helices from each subunit (helices 1, 4,dnd 4) to form an X-type four-helix bundle. Each subunit of
mts1 has two EF-hand €abinding domains: a pseudo-EF-hand (or S100-hand) and a typical EF-hand
that are brought into proximity by a small two-stranded antiparghgheet. The S100-hand is formed by
helices 1 and 2, and is similar in conformation to other members of the S100 family. In the typical EF-
hand, the position of helix 3 is similar to that of another member of the S100 protein family, calcyclin
(S100A6), and less like that of other S100 family members for which three-dimensional structures are
available in the calcium-free state (e.g., S100B and S100A1). The differences in the position of helix 3
in the apo state of these four S100 proteins are likely due to variations in the amino acid sequence in the
C-terminus of helix 4 and in loop 2 (the hinge region) and could potentially be used to subclassify the
S100 protein family.

Mts1, also known as S100A4, p9Ka, calvasculin, metasta- a reduction in the level of mtsl expression suppresses
sin, 18A2, pEL98, and CAPL, belongs to the S100 family metastasis1, 12). In transgenic mouse models of breast
of Ca*-binding proteins1—4). S100 proteins are small (20 cancer, overexpression of mtsl in murine mammary tumor
12 kDa per subunit), acidic proteins that are characterized virus-induced 13) or in neuoncogene-inducedLd) benign
by their solubility in 100% ammonium sulfat&)( There mammary tumors induces lung metastasis. These findings
are currently 21 known S100 family members (Figure 1), directly implicate mts1 in the establishment of the metastatic
most of which are expressed in a highly tissue specific phenotype.

manner {, 3, 6). While mts1 is expressed in a wide range  ag wjith other S100 family members, mtsl activity is
of normal tissuesl), high expression levels correlate with  eqjated by intracellular calcium ion concentrations. Mts1

the metastatic potential of tumor cells. For example, meta- gispiays Ca&'-dependent interactions with target proteins that
static rat and mouse mammary tumor cells contain higher e de the p53 tumor suppressor protein, non-muscle myosin
levels of mis1 than nonmetastatic celf§, (and the level of -~y “yroh0myosin, and F-actin, which may be related to its
mts1 expression is higher in malignant human breast tumors, 4 in cancer and metastasis¢-18). This C&*-dependent
than in benign tumorsg), which correlates strongly with o 1ation occurs in mts1 via two hefitoop—helix C&+-
poor patient survwal&(3 10). Furthermore, overexpression binding domains known as EF-hand9)(. As with other

of mts1 in nonmetastatic rat and mouse mammary tumor cellsg4 proteins, the C-terminal binding domain of mtsl

confers a metastatic phenotype, whereas in metastatic Ce”s(typical EF-hand) contains 12 residues and binds calcium

with a higher affinity Kq < 50 uM) than the N-terminal
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CCG to D.JW.), and the Department of Defense Breast Cancer '€SiduesKq > 50M) (20, 21). Structural studies of several
Research Program (Grant DAMD17-01-1-0122 to A.R.B.). This work S100 proteins (i.e., S100B, S100A1, and calcyclin) indicate
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Ficure 1: Amino acid sequence alignment of members of the S100 protein family. The sequence numbering is based on human mtsl. The
highlighted region shows the “hinge” (loop 2) of the proteins. The residues shown in bold (positions 49 and 85 of mts1) were used to
identify the putative subfamilies of S100 proteins. Residues that coordinate calcium are denoted with arrows ¥t Zhe-Y, —X, and

—Z sites. The first 15 residues of S100D are MPAAWILWAHSHSE and are denoted with an asterisk; the first nine residues of S100A14

are MGQCRSANA and are denoted with a double asterisk, and the final 10 residues of calgranulin B are HKPGLGEGTP and are denoted
with the number symbol.

tion of helix 3 in calcyclin is less pronounce?X-26). These or ¥C- and *N-labeled mtsl, BL21(DE3) cells were
types of conformational variations may be important indica- transformed with hmts1-pET3a and cultures were grown in
tors of functional differences between members of the S100 minimal medium usingPNJammonium sulfate and/otCq]-
protein family. glucose (Martek Biosciences Corp.) as the sole nitrogen and
Mts1 binds its protein targets in a €adependent manner ~ carbon sources, respectively. Cells were grown at@G7o
and is likely to undergo a conformational change in the an ODso of 0.8 and induced with 1 mM IPT&overnight.
typical EF-hand upon binding calcium as observed for other For unlabeled mts1, cultures were grown in Luria broth (LB)
S100 proteins 26). To characterize this conformational and induced using 1 mM IPTG. The cells were harvested at
change, it is necessary to determine the three-dimensional500®, and the cell pellet was resuspended in 10 mL of
(3D) structure of mts1 both in the presence and in the absencdysis buffer [50 mM Tris (pH 7.5), 10% glycerol, 300 mM
of calcium. As an initial step in this process, we have KCIl, 2 mM DTT, 1 mM EDTA, 1 mM PMSF, Sug/mL
determined the solution structure of apo-mts1 using hetero-chymostatin, G«g/mL leupeptin, and pg/mL pepstatin] per
nuclear multidimensional NMR. The topological fold of apo- gram of cell pellet. The cell lysate was frozen, thawed on
mtsl is similar to that of other S100 family members, ice, and sonicated. Following centrifugation of the lysate at
consisting of a homodimer held together at the dimer 10000@ for 30 min, ammonium sulfate was added to the
interface by an X-type four-helix bundle. In addition, the supernatant to 30% saturation and the sample centrifuged at
orientation of helix 3 in apo-mts1 is similar to that of helix 1700Q for 20 min. CaC} was added to the supernatant to
3 in apocalcyclin 23), and is less like that of apo-S100B a final concentration of 2 mM, and the sample was applied
(25) and apo-S100A127). to a Phenyl-Sepharose column (Pharmacia) equilibrated in

buffer P [20 mM Tris (pH 7.5), 2 mM Cagl300 mM KClI,
MATERIALS AND METHODS

Bacterial Expression and Purification of MtsEor the 1 Abbreviations: IPTG, isopropy#-o-thiogalactopyranoside; DTT,
production of the untagged protein, human mtsl was dithiothreitol; rmsd, root-mean-square deviation; NOE, nuclear Over-

. . . hauser effect; NMR, nuclear magnetic resonance; HSQC, heteronuclear
subcloned into théldd and BaH| sites of the expression  single-quantum coherence; TPPI, time-proportional phase incremen-

vector pET3a (Novagen). For the purification'éfi-labeled tation; 3D, three-dimensional.
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1 mM DTT, and 1 mM EDTA] containing 16.4 g of
ammonium sulfate/100 mL. The column was washed with
3 column volumes of buffer P containing 16.4 g of
ammonium sulfate/100 mL and then with 3 column volumes
of buffer P without ammonium sulfate, and mts1 eluted with
20 mM Tris (pH 7.5), 5 mM EGTA, 1 mM DTT, and 1 mM
EDTA. Fractions containing mts1 were pooled and dialyzed
against 4.0 L of buffer D [20 mM Tris (pH 7.5), 0.2 mM
DTT, and 0.02% NaB. The dialyzed pool was applied to

Vallely et al.

125 ms, and the 3D HNHA spectrd4, 45) for measuring
3JInH-Ha coupling constants. A uniformB#C- and**N-labeled
apo-mtsl sample was used to collect the 3D C(CO)NH
spectra46, 47), the 3D CBCA(CO)NH spectratg, 48), the

3D HNCACB spectra49), the sensitivity-enhanced 4BC,
5N-edited NOESY-HSQC spectra@ with a mixing time

of 100 ms, and the 4E7C, 13C-edited NOESY-HSQC spectra
(44) with a mixing time of 100 ms. In all of thé’N-edited
experiments, the fast-HSQC detection scheme was incorpo-

a Fast Q column (Pharmacia) and the column washed withrated into the sequence to avoid water saturation. Pulsed field

4 column volumes of buffer D. Mtsl eluted in the flow

gradients were used throughout the NMR pulse sequences

through and was pooled and dialyzed against 20 mM Tris as needed to purge undesired magnetizathdi. (

(pH 7.5), 50 mM NaCl, 1 mM DTT, and 0.02% NaN
Typical protein yields were 5 mg of mts1 per liter of cells.
Gel filtration chromatography of the purified mtsl in the

NMR-Derived Constraints and Structure Calculations.
Interproton distance constraints derived from NOE cross-
peaks were classified into five categories (strong, medium,

presence of a reducing agent was consistent with this proteinmedium weak, weak, and very weak) and then assigned
forming a noncovalent dimer as found for other S100 proteins distance constraints with lower bounds of 1.8 A and upper

(28).

NMR SpectroscopyPurified mtsl was dialyzed against
0.1 mM Trisdy; (pH 7.5) and 0.1 mM DTT, lyophilized,
hydrated in a small aliquot of ddi, and stored at80 °C.
The final NMR samples contained-3 mM mts1 monomer,
0.34 mM NaN, 8 mM NaCl, 16 mM Trise;, 0.2 mM
EDTA, 2 mM EGTA, 6 mM DTT, and 7% BO. In all
samples, the pH was adjusted with cold HCI to 6.5. In the

bounds of 2.7 (2.9 A for HN), 3.3 (3.5 A for HN), 4.2, 5.0,
and 6.0 A, respectively5@). Pseudoatom corrections were
added to the upper limit for degenerate methyl, methylene,
and aromatic ring proton$8, 54), and constraints for methyl
protons were shifted down by one category as previously
described %3, 55). Because only structurally useful NOE
correlations were used, NOE correlations between geminal
protons and between vicinal methylene protons were ex-

Ca&"—mtsl1 sample, the conditions were as for the apo-mts1 cluded. Constraints derived from weak or very weak NOE

samples, except 10 mM CaGhas added and EGTA was
excluded. C& was titrated in 2 mM increments; the pH was
adjusted to 6.5, and&—*N HSQC spectrum was collected
after each addition. Prior to use, stock solutions of all buffer

correlations were used only when reciprocal NOE correla-
tions of similar intensities were observed. Dihedral con-
straints ofp + 20° andy + 15° for a-helices andp + 40°

andy + 40° for S-sheets were included on the basis of

components were passed through a Chelex-100 column tohydrogen exchange rate&yn—po coupling constants, and

remove any trace metals.
NMR data were collected at 3T with a Bruker DMX600
NMR spectrometer (600.13 MHz for protons) equipped with

pulsed-field gradients, four frequency channels, and a triple-

chemical shift indices ofH* and3C* (56). In the final stage

of structure determination, the following backbone hydrogen
bond constraints were included in regions of secondary
structure: ryy—o = 1.5-2.8 A andry—o = 2.4-3.5 A,

resonance, triple-axis gradient probe. Unless otherwise stated, Structures were calculated using X-PLOR version 3.851
a 1 s relaxation delay was used and quadrature detection in(57) using the standard protocols for substructure embedding

the indirect dimensions was obtained with Staf€BPI phase
cycling (29). For most experiments, initial delays in the

and regularization, hybrid distance geometry-simulated an-
nealing (DGSA) regularization and refinement, and simulated

indirect dimensions were set to give zero- and first-order annealing (SA) refinement58—60). Noncrystallographic

phase corrections of 9@nd—18C, respectively 80). Data

symmetry (NCS) and distance symmetry constraints with

were processed on Silicon Graphics workstations using theforce constants of 100 and 1 kcal mbA~2, respectively,

processing program NMRPip&Y). Time domain data in

were employed using DGSA and SA routines to preserve

the indirect dimensions were extended by no more than one-the symmetry of the mts1 homodimé&dj. A conformational

third using standard linear prediction routin@&)( except

database potential and pseudopotentials for secoriéaty

for data in constant time domains that were extended 2-fold and3C? chemical shifts were included in the SA refinement

using mirror-image linear predictior3®). All proton chemi-
cal shifts are reported with respect to thgd-br HDO signal

(62, 63). The refinement procedure yielded severabQ)
structures with no distance violations of greater than 0.4 A

taken to be 4.658 ppm relative to external TSP (0.0 ppm) at and no dihedral constraint violations of greater thanThe

37 °C. The 3C and >N chemical shifts were indirectly
referenced using the following ratios of the zero-point
frequencies at 37C: 0.10132905 fot"N—"H and 0.25144953
for 13C—1H (34—36).

Unlabeled mtsl in BD (>99%) was used to record two-
dimensional (2D) NOESY 37) and TOCSY 88) experi-
ments. Uniformly*>N-labeled mts1 was used to collect the
2D H-15N fast HSQC spectra3@), the 3D *N-edited
NOESY-HSQC spectrad(Q) with a mixing time of 100 ms,
the 3D *N-edited HOHAHA-HSQC spectra with a spin-
lock time of 60 ms using a 10 kHz rf field strength and a
DPSI-2rc mixing sequenceg, 41, 42), the 3D*N-edited
HMQC-NOESY-HMQC spectra4@) with a mixing time of

final 20 structures were chosen on the basis of having the
lowest total energies. Table 1 includes statistics for this
family of low-energy structures, and their coordinates have
been deposited in the Protein Data Bank (PDB) as entry
1M31.

Structure Calculations for the Homology Model ofCa
Bound Mts1A homology model of the non-hydrogen atoms
of the C&*-loaded structure of mtsl was calculated using
comparative structure modeling methods that satisfy spatial
restraints with the computer program MODELLER4{

66). Templates for this calculation included Tdoaded
structures of rat S100B (PDB entry 1QLK), rabbit calcyclin
(PDB entry 1A03), and human psoriasin (PDB entry 3PSR),
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Table 1: NMR-Derived Restraints and Statistics of NMR Structures

200 best

rmsd from distance constraints (A)

total (2222) 0.045+ 0.0015 0.047

intraresidue (554) 0.01:2& 0.0014 0.011

sequential|{ — j| = 1) (660) 0.032+ 0.0034 0.033

medium-range (¥ |i —j| < 5) (616) 0.071+ 0.0023 0.073

long-range i — j| > 5) (188) 0.058+ 0.0076 0.068

intermolecular for dimer interface (70) 0.0%90.0073 0.018

intra- and/or intermolecular (18) 0.0#80.017 0.000

hydrogen bonds (116) 0.0130.0037 0.009
rmsd from exptl dihedral restrairits

¢ andy (250) 0.4693+ 0.078 0.4124
rmsd from exptFC chemical shifts

BCo (ppm) 1.236+ 0.035 1.259

BCB (ppm) 0.904+ 0.038 0.883
rmsd from idealized covalent geometry

bonds (A) 0.0043t 0.00014 0.0044

angles (deg) 0.562 0.014 0.549

impropers (deg) 0.50& 0.037 0.441
Lennard-Jones potential energy (kcal/rfiol) —797.06+ 32.54 —818.03
% of residues in the most favorable 85.5 86.8

region of the Ramachandran plot
rmsd to the mean structure (A)

all backbone atoms in secondary structure 0.158+ 0.0516 0.136

all ordered heavy atoms in m&s1 0.988+ 0.1614 1.006

all backbone atoms in mts1{86) 0.878+ 0.0924 0.864

all heavy atoms in mts1 (486Y 1.609+ 0.0947 1.610

a2 The ensemble of 20 structuré®([] are the result of simulated annealing (SA) calculations. The best of the group was chosen on the basis of
having the lowest overall energy. F@0[]) the values shown are the meahghe standard deviatiod.The force constants used in the refinement
are as follows: 1000 kcal mol A2 for bond length, 500 kcal mot rad 2 for angles and improper torsions, 4 kcal mof\— for the quartic van
der Waals (vdw) repulsion term (hard-sphere effective vdw radii set to 0.8 times their values in CHARMm parameters), 50 kot frfof
experimental distance restraints, 150 kcal Thohd 2 for dihedral constraints, 100 kcal mlA~2 for noncrystallographic symmetry, 1 kcal mbl
A-2for distance symmetry constraints, 0.5 kcal mapni2 for 13C chemical shift constraints, and 1.0 for conformational database potential. None
of the 20 structures has a distance violation>di.4 A or a dihedral angle violation 0f5°. ¢ The Lennard-Jones van der Waals energy was
calculated using CHARMm parameters and was not used in any stage of the structure deterrfiR&OEHECK was used to determine the
Ramachandran plot.The calculation included the backbone atomsg, (€, and C) in the four helices and the twe-strands per subunit (E6Y19,
K28—-N30, K31-R40, A54-D63, E69-D71, and F72-C86).1 The calculation included all backbone residues excluding the unassigned N-terminal
residues and the unstructured C-terminal tail region, due to the lack of NOE correlations in both regiormsédohg-range NOE is present in
the entire stretch of residues N8K101). Also, the high rmsd value that is obtained is a reflection of a lack of observable NOE correlations in the
exchange-broadened hinge region.

and the lowest-energy NMR structure of apo-mts1 was usedincluding 554 intraresidue, 660 sequential, 616 medium-
as a starting point in the holo-mts1l model calculation. The range, 188 long-range, 70 intermolecular, 18 inter- or
preliminary alignment of mts1 with holo-S100B, holocal- intramolecular NOE correlation, 116 hydrogen bond, and 250
cyclin, and holopsoriasin was constructed solely on the basisdihedral angle constraintg @ndi; Table 1). NOE correla-
of the sequences of the proteins such that the residuegions were assigned on the basis of the previously reported
involved in the typical EF-hand and the pseudo-EF hand wereH, 13C, and!*N backbone and side chain chemical shift
in-frame. Next, a comparison of the three-dimensional assignments for apo-mts68§) and indicated that apo-mts1
structures of holo-S100B, holocalcyclin, and holopsoriasin contains foura-helices and a small antiparallg-sheet
was used to further refine the alignment such that the residuesconsistent with the presence of two hetioop—helix Ca&*-
involved in helices 1 and 4 of the three templates were binding domains (Figure 2). Early on in the structure
aligned in three-dimensional space with those in mts1. The determination, it was clear that mtsl is a symmetric ho-
sequence alignment in the variable loop region and the modimer like that of other S100 proteir2gj. For example,
C-terminal insertion of mts1 contained no sequence identity, as illustrated in Figure 3, data from the four-dimensional
so no homology-derived constraints were created for these(4D) 13C, 13C-edited NOESY experiment allowed for unam-
regions of mts1. Instead, this loop was modeled on the basispiguous NOE assignments from Hf L5 in helix 1 to M12,
of the amino acid sequence in the context of the rest of the M12, and V11 of helix 1'. These NOE correlations are not
protein as previously describe@4 65). Once mtsl was intramolecular since it is physically impossible for the
homology modeled on the basis of these three hoIo-SlOOOpposite ends of helix 1 to be close enough to generate
proteins, inclusion of hydrogen atoms and fouCns  observable NOE correlations. Similarly, NOE correlations
was achieved using the program X-PLO8YYas described  yere assigned between the protons in helix 4 and helix 4
previously for the determination of the solution structure of ndicating that these helices were oriented in an antiparallel
holo-S100B 24). manner. These and other unambiguous intermolecular NOE
correlations defined the overall fold of the dimer interface
RESULTS AND DISCUSSION of apo-mtsl as an X-type four-helix bundle. In total, 70
Three-Dimensional Structure of Mtdh total, the structure ~ unambiguous intermolecular NOE constraints defined the
of apo-mts1 was calculated using a total of 2472 constraints,dimer interface, involving residues in helix 1 (P4, L5, E6,
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Ficure 2: Diagram of amide exchange, NOE correlations, sequential correlations, and secondary structure for apo-mtsl. Circles represent
relative amide hydrogen exchange rates af@7Residues lacking a symbdrl (< 0.25 h) are arbitrarily termed fast exchanging amide
protons. Residues with half-shaded circles (0.25 T < 18 h) are termed medium exchanging amide protons. Residues with solid circles

(T > 18 h) are termed slowly exchanging amide protahsoupling values are as follows. Residues with gray boxes have values between

6 and 7.9 Hz. Residues with black boxes have values®fHz. Residues with white boxes have values>af.9 Hz. Residues with an

asterisk were ambiguous due to overlap. BN-edited NOESY-HSQC, 3D°N, *N-edited HMQC-NOESY-HMQC, and 4B°C, 15N-

edited NOESY experiments were conducted at’37 as described in Materials and Methods to determine NOE correlations. The NOE
strength is indicated by bar height (strong, medium, medium weak, weak, or very weak), and shaded boxes indicate tentative NOE strengths
due to chemical shift overlag3C* and 'H* chemical shift deviations from random coil values are shown such that regions of upfield-
shifted 13C* chemical shifts (positive) and downfield-shiftéd* chemical shifts (negative) are indicative of helical regions. Similarly,
regions of downfield-shifted*C* chemical shifts (negative) and upfield-shiftéd* chemical shifts (positive) are indicative gfsheet

regions b6, 80—82). Secondary structure is represented by spiralsifbelices, arrows fof-strands, and no symbol for loops, as indicated

under the appropriate residues in the mts1 sequence.

*

A8, L9, V11, M12, T15, and F16), helix 2 (L38), loop 3 reasonable rmsd values when calculated from the average
(L42), helix 4 (F72, Q73, V77, L79, S80, and A83), and structure 0.88 A for backbone atoms anefl.61 A for all
loop 5 (F89). Not surprisingly, many of the intermolecular atoms; Table 1) and very low rmsd values when only regions
NOE correlations derived from these residues in apo-mtsl of secondary structure were considered(16 A; Table 1).
_arte fS|m|Iarf :)O ﬂ’:'OE ?{B%Ztio?égoﬁzerégd Aa7t chg (Ij_linler The higher rmsd values observed in the loop regions are due
interface of both apo- , L4, E5, A7, M8, , . : o

X . _ primarily to the lack of structural constraints. This is
V14, and F15 in helix 1, L41 in loop 2, Q72, V76, V78, especially pronounced in the second calcium-binding loop

A79, and T82 in helix 4, and F88 in loop 4) and apo-S100B .
(E2, L3, E4, A6, M7, A9, L10, V13, and F14 in helix 1, 136 (N65—N68) and the C-terminal loop (N87K101) of mts1.

in helix 2, S41 in loop 2, F70, Q71, A75, V77, and T81 in The lowest-energy structure (Figure 5) has good values in
helix 4, and F87 in loop 4). all of the categories presented in Table 1, and the majority

Figure 4 shows the superposition of the 20 lowest-energy of its residues are in the m(?st fqvored region O]_c the
structures that best fit the input data. These structures contaifi@machandran diagram (86.8%), with no residues in the
no NOE violations greater than 0.4 A, no dihedral violations disallowed regions. The quality of the 20 apo-mts1 structures

exceeding 5 or hydrogen bond violations (Table 1). In Wwas evaluated using the program PROCHE®E) (and is
addition, the 20 lowest-energy structures were found to havecomparable to thatfa 2 A X-ray crystal structure.
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Ficure 3: NOE data for apo-mts1. (A) Spectral plane from a 4D
13C, 13C-edited NOESY experiment illustrating intermolecular NOE
correlations from LB (in helix 1) to M12 and V11 (helix ) at
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prised of helix 3 (residues A54D63), loop 4 (residues S64
C68), and helix 4 (residues F#Z86). The two EF-hands
are connected by a loop region (residues £A53) termed

the hinge region, and the C-terminal EF-hand is followed
by a lengthy C-terminal tail (N87K101). Residues in the
hinge and the C-terminal tail exhibit a minimal degree of, if
any, sequence homology with the corresponding regions of
other S100 protein family members (Figure 1), and it is these
loops in mtsl that are likely responsible for conferring
binding specificity to its protein targets.

Comparison of the Apo-Mtsl Structure to Other S100
Proteins.A common feature in all of the apo-S100 protein
structures determined thus far is that the pseudo-EF-hand
formed by helices 1 and 2 adopts a similar conformation
both in the presence and in the absence of calcéy €0
it is not surprising that the corresponding interhelical angle
in apo-mts1l is very similar@” = 1194 2°; Table 2) to
those of apo-S100B, apo-S100A1, and apocalcyclin, which
have Q"' interhelical angles of 133 12¢°, and 128,
respectively. Likewise, the values férand¢ of the pseudo-
EF-hand (Table 3) of apo-mtsl are similar to those of
apocalcyclin, apo-S100B, and S100A1 when using the vector
geometry method (VGM) to evaluate helical angles. There-
fore, as for other S100 proteins, the pseudo-EF-hand of mtsl
probably does not play a role in the calcium-induced
conformational change required for target protein binding
(26). Another similarity in the apo-mtsl three-dimensional
structure is that the X-type four-helix bundle that comprises
the dimeric fold of apo-mts1 is like that of other apo-S100
proteins. This is clearly evident when the helixHelix 4
(Q"V), helix 1—helix 1' (Q""), and helix 4-helix 4 (QV'V")
interhelical angles for apo-mtsl are compared to those of
other S100 proteins (Table 2).

The significant difference between the structures of various
S100 proteins in the apo state is the position of helix 3
relative to helices 1, 2, and 4 (Figure 6 and Tables 2 and 3).
For example, the interhelical angle between helices 3 and 4

the dimer interface of apo-mts1 and (B) a plane from the same 4D (Q""V) is =166+ 1° in apo-S100B ane-150+ 1° in apo-

13C, 13C-edited NOESY experiment illustrating an NOE correlation
between A5# of helix 3 and M8% of helix 4. Unlabeled contours

have their maximum intensities in other planes, and autocorrelation
peaks are denoted with asterisks in each panel. As a result of spectra

folding, chemical shift values on théaxis for carbon can be off

S100A1, whereas the same angle in apocalcyclin differs
significantly @""V = 1504 2°; Table 2). In apo-mts1, the
ipterhelical angle of helices 3 and 4 is 1624°, which more
closely resembles that of apo-alcyclin (Table 2). Likewise,

by multiples of the sweep width in that dimension (i.e., 24 or 48 results from vector geometry mapping lead to a similar

ppm).

conclusion (Table 3)41). This can be observed most directly
by comparing thep angles, which are-43 + 13° and —62

The three-dimensional structures for three other dimeric + 4° for apo-mts1 and apocalcyclin, respectively, whereas
S100 family members have been determined in the apo stateg equals—120+ 4° and—85 + 7° for the typical EF-hands

including S100B, calcyclin, and S100A23 25, 27). As

of apo-S100B and apo-S100Al, respectively (Table 3).

found for these S100 proteins, each subunit of apo-mts1 hasTogether, these data suggest that there are two subfamilies

two EF-hand C#&-binding domains brought into proximity
via a short antiparallg-sheet (K28-N30 in 51 and E69-
D71 in f32). The overall fold of each subunit is that of a
unicornate-type four-helix bundl&@) that interacts with its
symmetric subunit via an X-type four-helix bundle compris-
ing helices 1, 1 4, and 4 (Figure 5). The N-terminal EF-

of S100 proteins that display differences with respect to the
positioning of helix 3 relative to helix 4 in the apo state. To
date, it is proposed that one subfamily should include S100B
and S100A1€170¢ < QY < —150@; —120° < ¢ < —80°)

and the other subfamily should include mts1 and calcyclin
(150 < QWV < 170°; —70° < ¢ < —30°; Figures 6 and

hand in mtsl is termed a pseudo-EF-hand since its binding7).
loop contains 14 residues, as opposed to 12 residues, as is Close examination of the three-dimensional structures of

found for typical EF-hand Ca-binding domains 19). The

apo-mts1, apocalcyclin, apo-S100B, and apo-S100A1 reveals

pseudo-EF-hand domain of mtsl consists of helix 1 (residuesspecific differences in sequence and side chain packing for

E6—-Y19), loop 2 (residues S26K26), and helix 2 (residues
K31—R40). The C-terminal EF-hand in mts1 is more typical,

residues in the hinge and C-terminus of helix 4. These
differences are likely the reason for the variation observed

with a 12-residue EF-hand consensus sequence. It is comin the orientation of helix 3 with respect to helix 4 in the
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Ficure 4: Stereoview of the overlay of the 20 low-energy structures of apo-mtsl based on NMR-derived constraints. The helices are
shown in red for one subunit and in blue for the other subunit. A-s&rands are colored green for both subunits. Listed in Table 2 are the
statistics for this family of structures.

C'-terminal loop Table 3: EF-Hand Angles of S100 Proteins Based on the VGM
Method!

N-terminal coordinate
EF-hand of second helix 0 (deg) ¢ (deg)

pseudo-EF-hand
apo-mtsl EFA (12.043,-1.693,—3.188) 65+2 102+5
apocalcyclin EF2 (9.885, 0.000,-4.697) 53+2 101+3
apo-S100B EFA®  (11.975,—3.434,—-5.700) 55+ 1 89+ 4
apo-S100A1 EFY (13.128,—3.031,—4.793) 65+ 4 88+ 9
typical EF-hand
apo-mtsl EF2 (—13.307, 4.843;-2.210) 25+4 —43+13
apocalcyclin EFg° (—12.870, 6.843;-0.710) 33+2 —62+4
apo-S100B EFZ  (13.128,—-3.031,—4.793) 17+1 —-120+4
apo-S100A1 EF¥ (4.417,14.448;-0.288) 35+2 —85+7

aVector geometry mapping (VGM) results were obtained using the
program VGM as described previouslylj. ® Taken from the NMR
structure (PDB entry 2CNP) of Mex et al. 3). ¢ Taken from the NMR
structure (PDB entry 1B4C) of Drohat et aR5). @ Taken from the
NMR structure (PDB entry 1K2H) of Rustandi et &.7f. The values

. o for w calculated by vgm for mts1 are 1%16r EF1 and 332for EF2.
hinge Apocalmodulin of Zhang et al. (PDB entry 1DMO) was used as the

C-terminal loop reference PDB compound'§).

Ficure 5: Ribbon diagram of apo-mts1. Helices H1 and Hilue), . . . .
H2 and H2 (teal blue), H3 and H3(green), and H4 and H4 residues in the apo-mts1 structure is supported directly by a
(yellow) form an X-type four-helix bundle at the dimer interface long-range NOE correlation observed between the methyl

in apo-mts1 70). protons of Met-85 (M86) and Ala-54 (A54; Figure 3B).

It is likely that the large size of the Met-85 side chain
Table 2: Interhelical Angles of S100 Proteins critically affects the orientation of helix 3 relative to the other
helices apo-mt$l apocalcyclii® apo-S100B¢ apo-S100AlLe helices in mts1. A similar arrangement of helices is observed
Y 119+ 2 126+ 2 133+ 1 120+ 3 in the three-dimensional structure of apocalcyclin, which has
=1 —55+ 4 —52+2 —46+1 —45+ 2 a large hydrophobic residue (183) at the position analogous
1=V 120+2 115+1 120+ 1 107+ 2 to Met-85 of mts1 that packs into an alanine residue, Ala-
”::'\'/ _fi’éig _fggii fjgi % fjgii 51, at the N-terminus of helix 3.
:II ;IV 11%22 i j ﬁgi i —ﬁgi i —iggi % For S100A1 and S100B, the position analogous to the large
Vol 1esta 14841 lee11 PR hydrophobic residue at the C-terminus of helix 4 in mtsl

(M85) and calcyclin (183) is occupied by a smaller alanine
aln;erhelicalllalﬂglehﬁe) rgnge gf}rogﬁ;%?@ tg ﬁg fj]dg are cllggfified residue (i.e., A83 in S100B and A84 in S100A1; Table 4).
o Sgrs‘;rf’;glgi%v\‘l’vhi?] 20 S' |£2|—§ 1A% s des_crlibeld_previoarsly These alanine residues are each nearby residues in the hinge
(70). ® Interhelical angles for apo-mts1 were calculated using the Of S100B (147 and E49) and S100A1 (Q48 and D50). In the
computer programs lha 1.4 and Intermixaken from the NMR structures of S100B and S100A1, the location of the hinge
structure (PDB entry 2CNP) of Mer et al. 3). ¢ Taken from the NMR is relatively well-defined and is supported by numerous NOE
:::333;2 ((EBE ‘;rr‘]tt:y 11%&)) %ff Dgg;g‘ﬂﬁ? ﬁ?i%mke” fromNMR — correlations (Table 4). In the case of S100B, packing of lle-
Y . 47 of the hinge into Ala-83 of helix 4 is likely an important
determinant in the position of helix 3 of this protein (Figure
two proposed S100 subfamilies (Figures 6 and 7). For 6). On the other hand, the analogous residues in the hinge
example, Met-85 in helix 4 of mtsl is large, hydrophobic, of mtsl and calcyclin are charged (R49 in mts1 and K49 in
and close to a relatively small amino acid residue, Ala-54, calcyclin) and their packing into the hydrophobic patch at
at the N-terminus of helix 3. The proximity of these two the C-terminus of helix 4 would be energetically unfavorable.
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i helix 4

helix 4
helix 4

Ficure 6: Comparison of side chain interactions for residues in the hinge and helix 4 of apo-mts1 (A and C) and apo-S100B (B and D).
(A) Overlay of the 20 lowest-energy apo-mtsl structures (residue$4and 72-89) with the side chains of Arg-49, Ala-54, and Met-85.

For clarity, only the Arg-49 side chain closest to Met-85 and Ala-54 is shown. (B) Overlay of the 20 lowest-energy apo-S100B structures
(residues 4562 and 76-87) with the side chains and residues lle-47, Val-52, and Ala-83. (C) Ribbon diagram of the hinge and helices 3
and 4 of apo-mtsl. (D) Ribbon diagram of the hinge and helices 3 and 4 of apo-S100B. For S100B panels (B and D), corresponding mts1
residue numbers are included in parentheses.

Therefore, it is not surprising that NOE correlations between position in mts1 (M85), calcyclin (183), and two other S100
residues in the hinge and helix 4, as found in S100B and proteins (S100A2 and S100A3). In mts1 and calcyclin, these
S100A1, are not observed for either mts1 or calcyclin in the hydrophobic residues are proximal to an alanine residue in
apo state (Table 4). Thus, the position of the hinge relative the N-terminus of helix 3, but are not nearby residues in the
to helix 4 represents another significant difference between hinge. Therefore, on the basis of the sequence and structural
the two proposed S100 subfamilies. data for these four apo-S100 proteins, predictions regarding
In summary, the amino acid sequences of S100B, S100A1,other S100 proteins can be made (Table 5). For example,
and several other S100 proteins (S100A5, S100A8, S100A9,we predict that S100A2 and S100E will adopt helixt8lix
S100A10, S100A11, S100A12, S100A14, Calg C, S100P, 4 interhelical angles in the apo state similar to that of mtsl
and S100Z) all have a small alanine side chain (or Thr for and calcyclin, and that the remaining proteins in the S100
Calg C) at position 85 (using mtsl numbering) in the family (S100A5, S100A8, S100A9, S100A10, S100A11,
C-terminus of helix 4. For S100B and S100A1, this alanine S100A12, S100A14, Calg C, S100P, and S100Z) may adopt
residue on helix 4 is nearby residues in loop 2 (the hinge). apo structures similar to those observed for S100B and
On the other hand, large hydrophobic residues are at thisS100A1 (Table 5). Two S100 proteins (S100A7 and S100A13)
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Table 5: Proposed S100 Subfamifies
mts1 position 85 mts1 position 49

subfamily 1
mts1 (A4)
S100L (A2)
S100E (A3)
calcyclin (A6)
subfamily 2
S100B
S100A1
S100D (A5)
calgranulin A (A8)
calgranulin B (A9)
P11 (A10)
S100C (A11)
S100A12
S100A14
calgranulin C
S100P
S100Z

aBased on sequence alignment of several S100 family members
(Figure 1) and structural data for apo-mts1, apocalcyclin, apo-S100A1,
and apo-S100B. All members of the first subfamily of S100 proteins
contain a residue with a large amino acid side chain at position 85 and
a charged side chain at position 49 (using mts1 numbering). All S100
proteins in the second subfamily have an alanine at position 85 and a
hydrophobic or neutral side chain at position 49 (using mts1 numbering).
These differences in sequence affect the structure of S100 proteins with
regard to the relative orientation of the hinge (loop 2), helix 3, and
helix 4 (Figure 6; see the text). Psoriasin (A7) and S100A13 could not
easily be assigned to either subfamily.

—=<ZZ
AmXT

>>4>>>>>>>> >
o0 oozl 20—

C'-terminal loop

Ficure 7: Ribbon diagrams comparing the three-dimensional
structures of apo-mtsl, apo-S100B, and apocalcyclin. (A) Overlay
of apo-mts1 and apo-S100B with differences in the orientation of
helix 3 shown in yellow (apo-mts1) and purple (apo-S100B). (B)
Overlay of apo-mts1 and calcyclin with helix 3 of apo-mts1 (yellow)
occupying a position similar to that found for calcyclin (red). H3

Table 4: Hinge-Helix 4 NOE Correlations

apo-mtsl apo-S100B apo-S100A1
none observed 147, — A83; Q48 — C85, \
147,,— AB3; D50y — A84y C-terminal *®
E49 — A83; D50; — A84; .
D50; — AB4c hinge loop

aNOE correlations are also not observed between residues in the FIGURE 8 Ribbon diagram of apo-mts1 highlighting residues with
hinge and helix 4 in the data for apocalcyclin (PDB entry 1CN#®).( significant'H and*>N chemical shift perturbations upon addition
b NOE data for S100B obtained from the NMR structure (PDB entry Of calcium. Similar chemical shift differences are derived fiéh—
1B4C) of Drohat et al.25). °NOE data for S100A1 obtained from  H HSQC calcium titrations for human mts1 (this study) and for
the NMR structure (PDB entry 1K2H) of Rustandi et &7}, mouse mtsl reported elsewhef@)( The changes in chemical shift
range from O (light gray) to 10 ppm (dark blue) and are color coded
by changing the RGB value linearly to give a darker blue color for
residues with larger changes in chemical shifts.

could not easily be placed into either of the proposed S100
subfamilies. Nonetheless, the predictions for all of these S100
proteins will require validation via rigorous three-dimensional large perturbations in chemical shifts upon addition of'Ca
structure determinations in the apo state. to mtsl (Figure 8). Itis likely that the conformational change
Ca*-Dependent Conformational Changeonsistent with in mts1 is similar to that observed for other S100 proteins
a change in protein conformation, we and oth&g pbserve since chemical shift perturbations for residues in the pseudo-



Solution Structure of Apo-Mtsl

Ficure 9: Overlay (in stereo) of the typical EF-hand from the apo-
mts1l NMR structure and from a model of holo-mtsl1. The typical
EF-hand is shown in blue for apo-mts1 and in yellow for the model
of Ca¢"-bound mtsl (residues E52185).

EF-hand, the typical EF-hand, and other regions of the
protein remote from the C&binding domains such as in
helix 3 and the C-terminal loop were observetdl, (73—

75). On the basis of these results, a preliminary homology-

based model of holo-mts1 was calculated using the structures

of holo-S100B, holocalcyclin, and holopsoriasin (Figure 9).
It was found that regardless of which holo-S100 protein
structure was used as the starting point in the calculation,
the final model calculated for €abound mts1 was structur-
ally very similar to holocalcyclin and less like the three-
dimensional structure of holo-S100B or holopsoriasid, (
73—77). This was especially true with regard to the position
of helix 3. However, the details of this conformational change
still require a direct comparison of the high-resolution
structure of mts1 in the C&bound staté€to be determined)
to the three-dimensional structure of apo-mtsl determined
here. Nonetheless, the €adependent binding of mtsl to
its protein targets, such as myosin llA, indicates that a
conformational change is indeed necessary for mts1 function.
Summary Multidimensional NMR techniques were used
to determine the three-dimensional structure of apo-mtsl in
solution. As with other S100 protein family members, mtsl
is a symmetric homodimer with two EF-hand“Cdinding
domains per subunit. On the basis of chemical shift perturba-
tions and the 3D structures of other holo-S100 proteins, it is
anticipated that a calcium-dependent structural change will
expose the target protein binding site in mts1. Furthermore,
a comparison of the three-dimensional structure of apo-mts1
to other S100 proteins indicates that amino acid residues in
these nonconserved regions (the hinge and C-terminal loop)
affect the three-dimensional structure of S100 proteins in
the apo state. For apo-mtsl, its structure is more similar to
that of apocalcyclin than it is to those of apo-S100A1 and
apo-S100B. This difference in structure will likely impact
the magnitude of the conformational change for mts1 upon
addition of calcium and could be important for its biological
function in vivo.
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