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SN Relaxation Studies of Apo-Mts1: A Dynamic S100 Protein’
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ABSTRACT: Mtsl is a member of the S100 family of EF-hand calcium-binding proteins. Like most S100
proteins, Mts1 exists as a dimer in solution and contains one canonical and one pseudo-EF-hand motif
per monomer, each of which consists of two o helices connected by a loop capable of coordinating a
calcium ion. The backbone dynamics of murine apo-Mtsl homodimer have been examined by nuclear
magnetic resonance spectroscopy. Longitudinal and transverse relaxation data and steady-state 'H—""N
nuclear Overhauser effects were analyzed using model-free formalism. The extracted global correlation
time is 9.94 ns. Results indicate that the protein backbone is most rigid at the dimer interface, made up
of helices 1 and 4 from each monomer with mean S? (Sﬁvg) values ~0.9, flanked by helices 2 and 3 with
lower S3,, values of 0.84 and 0.77, respectively. Each calcium-binding site along with the hinge joining
the two EF-hands and the N- and C-termini are considerably more flexible than the dimer interface on a
range of time scales and more flexible than the corresponding regions of other S100 proteins studied to
date. As the hinge and the C-terminal tail are believed to interact with target proteins, these dynamic
characteristics may have implications for Mts1 activity.
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Mitsl, also known as S100A4, is a small (~24 kDa dimer),
highly soluble protein belonging to the S100 family of EF-
hand-containing calcium-binding proteins. Numerous lines
of evidence implicate Mts1 in tumor metastasis. The expres-
sion level of Mtsl in various cell lines correlates with
metastatic potential (/). Introduction of Mts1 into nonmeta-
static cell lines confers the metastatic phenotype (2). Reduc-
ing available Mtsl mRNA through ribozyme techniques
reduces the metastatic character of tumor cells (3). Mating
transgenic mice carrying the mts1 gene with mice susceptible
to tumors of low metastatic potential produces offspring with
increased tumor aggressiveness (4). Mts1 expression occurs
in tissue and cell types normally capable of motility, such
as activated macrophages, T-lymphocytes, trophoblast cells,
and embryonic tissue, suggesting that the role of Mtsl in
metastasis is linked to cellular motility (5). Consistent with
this hypothesis, nonmuscle myosin II has been identified as
a cellular binding partner for Mtsl (5). In the presence of
calcium, Mts1 binds to the C-terminal end of the myosin
heavy chain, close to the regulatory phosphorylation site,
inhibiting casein kinase 2-mediated phosphorylation and self-
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assembly of nonmuscle myosin (6). Thus, the mechanism
of Mts1-induced cell motility may involve reorganization of
cytoskeletal components (5).

Another target for Mtsl is the p53 tumor suppressor (7).
Mts1 binds to the C-terminal regulatory domain of p53 and
inhibits phosphorylation of p53 by protein kinase C. This
interaction interferes with the DNA-binding activity of p53
and plays a functional role in modulating p53 target gene
transcription. In this way, Mtsl may cooperate with p53 in
apoptosis induction and cell cycle regulation. Mtsl is also
shown to interact with an endothelial plasminogen coreceptor
called annexin II. Upon this interaction, plasminogen activa-
tion in endothelial cells is accelerated. There is some
evidence that Mts1 can also interact with a distinct group of
target proteins in a calcium-independent manner (§).

Most S100 family members are EF-hand-containing
calcium-binding proteins. An EF-hand motif typically con-
sists of a loop region flanked by two a helices. To coordinate
calcium, the canonical EF-hand motif makes use of six
residues from a highly acidic 12-residue stretch centered
about the loop region, with calcium interactions mediated
primarily via side chain oxygens. Members of the S100
family generally contain one canonical EF-hand (C-terminal)
and a variant form of EF-hand (N-terminal). The variant or
“pseudo”-EF-hand coordinates calcium using principally
backbone carbonyl oxygens from six residues over a highly
basic 14 amino acid stretch.

The S100 family of proteins share significant amino acid
sequence similarity. Regions of greatest sequence variation
occur in the C-terminal tail and in the hinge between helices
2 and 3. The hinge from many S100 proteins, including
S100B, S100A1, and calbindin Dy, has been shown to have
little regular secondary structure and in several cases is
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known to be involved in interactions with protein targets.
For example, the binding interface between S100B and p53
involves the hinge, helix 3, and helix 4 (9), and the binding
interfaces of both SI00A11 with annexin I (/0) and S100A10
with annexin II (/7) involve residues in the hinge, helix 1,
and helix 4. In most cases, binding to target proteins is
calcium-dependent. Calcium binding can confer a dramatic
reorientation of helix 3 and the hinge, exposing a large
hydrophobic region on the surface of the protein which is
critical for the interaction of S100 proteins with their effector
molecules. For example, in both S100B (/2) and S100A6
(13), helix 3 reorients by ~90° relative to helix 4 upon the
addition of calcium. In the case of S100B, this reorientation
exposes 18 of the 21 residues involved in the p53 interaction
©).

Unlike other EF-hand proteins, S100 family members
typically form noncovalent homodimers with 2-fold sym-
metry. The only known exception is calbindin Doy (/4).
Structural studies of S100 proteins indicate that each
monomer forms a unicornate four-helix bundle. The dimer-
ization interface is formed by antiparallel alignment of helices
1, 1, 4, and 4’ (the primes indicate helices from the partner
molecule) which form a characteristic X-type four-helix
bundle. In addition, several S100 family members are capable
of heterodimerization, including S100A8 with S100A9 (15),
S100B with S100A1 (/6), and Mts1 with SI00A1 (6).

Protein dynamics over a wide range of time scales and
amplitudes plays an important role in biological functions
such as enzyme reaction, ligand binding, and folding (/7— 19).
NMR spectroscopy provides unique opportunities to explore
a wide range of dynamic time scales such as fast internal
motion (ps—ns), slow motion (¢s—ms), the overall correla-
tion time of a protein (of the order of 10 ns), and even very
slow conformational exchange motions (ms—days), with site-
specific resolution. S100 family proteins share a common
three-dimensional structure yet bind to distinctive ligands.
This selectivity is in general thought to involve the highly
variable hinge and/or the C-terminal tail regions. These
regions have been shown to be affected by binding of calcium
to two less variable regions of the protein; e.g., see ref 20.
Regions of proteins which coordinate calcium or contact
ligands can undergo large conformational changes upon
coordination which are often foreshadowed by the ability of
the same regions of the protein to undergo large conforma-
tional changes in the absence of the ligand; e.g., see ref 21.
If these motions occur on a ms—us time scale, as large
changes often do, they can in many cases be detected as an
exchange contribution to relaxation (Rey). In order to begin
to understand the role conformational flexibility in Mts1 may
play in specific activation of the metastatic pathway, we have
undertaken an examination of apo-Mts1 relaxation rates and
internal dynamics. This work includes an assessment of fast
internal motions and slower, conformational exchange in the
Mts1 backbone. We report that the protein backbone is most
rigid at the dimer interface and more flexible in the
N-terminal half of each calcium-binding site, the hinge
region, and the C-terminal tail. Comparison of these results
with relaxation studies of other members of the S100 family
reveals some similarity in regions of conserved secondary
structure but significantly more flexibility in regions cor-
relating with specific protein activity.
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MATERIALS AND METHODS

Sample Preparation. Recombinant mouse Mtsl was
expressed and purified as described previously (20). Briefly,
Escherichia coli strain BL21(DE3) CodonPlus was trans-
formed with the plasmid H-MBP-3C (22) containing the
murine mtsl gene. The final protein product contains the
full 101 amino acids of murine Mtsl plus an additional 5
N-terminal residues (GPGSA). 'N-labeled protein was
produced by cell growth in M9 minimal media using "NH,Cl
as the sole nitrogen source. Cells were purified by batch
method using cobalt affinity resin, followed by anion-
exchange column chromatography. The sample was ex-
changed into buffer containing 5 mM Tris-HCI and 1 mM
EDTA, pH 6.0, and concentrated to 1.1 mM. Sodium azide
was added to 50 M, and D,0O was added to 5% v/v.

Measured Relaxation Parameters. All NMR experiments
were performed at 40 °C. A complete set of T}, T», and
"H—'5N NOE measurements were made at 600 MHz using
a Varian Unity 600 MHz spectrometer equipped with three
rf channels and z-axis field gradients. An additional set of
T, measurements were recorded at 500 MHz on a Varian
Inova spectrometer with three rf channels and z-axis field
gradients. Relaxation rate constants were obtained from peak
intensities in 'H—'SN-correlation spectra acquired with
variable transverse (10, 30 (x2), 50, 70, 90, 110, 130, 150,
170, 190, 210 ms) and longitudinal (10, 30 (x2), 50, 90,
130, 230, 350, 470, 950, and 1200 ms) relaxation delays.
Relaxation-compensated CPMG experiments (RC-CPMG)
(23) were performed to determine the average R, (R5'® =
2(Ry + Ry sy) value with Tcp = 1 and 10 ms, where 7cp is
the delay between the 180° pulses of the CPMG cycle. The
relaxation delays used were 0 (x2), 8, 16, 32, 48, 80 (x2),
112, and 160 ms for 7cp = 1 ms and 0 (x2), 40, 80, 120
(x2), 160, and 200 ms for zcp = 10 ms. Recycle delays of
1.5 s were used in all cases.

To directly identify residues with significant chemical
exchange contribution to transverse relaxation rates, we used
the methodology proposed by Kroenke et al. (24), where the
chemical exchange contribution to transverse relaxation is
given by

R, =R,—R) M

where R, is measured by CPMG. The relaxation delays used
to obtain the R, rates were 0 (x2), 16.9, 33.8, 67.6, 84.6,
101.5, 118.4, 135.3, and 169.1 ms. RY, the transverse
relaxation rate in the absence of R., can be obtained by
measuring 7, the cross-correlation rates between "N CSA
and N—'H dipolar relaxation (25) and then using the
equation RS = «7,,, where « is independent of chemical
exchange and local motions (26). The cross-correlation rates
(17.y) were measured using the symmetrical reconversion
method developed by Pelupessy et al. (27), and « was
determined iteratively as an average of R%/1,, for all residues
that were not subject to chemical exchange processes,
assuming that the ’N CSA is constant for all residues (24).
The average value of « at 600 MHz was found to be 1.61
and was also independently verified using an unrelated

! Abbreviations: EDTA, ethylenedinitrilotetraacetic acid; NOE,
nuclear Overhauser effect; CSI, chemical shift indexing; MHC-II,
myosin heavy chain II.
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protein. The above set of experiments was carried out on a
600 MHz Bruker spectrometer equipped with cryoprobe.

All data were processed with nmrPipe and visualized with
NMRdraw and NMRview (28). Peak intensity was measured
with NMRview, and errors in intensities were estimated from
duplicate spectra at one relaxation delay time. The relaxation
rates Ry, R,, and R3'® were determined by fitting the
experimental data to a single exponential function given by
I(t) = Ipe™®, where R = Ry, Ry, or R5*® using the CURVEFIT
program (A. G. Palmer III, Columbia University). The
residues whose peaks in the spectra overlapped were not
included in the analysis.

The steady-state ’N—'H NOE relaxation data sets were
recorded using 48 scans per point and by recording two
spectra with and without a 3.0 s period of proton saturation
(29) following an initial 1.0 s recycle delay. The error (Onog)
was determined using the equation:

_ Isat Ogat 2 O'unsat)z)l/2
ONOE Iunsal(( Isat ) + ( Iunsat (2)
where Iy, and Iy represent the measured intensities of a
particular resonance in the presence and absence of proton
saturation and Oy and Oy represent the root-mean-square
variation in the noise in empty spectral regions of the spectra
with and without proton saturation.

Lipari and Szabo Model-Free Analysis. Relaxation data
were analyzed following the model-free formalism of Lipari
and Szabo (30). This method uses two types of “model-free”
parameters to describe motion: the generalized order param-
eter (S?) that indicates the amplitude and the correlation time
which models the time scale of an internal motion. In the
formalism of Lipari and Szabo, the spectral density function
is given by

_ 2
+(1 Nl

J(w)=
1 -t

C
3
1+ o't ©)
where 7. is the global rotational correlation time and 7 =
T T/ (T + To).

Clore et al. expanded this formalism to account for internal
motion on two distinct time scales, which differ by at least
one order of magnitude (37). An exchange term, Ry, is also
utilized to account for slower conformational exchange
processes which affect transverse relaxation times. The
spectral density function in this case (for isotropic tumbling)
is

S*z, (1—-SHr,
- e

1+t 1+ 0’;

(S — S$HT,

J(w)= >
I +w T

“

Fast and slow order parameters (S? and S2, where §2 = S?Sg)
and two internal correlation times (7; and 7,) are used. This
equation reduces to eq 3 when $2 = 1 and thus §? = S?.

The PN T and T, relaxation times and the 'H—'"N NOE
are related to the spectral density, J(w), by

2
Ti =R,= (%)[41(0) + Ty — wy) + 3J(wy) + 6J(wyy) +
2
2
6J(wy + w)] + (%)[41(0) +3J(y)] (5)
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2
1= R, = (dz)[](cuH —wy) T 3J(wy) + 6J(wy + o] +
1

~

Al(y) (6)
- (i)
NOE=1+| 2|\ (6 (@n+ oy = @y = an)] ()
H

where d = pohyxyu(rain/(87%) and ¢ = wnAo/+/3 and u, is
the permeability of free space, i is Planck’s constant, yy
and yy are the gyromagnetic ratios of the 'H and >N spins,
rnu (1.02 A) is the N—H bond length, wy and wy are the
Larmor frequencies of the 'H and >N spins, and Ao is the
chemical shift anisotropy of the N nucleus (—170 ppm)
assuming an axially symmetric chemical shift tensor.

Rotational Diffusional Anisotropy. A preliminary value for
the rotational correlation time (7.) was estimated from
analysis of a subset of residues selected based on two criteria.
First, residues with 'H—!N NOE less than 0.6 were omitted.
Second, from this subset, residues with R; or R, values
deviating significantly from average values were omitted,
as described by the following acceptance criteria:

Ry — <R2> _ Ry — <R1>
(Ry) Ry

where (R;) and R; (j = 1, 2 and i = ith residue) are the
average rates and R; and R, are the individual rates of the
subset of remaining residues satisfying the first criteria. o is
the standard deviation of {(Ry; — (R))/KR2)} — {(R1; — (R1))/
(R1)}. Based on these criteria, a total of 53 residues were
used to estimate the overall correlation time and rotational
diffusion tensors. An average solution structure of apo-Mts1
(pdb accession 1M31) was used for the estimation of the
overall correlation time and rotational diffusion tensors. The
F-test analysis was performed to choose between isotropic,
axially symmetric, and fully anisotropic diffusion models.
A probability factor (P%), which indicates the probability
that improvement in fitting when model complexity increases
is coincidental, was calculated for the isotropic—axially
symmetric pair of models and for the fully anisotropic—axially
symmetric pair of models. Probability factors >5% are not
statistically significant.

Relaxation data (R, R, at 600 MHz and R, at 500 MHz)
and steady-state 'H—'SN NOE values at 600 MHz along with
the N—H vector orientations obtained from the average
solution structure of apo-Mts1 were used to obtain the model-
free parameters via the program DYNAMICS (32). The
relaxation data were fitted to six models using the following
approximations for J(w): Model 1 describes “very fast”
internal motion:

<1l.50 (8)

o St
1+ o’c

Jw)=% ©)

with 7y < 10 ps and S2 = 1. St is the sole internal motion
parameter extracted. Model 2 describes “fast (but not very
fast)” motion:

2
Sfrc

1+’

(1—SHr;

2_s2
1+ w7

J(w) =§ (10)

where s = t.14/(7. + T¢) with ¢ typically on the order of
100 ps and S = 1. The first two models are similar except
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that, in model 1, the second term in model 2 is negligible at
pertinent frequencies, due to a “very small” value of 7.
Survival of the second term in model 2 allows extraction of
both S and 7.

Model 5 allows for a combination of “very fast” and
“slow” motion. Slow motion, which is considered negligible
in all other models, can approach to within about an order
of the global correlation time:

22
SszTc

1+ o't

SH(1—SHr',

1+ w0’7?

J(w)= %

(1)

where 7’y = 1.7/(T. + Ts). S?, 82, and 7, are extracted. Models
3, 4, and 6 are identical to models 1, 2, and 5, respectively,
but with an R, term added to the expression for R, to account
for ms—us time scale conformational exchange.

Model selection for each N—H bond vector was done
according to the procedure given in Mandel et al. (33). The
model-free parameters were optimized by minimizing y2,
defined as (32)

ext calc\2 ext calc)\2
2 (Rl -k ) (Rz —R; )
X = Z 2 + 2

i 0 (o}
! Ry; Ry

(NOEext _ NOEcalc)2

2
ONOEi

(12)

where calc and ext represent the calculated and experimen-
tally determined parameters, respectively, and o,, Og,, and
onoe are experimentally determined uncertainties. If more
than one of the spectral density functions satisfied these
conditions, the model with the fewest parameters necessary
to fit the data was selected.

After selecting the best model for each N—H bond vector,
the global correlation time was reoptimized and model
selection repeated utilizing the optimized 7. value. This
process was repeated until further iteration resulted in no
further improvement in fitting.

Hydrodynamic model calculations were carried out using
the program HYDRONMR (34) and compared with the
experimental data. The R»/R; ratio is not affected by rapid
internal motions or by the magnitude of CSA (35) and
therefore can be used for comparing experimental and
calculated data, once residues with low frequency motion
and/or conformation exchange are excluded from the cal-
culation. The protocol for the estimation of the optimal
atomic element radius (AER) is described elsewhere (34).
Using the above criteria and the lowest energy NMR
structure of apo-Mts1 (pdb accession 1M31), optimal AER
was found to be 2.215 A and was used to calculate the
theoretical hydrodynamic parameters.

RESULTS AND DISCUSSION

Dynamics of Mtsl. Complete sequential backbone reso-
nance assignment has been reported elsewhere (36). Ten
residues were omitted from relaxation analysis due to spectral
overlap. Figure 1 shows the R;, R,, and '"H—""N NOE data
and R»/R; ratio at 600 MHz. R, values at 500 MHz are also
shown. The average R; rate was 1.65 + 0.37 s7! (10%
trimmed mean 1.62 s~') while the average R, rates at 600
and 500 MHz were 12.86 & 3.1 s7!' (10% trimmed mean
129 s and 11.14 £ 2.73 s (10% trimmed mean 11.23

Dutta et al.

s71), respectively. The average heteronuclear NOE was 0.55
4+ 0.21 (10% trimmed mean 0.58). After eliminating residues
with NOE <0.6 or with significant Rex contributions to Ry,
the remaining 53 amino acids were used to calculate
hydrodynamic parameters. The initial estimate of the overall
correlation time (7.) was 9.54 ns with an average tensor ratio
(DyD)) of 1.14. Note that the axial tensor ratio obtained for
a highly homologous S100B protein was 1.16 (37). The Mts1
global correlation time was also calculated independently of
model-free analysis via HYDRONMR (34). This procedure
yielded an almost identical 7. value of 9.55 ns.

There was not significant improvement in the probability
of fit upon increasing the complexity of the model from
isotropic to axially symmetric. These initial estimates were
used to fit the complete set of relaxation data (R;, R,, NOE
at 600 MHz and R, at 500 MHz) using the model-free
formalism approach (30, 38) to both isotropic and axially
symmetric models. The final anisotropy of the diffusion
tensor and the average correlation time were found to be
1.15 (Dy/D,) and 9.94 ns, respectively. It has been shown
that, in the case of a molecule with 20% or less anisotropy,
the choice of an isotropic vs axially symmetric model has a
negligible effect on the hydrodynamic parameters (39). In
addition, the hydrodynamic parameters (e.g., generalized
order parameter) were very similar when the data were fitted
to isotropic or axially symmetric models, with a correlation
coefficient of 0.99. Therefore, we report the hydrodynamic
parameters obtained for the isotropic model. Model selection
for each residue was determined using the protocol of Mandel
et al. (33). Four residues, S20, E23, K26, and F90, could
not be fitted to any model. Extracted model-free parameters
are presented in Supporting Information Table 2.

The analysis of the R;, R, and 'H—""N NOE values
provides information on the internal motion of the back-
bone amide on both a fast (ps—ns) and slow (¢s—ms) time
scale. The generalized order parameter (S?) measures the
amplitude of the internal motion on the fast time scale. The
S? value plotted against the residue number is shown in
Figure 2A. The average value of Sﬁvg over all residues is
0.71 £ 0.26. The general order parameter (S?) values are
quite uniform across individual helices: the average Sivg
values for residues in helices 1—4 are 0.89 =+ 0.06, 0.84 +
0.04,0.77 £ 0.08, and 0.91 &£ 0.04, respectively. The highest
order parameters (S ~ 0.9) are clustered primarily in the
first and fourth helices, which form the dimer interface, and
to a lesser extent in helix 2 and 3, whereas $? values
substantially below average tend to cluster in the calcium-
binding sites, in the hinge region, and near the N- and
C-termini. The relatively high flexibility of helix 3 is
intriguing, given that helix 3 is known to reorient substan-
tially with the addition of calcium in homologous S100
family members (12, 13).

Calcium-binding sites 12 and 34 show similar mean S§?
values (SgVg values of 0.65 + 0.25 and 0.69 £+ 0.32,
respectively), indicating somewhat less stability in the
calcium-binding sites than in the helices. The large variation
of these Sﬁvg values reflects the presence of high flexibility
in the N-terminal part (12N, residues S20—K27, and 34N,
residues D63—D67) and low flexibility in the C-terminal part
(12C, residues F28—E33, and 34C, residues E69—E74) of
each site. In fact, the C-terminal parts of these sites each
contain the N-terminal part of the following helix (helix 2
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FIGURE 1: (A) Ry, (B) R, (C) N—!H heteronuclear NOE, and (D) the ratio Ry/R; for apo-Mts1, plotted vs residue number. All plots

represent data collected at 600 MHz except filled diamonds are R, val

60
due Number

80 100

ues at 500 MHz and open circles are calculated R»/R, values using

the program HYDRONMR. The solid line in the R./R; plot denotes (Ry/R;) of the core residues, and the dotted lines denote the +1.50
{Ro/R;) positions. a helices 1—4 (amino acids 5—19, 31—40, 54—63, 72—85), calcium-binding sites 12 and 34 (20—33, 63—74), the hinge
(41—53), and the C-terminal tail (86—101) are indicated above (A), along with short  strand regions present just N-terminal to helix 2 and

helix 4.

and helix 4), preceded by a short stretch of f3-strand (see
secondary structure diagram above Figure 3A). These two
strands hydrogen bond to each other within each monomer
unit. The Sﬁvg values are 0.44 £ 0.20, 0.29 £ 0.18, 0.85 +
0.04, and 0.89 £ 0.08 for regions 12N, 34N, 12C, and 34C,
respectively. Regions 12N and 34N also show large contri-
butions from R, indicating significant conformational
exchange on the ms—us time scale.

The hinge between the two EF-hands has a mean S3,, value
similar to the calcium-binding loops (0.63 £ 0.22) and can
also be divided into two distinct regions. Residues E41—1.46
(HN) are more rigid (S§vg = 0.85 £ 0.05) whereas residues
G47—D53 (HC) are more flexible (S§Vg =0.45 £ 0.12) and
show significant conformational exchange contribution. The

extreme N- and C-termini of Mtsl are highly flexible. The
N-terminus (first 3 residues) has a mean Sﬁvg value of 0.27
+ 0.26 and the C-terminal tail (last 16 residues) has a mean
Save of 0.42 £+ 0.25.

Figure 2B shows a ribbon plot of apo-Mts1 with residues
colored according to S? value. Helices 1, 1’, 4, and 4’ are
largely blue (S > 0.9), forming a highly rigid four-helix
hydrophobic core. Helices 2, 2/, 3, and 3’ are peripherally
located and are mostly colored violet (0.75 < S$? < 0.9)
except the N-termini of helices 3 and 3’. However, points
of contact between the central and peripheral helices often
show similar order, suggesting that core—periphery contacts
may influence internal mobility. The N-terminus of each
calcium-binding site (12N and 34N) shows significant
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FIGURE 2: (A) Plot showing generalized order parameter (S?) for
apo-Mts1 vs residue number. (B) S? values painted on the ribbon
plot of the apo-Mts1 structure (47).

flexibility (yellow in Figure 2B). The C-terminal tail and
the hinge, which are relatively close together in space, each
contain residues with a high degree of flexibility, suggesting
the possible formation of a contiguous and yet dynamic
surface for interaction with target proteins.

Fast internal motion relative to the overall correlation time
is measured by the general order parameter, whereas large
chemical-exchange contribution (R.x) identifies residues that
have conformational change in the slow time scale of us to
ms. Several important biochemical events such as protein—
protein interactions, ligand or effector binding, enzymatic
reactions, and dissociation rates often occur at slow time
scales (us—ms) (17, 18, 40—42). These slow processes can
be measured indirectly by fitting relaxation data to Lipari—Szabo
formalism or directly determined by comparison of transverse
relaxation rates and cross-correlation rates (7.,) between the
SN CSA and 'H—"N dipolar relaxation (24). After fitting
the relaxation data to Lipari—Szabo formalism, 24 residues
showed indirect evidence of significant R (>1.5 s71) as
shown in Figure 3A. An additional four residues (S20, E23,
K26, and F90, indicated by vertical arrows beneath Figure
3A) could not be fitted, and each has low NOE and high R,
values relative to the rigid regions of the molecule, suggesting
a high degree of dynamics, at least some of which is on a
slow time scale. Direct measurement identified 30 residues
with conformational exchange (R’ex > 1.5 s!) on the us—ms
time scale (Figure 3B). Note that 19 residues showed
significant R.x in both analyses (compare panels A and B of
Figure 3) and moreover that the R terms group to the same
regions of Mtsl via the two methods. Motions specifically
on the 1—10 ms time scale were additionally probed using
the relaxation compensated CPMG experiments, with Tcp =
1 and 10 ms. However, no significant differences in
relaxation rates were observed for these two experiments,
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FIGURE 3: Residues with significant Rex (>1.5 s7!) indicated via
(A) Lipari—Szabo model-free analysis (R5) and (B) cross-
correlation relaxation rates of N CSA and “N—'H diplor
interactions (R’ey). (C) Residues with R% and R’ each above 1.5
s~! are painted green on a ribbon plot of the apo-Mtsl NMR
structure (47). The four vertical black arrows below (A) indicate
residues for which relaxation data could be obtained but could not
be fitted in model-free analysis.

suggesting that most of the observed dynamics lies outside
of the low ms time scale.

There are clearly four distinct regions in Mts1 that show
significant slow motion: the N-terminal regions of each
calcium-binding site (12N and 34N), the C-terminal part of
the hinge (HC) between o helices 2 and 3, and the N-terminal
part of the C-terminal tail. These residues are colored green
in the ribbon plot of the apo-Mtsl structure in Figure 3C.
Interestingly, these regions are significantly more dynamic
than the analogous regions of apo-S100B (37) and apocal-
bindin Dy (43), the other two members of the S100 family
for which PN relaxation studies have been published.
Residues from the dimerization interface helices (1 and 4)
do not show significant slow motions with the exception of
T15 and H17 from helix 1 and I82 from helix 4, none of
which was detected in both the model-free and cross-
correlation schemes. Note that these three residues are not
directly involved in the dimer interface. However, it is
interesting to note that residue H17 of Mts1, which is solvent
exposed, corresponds to S100B residue H15, which also
shows slow motion (37) and is believed to interact with the
nearby C-terminal tail. Similarly, residue 182 of Mitsl
corresponds to V80 of S100B, which also shows slow motion
(37) and is part of the hydrophobic surface that interacts with
p353 (9). The lack of significant R.x elsewhere in helices 1
and 4, along with high $?, suggests that negligible confor-
mational exchange between the monomer and dimer is
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present and that the dimer interface of Mtsl is rigid on the
time scales of this study (ms—ps).

It is instructive to discuss the binding events that may be
associated with the R.x terms in these four regions. Clearly,
the calcium-binding site 12 and 34 R. terms may be
associated with the readiness for binding calcium. Previously,
we showed that, during calcium titration, site 12 fills earlier
than site 34 (20). This filling order is unique to Mts1 as in
all other S100 family proteins studied to date, site 34 has
higher affinity toward calcium while site 12 subsequently
fills in a highly cooperative manner. The current relaxation
study shows that site 12 contains a large number of residues
(S20—K28 and K31) with significant slow motion, but only
a few residues from site 34 (S64, R66, D67, and E69) exhibit
slow motion. Three residues from site 34 (D63, N65, and
N68) could not be analyzed due to spectral overlap. However,
for residues that could be measured, there is also a substantial
difference is the magnitude of the Rex values for these two
sites (mean measured R’., values of site 12 and site 34 are
5.36 and 2.7, respectively). This could help to explain the
earlier filling of site 12 in Mtsl upon calcium binding, as
slow dynamics is often associated with a region primed for
interaction with a ligand (/7, 18).

The hinge region and C-terminal tail are also prime
candidates for interactions with other proteins, based upon
their Rex terms. Furthermore, these two regions change
conformation upon addition of calcium: helix 4 extends into
the tail region simultaneously with the filling of site 12,
whereas the hinge region shows somewhat decreased helical
character simultaneously with the subsequent filling of site
34 (20). Extension of helix 4 upon calcium binding and/or
addition of target ligand have also been reported in other
S100 family proteins, e.g., see refs 9 and 44. It was suggested
that the distinct filling order in association with coordinated
changes in the tail and hinge may provide an opportunity to
determine the important regions for binding to specific target
proteins (20). It has since been shown that in the case of
MHC-IIA, which interacts with calcium-bound Mtsl, a
mutation that abolishes the ability of site 12 to bind calcium
does not affect binding to MHC-IIA, whereas a similar
mutation to site 34 does (8). Subsequently, this fact was
independently confirmed, and it was further shown that the
C-terminal tail is necessary for this interaction (45), all of
which is consistent with the filling order and coordinated
changes in the tail and hinge discussed above. The present
study shows that slow dynamics is present in the C-terminal
tail in the absence of calcium. The fact that the tail is
important for binding MHC-IIA in the presence of calcium
suggests that some of this slow dynamics may survive after
calcium binding, but direct confirmation of this fact requires
a relaxation study of the calcium-bound form of Mtsl1.

It has also been shown that in migrating breast cancer-
derived cell lines, Mts1 colocalizes with MHC-IIA at the
leading edge of lamellipodia (8). Interestingly, a double
mutant with disrupted calcium binding to both site 12 and
site 34 of Mts1 nonetheless retains this colocalization ability.
As this mutant cannot produce the calcium-induced changes
to the hinge and tail region thought to be necessary for
interaction with MHC-II, these results suggest the presence
of another binding partner for Mts1 which does not require
calcium and in fact may specifically bind to the apo form of
Mtsl. In this regard, the slow dynamics present in the apo-
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Calcium binding holo-S100A6

FIGURE 4: Surface plot of residues with confirmed intermediate
conformational exchange (R.y), as defined in Figure 3C. In each
case, one momoner unit of the dimer pair is shown as a surface
plot with exchanging regions painted green, while the other
monomer is shown as a blue backbone ribbon diagram. (A) Apo-
Mtsl (47). (B) Holo-S100A6 (13).

Mts1 hinge and tail regions, along with site 12 and site 34,
could play a role. Figure 4A shows that these surfaces form
a nearly contiguous surface (in green) covering the top and
the bottom of the dimer in this view. It should be noted
however that, in the context of biosensor assays, MHC-IIA
interacts with Mts1 and p53, but not actin, tropomyosin, or
tubulin, in the presence and absence of calcium (46). This
combined with the above results leads to the suggestion that
binding to the biosensor surface may induce the Mtsl
structure to mimic in some way the calcium-bound form (46).
This further raises the question as to whether other calcium-
independent interactions could induce similar changes in
Mts1 and thus whether Mts1 may indeed interact with MHC-
ITA in the leading edge of lamellipodia in the absence of
calcium due to changes induced by other binding partners.

Homology modeling starting with a variety of S100
proteins as a basis suggested that the holo-Mts1 conformation
may closely resemble that of holo-S100A6 (47). Figure 4B
shows a surface plot of the holo-S100A6 (pdb accession
1A03) with the residues homologous to the Mts1 residues
undergoing R.x painted in green. In this holo-form model,
the hinge and the C-terminal tail are no longer contiguous.
Rather, they would appear to form the edges of a pocket
which may serve to grasp binding partners. Once again, it is
likely that at least some slow dynamics remains in these
regions in the holo form, but further experiments are
necessary for confirmation.

Comparison with Other S100 Proteins. Two members of
the S100 family, S100B (37) and calbindin Dy (43), have
been examined via NMR relaxation analysis. Calbindin Doy
is atypical of the S100 family as it does not dimerize in
solution, does not undergo significant structural rearrange-
ment upon calcium binding, and has no known binding
partner and the C-terminus is shorter than Mtsl by 17
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FIGURE 5: Sequence alignment of Mtsl with S100B and calbindin Dg. Residues in helices 1, 2, 3, and 4 of the apo form of each protein
are shown in bold italic. Calcium-binding sites 12 and 34 are underlined, with specific residues that coordinate calcium via the backbone
carbonyl oxygen (b), a single side chain oxygen (s), and two side chain oxygens (f) or via a bridging water (w) indicated beneath the
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FIGURE 6: Comparison of the mean generalized order parameter Sﬁvg across the indicated homologous regions of apo-Mts1 (current study),
S100B (37), and calbindin Dok (43). (A) Each of the four helices, labeled ol through a4. (B) The N- and C-terminal sections of each
calcium-binding site and the hinge regions corresponding to the following residues in Mts1: 12N, S20—K26; 12C, F27—E33, HN, E41—L46;
HC, G47—D53; 34N, D63—N68; 34C, E69—E74. The C-terminal tail (T) region is also shown. The error bars indicate the standard deviation

of the $? values across the given region.

residues (Figure 5). In addition, the calbindin N-terminus
contains three fewer residues than Mtsl, and helices 1, 3,
and 4 are each shortened relative to Mts1 and S100B. S100B,
like Mtsl, exists as a dimer in solution, demonstrates
significant rearrangement upon addition of calcium, binds
several target proteins including p53 (9), and contains two
fewer N-terminal and eight fewer C-terminal residues than
Mts1 (Figure 5).

The global correlation time (z.) extracted for the 24.2 kDa
dimeric Mtsl (106 residues per monomer, including a
5-residue N-terminal cloning artifact) is 9.94 4+ 0.06 ns at
40 °C, with a similar value determined via HYDRONMR.
The reported 7. for the 21.4 kDa dimeric S100B (91 residues)
is 7.80 £ 0.03 ns at 37 °C, which corresponds to 7.29 ns at
40 °C (37). This difference may be related in part to the
different lengths of the C-terminal tail and the related ~13%
increase in the molecular mass or to differences in dynamics
as discussed below. As a point of reference, a global
correlation time of 7.6 ns at 32 °C was reported in the
absence of calcium for a-parvalbumin, a non-S100 family
monomeric 12 kDa EF-hand protein with a similar D\/D
ratio as Mtsl (48). Calbindin Dy is monomeric and as
expected has a shorter global correlation time, 7. = 4.25 +
0.01 ns at 27 °C (49). When scaled for molecular mass,

temperature, and viscosity, the o-parvalbumin and calbindin
Dy correlation times correspond to approximately 12 and 8
ns, respectively, for a protein the size of Mtsl at 40 °C.
Figure 6A shows a comparison of average order parameter
(Sﬁvg) values for each helix in these three proteins. The error
bars indicate the standard deviation across the residues of
the helix, rather than the experimental uncertainty. The Mts1
and S100B (37) helices show a similar pattern, with a highest
levels of rigidity in the dimer interface helices 1 and 4 and
the highest level of dynamics in helix 3. However, this
pattern is more pronounced, and the standard deviations are
larger in the case of Mts1. Calbindin Dy, on the other hand,
has highest Sﬁvg in the second helix (43), essentially with
helix 1 and 2 swapping places in the degree of order
hierarchy. These combined facts would seem to suggest that
dimerization of Mts1 and S100B may be a factor in the high
stability of helices 1 and 4. Furthermore, the lack of any
significant conformational exchange (R.x) and good agree-
ment between the calculated (HYDRONMR) and experi-
mental hydrodynamics parameters (Figure 1, bottom panel)
for the residues in helix 1 and 4 clearly suggest that Mts1 is
overwhelmingly in one oligomeric state, the dimer. Interest-
ingly, while all three proteins have lowest S3,, values in helix
3, the Mtsl helix 3 is significantly more flexible than in
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S100B or calbindin Doy. The third helix in S100 proteins is
generally known to reorganize upon calcium binding (50).
In Mtsl, the C-terminal region of the hinge and the
N-terminal region of the helix 3 show more flexibility than
in the other two proteins. Interestingly, the position of helix
3 relative to helix 4 also shows variability, with the helix 3
position in Mtsl most closely resembling that found in
S100A6 (47). It was suggested that this difference in the
position of helix 3 may be due to differences in the amino
acid sequence in the C-terminus of helix 4 and the hinge
region (HC). In S100B, three residues, one each from the
hinge region (I47, $? not fit), the N-terminal region of helix
3 (V52, 8 = 0.85), and the C-terminal region of helix 4
(A83, §? = 0.87), form a hydrophobic core that helps to
stabilize the position of helix 3. However, in Mtsl, the
homologous residues (R49, §> = 0.51; A54, S? = 0.65; M85,
$? = 0.90) are significantly less hydrophobic and more
flexible at the A54 and R49 positions, and R49 in addition
shows significant slow motion in us—ms time scale. Thus,
these three residues may not interact in a sufficient manner
to stabilize the position of helix 3. Calbindin Dok, however,
does not dimerize and does not reorganize significantly with
addition of calcium (49), yet this protein also appears to have
somewhat greater flexibility in helix 3 than in the other
helices. Further comparative relaxation studies of S100
proteins will be necessary to draw conclusions regarding a
possible correlation between internal motion, the reorientation
of helices upon addition of calcium, and increased stability
at the dimer interface.

Figure 6B shows a comparison of Sﬁvg values for the
calcium-binding sites 12 and 34, the intervening hinge, and
the C-terminal tail. The calcium-binding sites are further
subdivided on the basis of Mtsl S? values (see Figure 2A)
into N-terminal flexible regions (12N, Sk, = 0.44; 34N, S5,
= 0.29) and C-terminal rigid regions (12C, S§Vg= 0.85; 34C,
S%Vg = 0.90). The hinge regions are similarly divided, though
in this the N-terminal hinge residues are more rigid than the
C-terminal hinge (HN, Si, = 0.85; HC, Sk, = 0.47).
Looking first at the calcium-binding sites, each of the three
proteins have similar, fairly high S3,, values for the 12C and
34C regions. However, S100B and calbindin Do, show only
a slight indication of the increased flexibility in the 12N and
34N regions which are highly flexible in Mts1. Each of the
three proteins also requires Rex terms in model-free analysis
for fitting both the 12 and 34 regions, though to varying
extents: Mtsl, S100B, and calbindin Dok, respectively,
require Rex terms to fit 11, 5, and 8 residues from sites 12
and 34 combined. In each case, site 12 requires more Rex
terms than site 34, and the N-terminal region of each site
requires more R.x terms than the C-terminal region. The
number of residues with R.x > 1.5 s~! reduces to 9, 2, and
1, respectively, for the three proteins, suggesting that a higher
degree of us—ms time scale motion may be present for Mts1.
Note that cross-correlation experiments (Figure 3B) provide
direct confirmation of R, in the case of Mtsl and also
implicate additional residues not counted in the above totals.

This marked increase in flexibility of the Mts1 calcium-
binding regions relative to S100B and calbindin Doy may be
related to the atypical calcium-filling properties of Mtsl:
among S100 proteins investigated, only Mtsl fills site 12
prior to site 34 during calcium titration. If we assume that
higher affinity is related to a higher flexibility, then the filling
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of site 34 prior to site 12 in S100B and calbindin Dy is
consistent with the slightly lower order parameters in site
34 (Figure 6B) but is inconsistent with the higher degree of
Rex in site 12 for these two proteins. Conversely, the earlier
filling of Mts1 site 12 is consistent with the increased Rex in
site 12. The average order parameters of sites 12 and 34 for
Mtsl are similar.

Although the three-dimensional structures of the S100
family proteins are quite similar, they bind to distinct sets
of proteins. This specificity is generally attributed to the low
similarity regions of the hinge and C-terminal tail. A
comparison of relaxation data shows that these regions also
vary significantly in dynamic properties from protein to
protein. Each of the three proteins has similar fairly high $?
values in the N-terminal half of the hinge (HN in Figure
6B). However, Mts1 and calbindin Dy, but not SI00B, have
reduced order parameters in the HC region. Many residues
in the Mtsl hinge region exhibit significant slow motion
(Figure 3) compared to only three residues for SI00B and
none for calbindin Dgy. Interestingly, in S100B, the three
hinge residues showing slow motion are 147, which forms
part of the hydrophobic triad stabilizing the position of helix
3 as discussed above, and the flanking residues E46 and K48.
Similarly, the C-terminal tail of Mts1 is more flexible (Sa
= 0.42) than the shorter tail of SI00B (SﬁVg = 0.71) (Figure
6B), while calbindin Dgx has no tail. In S100B, the tail
(C84—E91) together with the C-terminus of helix 4
(T81—AR83) shows severe exchange broadening, suggesting
significant slow dynamic events involving the S100B C-
terminal 11 residues. Interestingly, upon binding p53 but not
upon binding calcium, the S100B helix 4 extends by five
residues with a concomitant loss of conformational exchange
for these residues (9). In Mtsl, a similar lengthening of helix
4 is seen upon addition of calcium (20). The current study
shows that most of the residues involved in this extension
show slow motion in the us—ms time scale.

Vallely and co-workers (47) proposed a subclassification
of S100 proteins into two families based in part on the
identity of the residue corresponding to amino acid numbers
49 and 85 in Mtsl. In this scheme, Mts1, along with ST00A2,
-A3, and -A6, comprises subfamily 1, while most other S100
proteins fall into subfamily 2. Calbindin Dy, an atypical S100
protein, lies outside of this classification scheme. The present
study indicates that residue 49 in Mts1 is more mobile than
its counterpart in S100B. This result could suggest that other
subfamily 1 S100 proteins may be more flexible than their
subfamily 2 counterparts.

CONCLUSIONS

Analysis of relaxation parameters indicates that Mts1 has
a highly structured and rigid core consisting of helices 1 and
4 of each monomer, which combine to form the dimer
interface. This rigid core is flanked by helices 2 and 3, which
show somewhat lower Sﬁvg values. The structured regions
of the two EF-hand calcium-binding sites have similar Sﬁvg
values, but the N-terminal regions of each site (12N and 34N)
are more flexible and further exhibit slow motion in the
us—ms time scales. The number of residues with detected
R values from model-free analysis, largely confirmed by
cross-correlation studies, is higher for the 12N than for the
34N region, which may help to explain the preferential filling
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of site 12 by calcium. The hinge in Mtsl also contains two
distinct regions. In this case, the N-terminal region (HN)
shows less internal motion than the C-terminal part of the
hinge (HC). The less flexible HN region shows a similar
degree of order as the analogous N-terminal region of the
S100B and calbindin Dy hinge. The long flexible tail of Mts1
is likely a key factor in causing Mts1 to tumble more slowly
than S100B, although added flexibility in the C-terminal
portion of the hinge (HC) and the N-terminal half of each
calcium-binding site may also play a role. The flexible HC
region of Mtsl resembles the dynamic calbindin Dox HC
region, which has greater mobility than the calbindin
calcium-binding loops. Mts1 has a long flexible C-terminal
tail (low Sﬁvg), the N-terminal part of which becomes helical
to extend helix 4 upon addition of calcium. These extending
residues also show significant Rex behavior in the absence
of calcium. The flexible parts of the hinge and tail form a
nearly contiguous surface with R, behavior that may be
attractive to prospective ligands. This surface is further
contiguous to calcium-binding sites 12 and 34 from the
partner monomer unit, which also display R. behavior. It
seems plausible then that unknown binding partners of apo-
Mtsl may contact the hinge, tail, and possibly even the 12
and 34 regions, though clearly the primary function of the
12 and 34 regions is to bind calcium and tight binding of a
partner to these regions would prevent calcium coordination.
It also seems plausible that calcium coordination to sites 12
and 34 may alter the dynamics of the hinge and tail. Further
studies will be necessary to determine whether, in calcium-
loaded Mts1, some degree of slow dynamics remains in these
regions and whether this flexibility plays a role in calcium-
dependent interactions of Mtsl with target proteins.

SUPPORTING INFORMATION AVAILABLE

Table 1 listing R;, R,, and NOE values and their
uncertainties and Table 2 providing extracted model-free
parameters from Lipari—Szabo analysis. This material is
available free of charge via the Internet at http://pubs.acs.org.
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