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Formation of Monomeric S100B and S100A11 Proteins at Low Ionic Strength®

Department of Biochemistry, University of Western Ontario, London, Ontario N6A 5C1, Canada, and Department of Chemistry,

Nicole M. Marlatt,” Brian L. Boys,* Lars Konermann,** and Gary S. Shaw***

University of Western Ontario, London, Ontario N6A 5B7, Canada
Received November 11, 2008; Revised Manuscript Received December 23, 2008

ABSTRACT: The S100 proteins comprise a group of EF-hand proteins that undergo a calcium-induced
conformational change allowing them to interact with other proteins and produce a biological response.
A unique feature of these proteins is the fact that they can form both homo- and heterodimers independent
of calcium binding. The reported dissociation constants for several S100 proteins span a very large range,
from 1—4 uM to <1 nM, suggesting that differing interface surface areas could govern the strength of
the binding affinity. In this work, we examine the dimerization mechanism of S100B and S100A11 in the
absence of calcium. Using electrospray mass spectrometry, we demonstrate that the monomer—dimer
equilibrium in these S100 proteins is strongly dependent on the ionic strength of the solution. At higher
ionic strengths (=22 mM), both S100A11 and S100B exist predominantly as homodimers. For apo-
S100A11, a Kgme near 0.01 uM is estimated, while concentration-dependent experiments under these
conditions show the K. for apo-S100B must be even lower. In contrast, lowering the ionic strength
results in the formation of monomeric proteins with poorer dimer propensity. For example, the estimated
Kigimer for apo-S100A11 is more than 400 uM at 0.1 mM NHyAc. 'H—""N HSQC NMR experiments in
combination with circular dichroism studies show that monomeric S100B and S100A11 proteins are
o-helical and retain a significant amount of tertiary structure. Our results indicate that apo-S100B has at
least a 10-fold stronger propensity to form dimers than does apo-S100A11 in line with a 400 A? greater
buried surface area for apo-S100B at its dimer interface. These experiments are the first to show that
folded monomeric S100 proteins can be isolated, thus paving the way for future experiments aimed at

examining the possible role of these monomers in folding and calcium signaling.

The S100 family comprises the largest group of human
EF-hand calcium-binding proteins (for recent reviews, see
refs / and 2). Similar to traditional EF-hand calcium-binding
proteins such as calmodulin and troponin C, most S100
proteins function through a calcium-induced conformational
change that results in their interaction with a wide variety
of target proteins, thereby leading to a biological response.
For example, S100B can bind to tubulin, GFAP, and desmin
to modulate the assembly of these cytoskeletal components
(3—5). Similarly, calcium-bound S100A4 is involved in the
regulation of cellular motility by interacting with myosin
heavy chain II (6). Unlike calmodulin and troponin C, most
S100 proteins have the ability to form homo- and het-
erodimers. Dimerization can occur both in the presence and
in the absence of calcium. In some cases, including S100A1
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and S100B (7) and S100A8 and S100A9 (8), heterodimers
have been isolated from tissue.

The three-dimensional structures of several homodimeric
S100 proteins have been determined, including S100B (9—12),
S100A11 (13, 14), and S100A6 (15—18). These data have
revealed that the proteins possess two helix—loop—helix
calcium-binding sites within each subunit, comprised of
helices I and II for site I and helices III and IV for site II
with an extended linker region separating the two sites. A
structural comparison of calcium-free (apo) and calcium-
bound dimers has shown that calcium binding to S100B
(9—12, 19), S100A6 (15—18, 20), SI00A11 (I3, 14), and
S100A13 (21—23) results in a reorientation of helix III,
liberating a hydrophobic surface that facilitates protein
interactions. Further, the structures have provided important
details about the dimer interface, which represents the most
structurally conserved region in these proteins. This interface
is formed from an X-bundle arrangement of helices I and
IV from one monomer and helices I’ and IV’ from its partner.
As a result, hydrophobic amino acids spaced at intervals of
three to four residues are important for maintaining the S100
dimeric structure (12, 24, 25).

The formation of both homo- and heterodimeric S100
proteins indicates that exchange between subunits likely
occurs in vivo. Indeed, it has been observed that S100B can
interact with SI00A1, S100A6, and S100AT11 in yeast two-
hybrid experiments (26, 27), suggesting that the subunit
interchange of these proteins may be highly dynamic. In
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addition, the dissociation constants of different S100 proteins
have been shown to cover more than 3 orders of magnitude.
For example, surface plasmon resonance experiments show
rather low affinities for homodimeric S100P (Kmer' ~ 2 uM)
(28) and S100A4 (Kgimer ~ 4 uM) (29) and S100A1—S100P
(Kdimer ~ 1.8 uM) (30) or S100A9—S10012 (Kgimer ~ 1.5
uM) (31) heterodimers. In contrast, the affinity for S1I00B
dimerization appears to be much higher (Kgme < 1 nM) since
subunit dissociation was not observed during concentration-
dependent gel filtration measurements (32).

Protein oligomerization can be dependent on a variety of
factors such as ligand binding and ionic strength. Examples
include S-lactoglobulin (33), formyltransferase (34), mitogen-
activated protein kinase, ERK2 (35), stromal cell-derived
factor 1 (36), and protein HU (37), all of which form
monomers at low ionic strength but dimers at higher salt
concentrations. Further, the structural characterization of
folded monomeric subunits can provide important details
about the mechanism for folding of dimeric proteins. Despite
the potential functional relevance of S100 protein dimeriza-
tion, the factors that influence their interactions have not been
systematically explored yet. In this work, we examine the
monomer—dimer equilibria of SI00B and S100A11 as a
function of ionic strength. Using nuclear magnetic resonance
(NMR) spectroscopy as well as electrospray ionization mass
spectrometry (ESI-MS), we show that the dimerization
propensity of both proteins is strongly dependent on salt
concentration. Specifically, a marked shift from the ho-
modimeric to the monomeric forms was observed upon
reduction of the ionic strength for both proteins. Our results
are the first to demonstrate the formation of highly structured
monomeric S100 proteins in solution, thereby providing
important clues for the folding mechanism of these species.
In addition, the isolation of folded monomers will facilitate
future experiments aimed at establishing the propensity for
homo- and heterodimer formation that may help identify the
biological roles of these species.

EXPERIMENTAL PROCEDURES

Protein Expression, Labeling, and Purification. Expression
and purification of human S100B and rabbit ST00A11 were
carried out as previously described (I3, 38, 39). For
S100A11, a C9S substitution (40) was used to prevent
disulfide bond formation observed in both the crystal
structure (/4) and calcium binding experiments (4/7). Briefly,
the two proteins were expressed from Escherichia coli strain
NO99 (S100B) or BL21(DE3) (S100A11) and purified using
a combination of ammonium sulfate precipitation and either
anion exchange (S100B) or phenyl-Sepharose (S100A11)
chromatography. S100A11 yielded a single band by gel
electrophoresis that was identified by ESI-MS (MW, =
11283 4+ 1 Da; MW, = 11282 Da). For S100B, a single

! Abbreviations: NMR, nuclear magnetic resonance; HSQC, hetero-
nuclear single-quantum correlation; apo-S100B, calcium-free S100B
protein; apo-S100A11, calcium-free SIO0A11 protein carrying a C9S
substitution; Kgimer, dimer dissociation constant; CD, circular dichroism;
ESI, electrospray ionization; MS, mass spectrometry; PFG, pulsed field
gradient; Ry, radius of hydration; ASA, accessible surface area; NH4Ac,
ammonium acetate; DSS, 2,2-dimethyl-2-silapentane-5-sulfonic acid;
ICP-AES, inductively coupled plasma atomic emission spectrometry;
MW, calculated molecular weight; MW, observed molecular
weight.
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band by gel electrophoresis was also observed, although this
protein contains three chemically distinct forms. The three
forms are the result of N-terminal modifications that have
been characterized as formylmethionine S100B, desformyl-
methionine S100B, and desmethionine S100B (42). ESI-MS
analysis of the samples employed for this study revealed
formylmethionine S100B (MW, = 10742 £ 1 Da; MWy,
= 10740 Da) to be the dominant form (ca. 50%), whereas
the contributions of the other two species were approximately
40 and 10%, respectively (data not shown). For both
S100A11 and S100B, no evidence of covalent dimer forma-
tion via disulfide formation was observed in mass spectral
data under denaturing conditions. Following purification,
S100B and S100A11 proteins were dialyzed against 3 mM
KClI at pH 8.0 and freeze-dried. Initial protein stocks were
created by weighing out freeze-dried '"N-labeled or unlabeled
protein and dissolving it in deionized water to a final
concentration of ~2 mM. Actual protein concentrations were
determined by amino acid analysis (Alberta Peptide Institute,
Edmonton, AB) and done in triplicate using the peak areas
for alanine and leucine. These stocks were used throughout
this study where all protein concentrations will be reported
on a per monomer basis.

Preparation of Low-Salt Protein Samples. Preparation of
low-salt S100B and SIO0A11 samples was carried out using
250 uM protein solutions (prepared from the stock solutions
described above) and extensive dialysis against 10 mM
NH,Ac (BDH Inc., Toronto, ON) at pH 7.5. After dialysis,
the protein samples were freeze-dried and redissolved in
water. This process was repeated twice to ensure extensive
desalting of the samples, termed “low salt” throughout this
work. Quantification of residual KCI was probed by induc-
tively coupled plasma atomic emission spectroscopy (Labo-
ratory of Biochemical Analysis, University of Western
Ontario). This method revealed that the low-salt protein
samples contained 40 M potassium. The concentration of
NH,Ac was determined by 'H NMR through comparison of
the integrated peak area for acetate to that of an internal
standard, DSS (2,2-dimethyl-2-silapentane-5-sulfonic acid).
It was found that these samples contained <10 uM acetate.
Hence, the total ionic strength for low-salt samples was ~50
uM for a 250 uM protein solution.

NMR Spectroscopy. All NMR experiments were conducted
at 35 °C using a Varian Inova 600 MHz spectrometer
equipped with a triple-resonance probe and z-field gradients.
Sensitivity-enhanced 'H—""N HSQC spectra (43) for apo-
S100B were acquired using carrier frequencies of 4.72 ppm
("H) and 115.94 ppm (*>N) and spectral widths of 7000 and
1800 Hz, respectively. Similarly, spectra for apo-S100A11
were recorded by using identical carrier frequencies and
spectral widths of 8000 Hz ('H) and 1580 Hz ('>N). All data
were processed using NMRPipe (44) and analyzed with
NMRView (45). Sequential assignments of dimeric human
apo-S100B (Protein Data Bank entry 2PRU) and dimeric
rabbit apo-S100A11 (Protein Data Bank entry INSH) were
completed on the basis of previously published data (25, 39).
Chemical shift changes were expressed as

AS =1A0("H)I + 0.21A5(°N)| (D)

where AS('H) and AS('’N) are the changes in backbone
amide proton and nitrogen chemical shifts, respectively (46).
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Dilution and Salt Titration Experiments. A series of
sensitivity-enhanced "H—""N HSQC spectra (43) were col-
lected at monomer S100B and SI00A11 concentrations of
250, 125, 60, and 30 uM. All protein samples were diluted
with a stock solution of 60 mM NH,Ac prepared in a 90%
H,0/10% D,0 mixture at pH 7.2. The number of transients
was increased as concentrations were lowered to maintain
an adequate signal-to-noise ratio.

'H—N HSQC spectra (43) were collected for both
proteins over a range of NH4Ac concentrations. Low-salt
protein samples were prepared as described above in a 90%
H,0/10% D,0O solution at pH 6.8 (S100B) and pH 7.0
(S100A11). Small additions (1—2 L) from stock solutions
of either 60 mM or 6 M NH,Ac were made directly to the
NMR samples using a calibrated 10 4. Hamilton syringe.
The pH of these samples was maintained throughout the salt
series by adjusting the salt stock solutions to the pH of the
protein solutions. Samples were equilibrated for 30 min at
35 °C prior to data acquisition.

Dissociation constants for the monomer—dimer equilib-
rium (Kgimer) Were determined using eq 2

S X2[P]
dimer — W

where f;, is the fraction of monomeric protein at a given salt
concentration and [P] is the total protein concentration in
terms of monomer. Under the fast exchange limit, f;, was
calculated using eq 3 from the observed chemical shift at
each salt concentration (dops) and the corresponding data for
the monomeric (d,,) and dimeric proteins (d4) identified for
each residue under low-salt and 40 mM NH4Ac conditions,
respectively.

2

60bs =fm6m + (1 _fm)éd (3)

Translational Diffusion Experiments. Translational diffu-
sion coefficients were obtained at a protein concentration of
250 uM at low salt and 60 mM NH,Ac concentrations using
pulse field gradient water-suppressed longitudinal encode—
decode (Water-SLED) experiments (47). Diffusion measure-
ments were taken in triplicate using 0.03% dioxane as an
internal standard. Peak integrals and intensities for protein
and dioxane were extracted from the diffusion spectra and
fit using GraphPad Prism (Macintosh version 4.0a) to the
equation (48)

Y=Age )

where A, is the initial peak integral, Y is the integral of the
signal at each gradient strength g, and k is the diffusion
rate. Using the measured diffusion rates for the protein
(kprotwin) and the standard (Kgioxane) and the known radius of
hydration (R}) for dioxane (2.12 A), the protein radius of
hydration [Rhprotein)] Was determined from eq 5 (48, 49).

Kprotein) (5 )

In addition, the theoretical radii of hydration for dimeric
S100B and S100A11 were calculated using Hydropro (ver-
sion 7.¢) (50) on the basis of the atomic coordinates of human
apo-S100B (Protein Data Bank entry 2PRU) and rabbit apo-
S100A11 (Protein Data Bank entry INSH). For monomeric
versions of these proteins, the radii of hydration were

Rh(protein) =212 A(chlioxane/

Marlatt et al.

calculated using chain A of the most representative structure
from the Protein Data Bank entry.

Mass Spectrometry. Electrospray mass spectra were re-
corded on a Q-TOF Ultima API instrument (Waters/
Micromass, Manchester, U.K.) utilizing a standard Z-spray
ESI source operating in positive ion mode. All MS param-
eters were optimized to give the highest S100 dimer signal
at pH 6.8 in the presence of NH4Ac. A capillary voltage of
3.5 kV, a cone voltage of 45 V, and an RF lens 1 voltage of
20 V were found to be optimal. The desolvation and source
temperatures were kept low (30 and 80 °C, respectively) to
minimize dimer dissociation in the gas phase. Samples were
introduced into the mass spectrometer at a flow rate of 5
uL/min via a syringe pump. All protein solutions were
prepared to a concentration of 25 uM from low-salt lyoph-
ilized samples and analyzed under equilibrium conditions
as aqueous NH Ac was titrated in. The mass spectrometer
was calibrated with CsI and the ion optics adjusted to provide
uniform transmission in the m/z range of interest. All data
were acquired and analyzed using MassLynx provided by
the instrument manufacturer.

Circular Dichroism. Samples were prepared by diluting a
2 mM stock solution of lyophilized S100B or SI00A11 in
water or 60 mM NH,Ac (pH 6.8) to a final concentration of
40 uM. CD experiments were carried out at 35 °C on a Jasco
(Easton, MD) J-810 spectropolarimeter using a 1 mm path
length quartz cuvette and a scanning speed of 10 nm/min
for 100 scans. CD samples were equilibrated at 35 °C for
30 min prior to each measurement. All spectra were baseline-
subtracted using a matched buffer solution. Data are ex-
pressed as mean residue ellipticity [6,] (degrees square
centimeter per decimole).

RESULTS AND DISCUSSION

Previous studies designed to examine the monomer—dimer
equilibria for S100 proteins utilized surface plasmon reso-
nance to characterize the dissociation and association
processes (28, 30, 31, 51). Analytical gel filtration (32) has
been used to determine the oligomerization state of S100B
to show it has a >1000-fold higher dimerization affinity than
either S100A4 or S100P. Those previous experiments did
not allow the observation of structural changes that might
occur upon dimer dissociation. In the work presented here,
we examine the salt-dependent dimer—monomer equilibria
for apo-S100B and apo-S100A11 and characterize the
secondary and tertiary folds of the monomeric subunits.

Concentration-Dependent Chemical Shift Perturbations for
Apo-S100 Proteins. To characterize the dimerization pro-
pensity of S1I00B and S100A11, we first investigated the
structural changes that occur as a function of protein
concentration. Calcium-free conditions were maintained
throughout these experiments because previous studies on
other S100 proteins found lower dimerization affinities in
the absence of calcium (29, 30, 52). "H—""N HSQC spectra
were recorded for apo-S100B and apo-S100A11 over protein
concentrations from 250 to 30 uM under constant solution
conditions (60 mM NHyAc, 35 °C, and pH 7.2). The
“volatile” salt NH4Ac was used to control the ionic strength
to allow a side-by-side comparison of NMR and ESI-MS
data (see below). Control experiments monitored by NMR
spectroscopy using 60 mM KCl instead of 60 mM NH,Ac
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FIGURE 1: Concentration dependence of apo-S100B examined by
NMR and ESI-MS. (A) '"H—'5N HSQC spectra for apo-S100B (250
uM, black contours) and 30 uM (green contours). Residues with
observable chemical shift changes are indicated. (B and C) ESI-
MS spectra of apo-S100B recorded in positive ion mode at
monomer protein concentrations of (B) 250 uM and (C) 1 uM.
Charge states for the monomer (M) and dimer (D) are indicated.
All samples were prepared in 60 mM NHAc at pH 7.2.

revealed only small differences in chemical shifts, indicating
that the choice of salt has little effect on the fold and
oligomerization state of the protein (data not shown).
"H—"N HSQC spectra of apo-S100B recorded at protein
concentrations of 250 and 30 uM are shown in Figure 1A.
Overall, the two data sets are very similar, although a few
residues exhibit minor chemical shift changes. For example,
residues in the first calcium-binding site (G19, D23, and
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H25), the linker region between helices II and III (H42, F43,
and 147), and the C-terminus (C84, F88, E89, and H90) of
apo-S100B showed small (<0.1 ppm) alterations in peak
position. These changes are much smaller than those
observed upon binding of calcium (53) and/or target
proteins (54—56) to S100B, indicating that the backbone
conformation of the protein is not significantly altered as
the protein concentration is lowered. Apo-S100A11 showed
even less pronounced concentration-dependent changes in
analogous 'H—'N HSQC experiments (data not shown).

ESI-MS was used to examine the oligomerization state of
apo-S100B and apo-S100A11. Data were recorded over the
concentration range used in the NMR dilution series and
extended to a lower limit of 1 uM. ESI mass spectra for
apo-S100B at protein concentrations of 250 and 1 uM are
shown in Figure 1B,C. Both spectra are strongly dominated
by dimeric protein ions (labeled as D10+ and D9+), with
only minor contributions arising from monomers (M7+ and
M6-+). These data confirm that S100B retains its dimeric
structure over the concentration range studied here. Similar
observations were made for SI00A11 (not shown). These
experiments show that the dissociation constant (Kgiper) for
both apo-S100B and apo-S100A11 must be less than 1 uM
under the conditions used here (60 mM NH,Ac and pH 7.2).
These findings are in agreement with previously published
sedimentation equilibrium data (57) and analytical gel
filtration experiments (32) which show that S100B retains
its dimeric state above 1 uM protein.

S100 Dimer Dissociation at Low Ionic Strength. ESI-MS
measurements carried out under nondenaturing solvent
conditions represent a simple and effective way of tracking
changes in the oligomerization state of proteins (37, 58—61).
This method was employed here to study the effects of ionic
strength on the monomer—dimer equilibria of apo-S100B
and apo-S100A11 at a protein concentration of 25 uM
(Figure 2). At 22 mM NH,Ac, the spectra of both proteins
are strongly dominated by dimers. Further addition of NH4Ac
to a concentration of 100 mM produced no changes in the
spectra (not shown). These observations are consistent with
the predominance of dimers seen at 60 mM NHjAc over
the protein concentration range of 1—250 uM (Figure 1).
Importantly, however, lowering the NH,Ac concentration
induces significant changes in the spectra (Figure 2). For
S100B, low-salt samples were dominated by monomers (in
charge states M6+ to M11+) with only very minor peaks
from dimers (D94 and D8+). Low-salt apo-S100A1l
exhibited almost exclusively monomeric ions centered around
M13+. These observations are consistent with the mono-
meric ions observed for apo-S100A4 under low-salt condi-
tions (29), although S100A4 is complicated by the appear-
ance of covalent disulfide-bonded dimers likely formed from
the proximity of C76 across the dimer interface (6/). Unlike
S100A4, no evidence of disulfide-linked dimer formation was
observed for apo-S100A11 or apo-S100B. Overall, the data
in Figure 2 demonstrate that the dimerization propensity of
apo-S100B and S100A11 is strongly dependent on ionic
strength. This finding represents a key prerequisite for
studying apo-S100B and apo-S100A11 in their monomeric
states. In contrast, simple dilution experiments carried out
at elevated ionic strengths (as in Figure 1) are not suitable
for inducing dissociation of the complexes, at least not in
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FIGURE 2: ESI mass spectra of apo-S100B (left) and apo-S100A11 (right) recorded at a protein concentration (based on monomer) of 25
uM in the presence of various concentrations of ammonium acetate. M and D represent monomeric and dimeric species, respectively. Also
shown are the charge states (protonation states) of selected ions. Overlapping monomer/dimer peaks are denoted as M/D. Low salt refers
to extensively desalted samples as described in the text. Slight shifts to lower protonation states with an increase in salt concentration are

attributed to acetate-induced charge reduction, a phenomenon that is well-known in the ESI-MS literature (70).

the range of protein concentrations required for most
biophysical methods.

Differences in the desolvation behavior and ionization
efficiency (62) of monomeric and dimeric proteins make it
difficult to accurately pinpoint the midpoints of the salt-
induced transitions studied here. From the data depicted in
Figure 2, it can be roughly estimated, however, that the
midpoint for apo-S100B occurs around 0.3 mM NHjAc
whereas the midpoint for apo-S100A11 occurs at NH4Ac
concentrations greater than 1.5 mM. Thus, apo-S100B has
a greater propensity to dimerize than apo-S100A11. It is
possible that this effect is due to differences in the archi-
tecture of the two binding interfaces. The interface of apo-
S100B covers an area of ~1850 A2 per monomer, ~30%

more than for apo-S100A 11, where the interface surface area
is ~1430 A2,

Monomeric Apo-S100B and Apo-S100A11 Retain a Com-
pact a-Helical Structure. The ESI-MS data in Figure 2
revealed that apo-S100B and apo-S100A11 dissociate to their
monomeric subunits at low ionic strength but retain dimeric
structures at higher ionic strengths. We characterized the two
proteins by far-UV CD to determine if dissociation leads to
changes in secondary structure. For both proteins, CD spectra
recorded under low-salt conditions and in 60 mM NH4Ac
are virtually identical. For example, apo-S100A11 had
characteristic a-helical minima at 208 and 222 nm and a
similar 6,,/0,05 ratio of ~0.9 (Figure 3A) at both salt
concentrations. This indicates that apo-S100A11 retains high
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FIGURE 3: Effect of ionic strength on the secondary structure and hydrodynamic radius of apo-S100A11. (A) Far-UV CD spectrum for
apo-S100A11 in the presence of 60 mM salt (—) and under low-salt conditions (---). (B) Fractional peak intensities for the methyl region
of apo-S100A11 obtained from translational diffusion experiments under low-salt (a) and 60 mM NHsAc (A) conditions. The curves
shown for each data set are fitted according to eq 4 as described in Experimental Procedures. The data yielded radii of hydration for
apo-S100A11 of 20.5 &+ 0.4 A under low-salt conditions and 24.7 £ 0.5 A at 60 mM NHjAc.
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FIGURE 4: '"H—"°N HSQC spectra showing the effect of ionic strength on the oligomerization state of apo-S100B. (A) 'H—""N HSQC
spectra of apo-S100B (250 uM, monomer) at 60 mM NHyAc (black contours) and at low salt (green contours) at pH 6.8 and 35 °C.
Residues that underwent significant chemical shift changes (Ad > 0.25 ppm) as the ionic strength, and hence dimer population, was increased
are indicated by arrows. (B) Structure of apo-S100B showing residues with the most significant chemical shift changes identified in panel

A colored on the monomeric surface structure of apo-S100B.

o-helicity in its dimeric (high salt) and monomeric (low salt)
states. A similar behavior has previously been observed for
other proteins. For example, dimerization of stefin A (63)
and GST-pi (64) is associated with only very small changes
in the corresponding CD spectra, similar to the cases studied
here.

The oligomerization states of apo-S100B and apo-
S100A11 were also studied by translational diffusion experi-
ments as a function of ionic strength. Under conditions where
these proteins retain a dimeric structure (250 4M, in 60 mM
NH4Ac), the radius of hydration (Ry) for apo-S100A11 was
247 +£05 A (Figure 3B), close to that calculated for the

dimeric form of the protein on the basis of its three-
dimensional coordinates (23.6 A) (13). Similarly, the mea-
sured Ry, for apo-S100B was found to be 23.6 £ 0.4 A, in
excellent agreement with the Stokes radius (22.7 and 24.0
A) determined by analytical gel filtration methods (32, 65)
or the calculated value (50) of Ry, (22.9 A) based on the NMR
structure (25). At low ionic strength, the translational
diffusion data for both apo-S100B and apo-S100A11 yielded
steeper curves compared to the curves from data measured
at 60 mM NH,Ac (Figure 3B). For both proteins, this yielded
experimental Ry, values of 20.5 4= 0.4 A at low ionic strength.
The smaller radii of hydration at low ionic strength are
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FIGURE 5: '"H—""N HSQC spectra showing the effect of ionic strength on the oligomerization state of apo-S100A11. (A) 'H—""N HSQC
spectra of apo-S100A11 (250 uM, monomer) at 60 mM NHyAc (black contours) and at low salt (magenta contours) at pH 7.0 and 35 °C.
(B) Structure of apo-S100A11 showing residues with the most significant chemical shift changes (A0 > 0.16 ppm) identified in panel A

colored on the monomeric surface structure of apo-S100A11.

consistent with dimer dissociation observed by ESI-MS
(Figure 2). In agreement with this conclusion, the calculated
values using the folded, monomeric subunits of the two
proteins (S100B, 19.6 A; S100A11, 20.9 A) are close to the
experimentally measured translational diffusion values.
Notably, the measured R}, values are very distinct from those
calculated (49) for unfolded monomeric S100B (28.9 A) or
S100A11 (30.7 A), indicating that the dimer dissociation is
not associated with global unfolding. The relatively high
charge states seen for monomeric S100A11, however,
suggest a certain degree of structural perturbation when
compared with other proteins of similar size (66).
Influence of lonic Strength on the S100 Tertiary Structure.
The monomer—dimer transitions of apo-S100B and apo-
S100A11 were examined by NMR spectroscopy to explore
structural changes in more detail. Specifically, chemical shift
perturbations were monitored by recording a series of
"H—'>N HSQC spectra as a function of NH4Ac concentration.
For consistency, NMR titrations were conducted using
solution conditions similar to those used for ESI-MS, albeit
using a higher protein concentration (250 uM). Figures 4
and 5 show the '"H—""N HSQC spectra of apo-S100B and
apo-S100A11 at low salt and in the presence of 60 mM
NHAc. There are very large differences in the resonance
positions at the two ionic strengths. The alterations shown
in Figures 4A and 5A correspond to average values (Ad) of
0.27 and 0.11 ppm for apo-S100B and apo-S100Al1l,
respectively. The observed changes are more than 10-fold
greater than those occurring upon dilution of the protein
(Figure 1) and are more similar in magnitude to chemical
shift changes accompanying calcium (53) or target protein
binding (54—56). For example, residues D23, K24, T82, and
F88 in apo-S100B change by nearly 5 ppm in the SN
dimension upon addition of salt. Broad chemical shift
dispersion is maintained under low-salt conditions for both
proteins, and there is a minimum of line broadening
indicating that the protein monomers retain a significant
degree of tertiary structure. During the salt addition, all

resonances in both proteins exchanged on the fast chemical
shift time scale, allowing assignments to be performed on
the basis of previously reported data for apo-S100B (25) and
apo-S100A11 (39). In addition, we observed that all the low-
salt resonance peaks tracked back to their previously assigned
positions (at high ionic strength), indicating that ionic
strength-induced structural changes are reversible.

To determine whether residues exhibiting the largest salt-
dependent chemical shift changes correlate with the dimer-
ization interfaces for apo-S100B and apo-S100A11, residues
with Ad values of >0.25 and >0.16 ppm were mapped onto
the surface structures for apo-S100B (Figure 4B) and apo-
S100A11 (Figure 5B), respectively. The figures show that 7
of 26 (apo-S100B) and 8 of 21 (apo-S100A11) interface-
contributing residues display significant backbone chemical
shift changes as the ionic strength is manipulated. There is
good agreement for residues that change in chemical shift,
and those at the dimer interface in helix I (T4 and 114,
S100A11; E2, A9, and H15, S100B), helix IV (A84, H8S,
and E89, S100A11; T82 and F88, S100B), and the linker
(A45 and F46, S100A11; H42, S100B). In both proteins, a
notable shift is observed for V28 (S100A11) and H25
(S100B) in calcium-binding loop I that contacts the C-
terminus of helix IV in the partner protomer. Although a
continuous interface surface is not identified from these
chemical shift changes, the majority of the shifting residues
are concentrated near the dimer interface for apo-S100B and
apo-S100A11. These observations are similar to those for
tyrosine phosphatase and glutaredoxin, both of which display
only eight significant chemical shift changes upon dimer
dissociation, whereas the dimerization interface encompasses
a several-fold larger number of residues (67, 68). Similarly,
the dissociation of stromal cell-derived factor 1 (36) has been
observed using concentration-dependent HSQC measure-
ments, and also in that case, not all residues at the dimer
interface underwent significant chemical shift changes. The
broad chemical shift dispersion maintained by apo-S100B
and apo-S100A11 under low-salt conditions (Figure 4A and
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5A) indicates a significant portion of the tertiary structure
of the monomeric proteins is preserved upon dimer
dissociation.

Salt-dependent changes in chemical shift observed for apo-
S100A11 are depicted in Figure 6 for selected residues. Using
the observed chemical shift limits for the monomeric and
dimeric states (Figure 5), we calculated Kgmer as a function
of ionic strength. In the fast exchange limit encountered under
the conditions of this work, the populations of monomer and
dimer can be determined from a weighted chemical shift
average (eq 3). Figure 6 confirms that there is an extreme
dependence of Kgmer On ionic strength. Although the
magnitude of Ky varied somewhat due to small variations
in the chemical shifts for residues in the low-salt experiments,
all signals exhibit a similar trend. At the lowest salt
concentration of 0.1 mM NH4Ac, the observed Kyimer ranges
between 400 and 1000 uM. These observations are in
agreement with our mass spectral data (Figure 2) that show
apo-S100A11 at 25 uM to be essentially monomeric. At
higher salt concentrations, Kgme progressively decreases,
reaching values near 0.01 M for many of the residues shown
in Figure 6 at 22 mM NHjAc. For apo-S100B, the salt-
dependent changes in chemical shift were very severe,
especially at the lowest salt concentrations used. This was
not surprising on the basis of the extreme salt dependency
for dimer formation for apo-S100B identified in mass spectral
analysis (Figure 2). As a result, the identification of “mon-
omeric” chemical shifts for apo-S100B was not possible and
did not allow Kgime to be determined by this method.
Nevertheless, it is very clear from these data, and the salt
dependency of mass spectral data presented in Figure 2, that
apo-S100B has a much stronger tendency to dimerize than
apo-S100A11.

CONCLUSIONS

Despite a wealth of structural data on S100 proteins, the
role of dimerization for their functions is still not clear. The
dimerization of S100 proteins is also linked to calcium
binding and calcium affinities. For example, the dimerization
affinities for ST0O0A1—S100P (30), S100P (28), and S100A4
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(29) are all ~2 orders of magnitude higher in the calcium-
bound state than in the absence of calcium. In this work, we
have shown that apo-S100B and apo-S100A11 dimers
dissociate into compact o-helical monomers under low-ionic
strength conditions. The monomeric species generated in this
way retain a significant degree of tertiary structure. This
observation is similar to those made for a wide variety of
other protein systems. For example, the DNA-binding protein
HU is monomeric at low NH4Ac concentrations and forms
dimers with an increase in ionic strength (37). In the same
way, formyltransferase becomes tetrameric when salt con-
centrations exceed 300 mM (34). The dimerization of EF-
hand peptides, representing a single calcium-binding site, can
also be induced upon addition of salt (69). The observation
that apo-S100A11 and apo-S100B can form folded mono-
meric subunits indicates that these monomers may be
involved in the assembly of homo- and heterodimeric
proteins. Indeed, evidence of the formation of a monomeric
intermediate during the refolding of acid-denatured S100A11
comes from recent kinetic ESI-MS experiments (40).

Our work is the first to show that two different S100
proteins have distinguishable propensities to dimerize under
similar conditions. Under low-salt conditions, the Kjme, for
apo-S100A11 is estimated to be more than 400 uM from
the data depicted in Figure 6. At higher ionic strengths, the
dissociation constant for apo-SI00A1l is near 0.01 uM
(Figure 6). Apo-S100B appears to have a Kgner at least 1
order of magnitude smaller than these values on the basis of
its greater sensitivity to salt concentration observed in ESI-
MS data (Figure 2) and NMR spectra (Figure 4). Thus, the
binding affinities of these S100 proteins can be varied by
several orders of magnitude through manipulation of ionic
strength. Further, the differences in dimerization propensity
for apo-S100A11 and apo-S100B along with previous
measurements indicate that a wide range of dimer stabilities
may exist for the S100 proteins. Apo-S100A11 appears to
be of intermediate stability between apo-S100A4 and apo-
S100P (Kgimer ~ 2—4 uM) (28, 29), whereas the Kgimer for
apo-S100B is clearly much lower (32). The relative affinities
of these proteins are in line with the buried interface surface
area which shows apo-S100B has the greatest buried area
(1850 A2 per monomer), that of apo-S100A11 is intermediate
(1430 A?), and apo-S100A4 and apo-S100P have the smallest
buried surface (~1350 A2). The extreme sensitivity of the
dimerization affinity toward ionic strength is consistent with
the mostly hydrophobic makeup of the dimer interface in
the S100 proteins. Since the dimerization of S100 proteins
may be linked to the regulation of their function, the isolation
of folded monomers will allow future experiments to probe
target binding and possible modulation of calcium affinity
as a function of oligomerization state. Those future studies
should shed light on the possible role of monomeric S100
subunits in calcium signaling.
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