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ABSTRACT: Backbone dynamics of homodimeric apo-S100B were studied by15N nuclear magnetic
resonance relaxation at 9.4 and 14.1 T. Longitudinal relaxation (T1), transverse relaxation (T2), and the
15N-{1H} NOE were measured for 80 of 91 backbone amide groups. Internal motional parameters were
determined from the relaxation data using the model-free formalism while accounting for diffusion
anisotropy. Rotational diffusion of the symmetric homodimer has moderate but statistically significant
prolate axial anisotropy (D|/D⊥ ) 1.15( 0.02), a global correlation time ofτm ) 7.80( 0.03 ns, and a
unique axis in the plane normal to the molecular symmetry axis. Of 29 residues at the dimer interface
(helices 1 and 4), only one has measurable internal motion (Q71), and the order parameters of the remaining
28 were the highest in the protein (S2 ) 0.80 to 0.91). Order parameters in the typical EF hand calcium-
binding loop (S2 ) 0.73 to 0.87) were slightly lower than in the pseudo-EF hand (S2 ) 0.75 to 0.89), and
effective internal correlation times,τe, distinct from global tumbling, were detected in the calcium-binding
loops. Helix 3, which undergoes a large, calcium-induced conformational change necessary for target-
protein binding, does not show evidence of interchanging between the apo and Ca2+-bound orientations
in the absence of calcium but has rapid motion in several residues throughout the helix (S2 ) 0.78 to
0.88; 10e τe e 30 ps). The lowest order parameters were found in the C-terminal tail (S2 ) 0.62 to
0.83). Large values for chemical exchange also occur in this loop and in regions nearby in space to the
highly mobile C-terminal loop, consistent with exchange broadening effects observed.

S100B is a Ca2+-binding protein and a member of the
highly conserved S100 protein family. The name S100 was
given to these proteins because of their characteristic
solubility in 100%-saturated ammonium sulfate (1). Over
twenty S100 proteins have been identified, with distinct
functions and tissue distributions (2-6). S100B, also termed
S100B(ââ),1 is a symmetric homodimer with 91 residues per
S100â subunit, and it has only a few points of nonidentity
in its sequence when compared among a number of mam-
malian sources (7). As is the case for several S100 family
members, each subunit of S100B undergoes a large change
in protein conformation upon binding Ca2+ (8-10). This
conformational change is required, in most cases, for binding
protein targets and eliciting a downstream biological response
(7).

There are two helix-turn-helix Ca2+-binding motifs per
S100â subunit (11). The N-terminal Ca2+-binding site
(residues 18-31) is apseudo-EF hand(ψ-EF) orS100-hand
and has 14 residues that represent the distinguishing amino
acid sequence of the S100 family. The 12-residue Ca2+-
binding site in the C-terminus (residues 61-72) is that of a
typical or canonical EF hand as found in proteins such as
calmodulin, parvalbumin, and troponin C (12). The affinity
for Ca2+ in each of these sites varies widely for different
S100 proteins (0.1µM < KD < 50 µM). In S100B, the
typical EF hand binds Ca2+ in vitro about 10 times more
tightly (KD ≈ 20 µM) than theψ-EF hand (KD ≈ 200 µM)
(13).

At present, the 3D structure is available at high resolution
in the apo-state for three dimeric S100 proteins including
S100B, S100A6, and S100A10 (14-16). In these structures,
the orientation of the helices at the subunit interface is nearly
identical with helices 1 and 4 joined nonconvalently (S100B,
KD < 1 nM) and antiparallel to helices 1′ and 4′ of the
opposing subunit forming an X-type four helix bundle at the
protein’s core (6, 17). The surfaces of these proteins each
have a large number of hydrophilic residues. The hydro-
phobic core and highly polar surface provide for the high
stability and solubility observed in the S100 protein family.

Comparisons of the apo- and Ca2+-bound structures are
important for distinguishing how different S100 proteins bind
their respective protein targets to elicit unique biological
effects (6, 18, 19). For example, when Ca2+ binds to S100B,
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helix 3 in each subunit reorients by over 90° with virtually
no reorganization of the dimer-forming helices (helices 1,
4) or helix 2 (20). A smaller change in the position of helix
3 is observed for S100A6 upon Ca2+-binding (15). In each
case, however, the movement of helix 3, upon binding Ca2+,
exposes a unique patch of residues that are involved in
binding to specific protein targets. For S100B, the Ca2+-
dependent interaction with the C-terminus of p53 was found
to sterically block the protein kinase C (PKC) dependent
phosphorylation of the tumor suppressor, which is necessary
for the activation of p53 and its downstream function (21-
23). In contrast, S100A10 does not bind Ca2+; yet, in the
absence of divalent metal, this protein has a structure that is
very similar to the Ca2+-loaded forms of S100B and S100A6.
Target proteins such as annexin II, therefore, bind to
S100A10 in a Ca2+-independent manner (16).

It is not clear how different EF hand containing proteins
give such a diverse range of structural and thermodynamic
responses to calcium and protein targets, given their high
degree of homology. How these proteins “fine-tune” their
responses to Ca2+ and protein targets can be better understood
when their 3D structures are complemented by detailed
descriptions of internal dynamics. Prior to this work, cal-
bindin D9k was the only S100 protein for which internal
dynamics had been extensively studied (24, 25). While those
studies were paramount to the understanding of protein
dynamics in general, and more specifically to Ca2+-binding
proteins, their results cannot be generalized to the S100
family. Calbindin is atypical among S100 proteins, since it
is the only one that exists as a monomer, and it exhibits no
Ca2+-dependent conformational change. Moreover, calbindin
is truncated at the C-terminus in comparison to other S100
proteins and does not bind any known protein targets.
Therefore, to characterize further this important class of Ca2+-
binding proteins, we report here the internal dynamics of a
more typical, dimeric S100 protein, S100B(ââ). Our results
indicate that the dimer interface of S100B has very little
motion in the absence of Ca2+, which helps to explain its
high stability. However, regions of apo-S100B that interact
subsequently with Ca2+ and target proteins exhibit more
complicated dynamics, on multiple time scales. A preliminary
abstract of this work has been published (26).

MATERIALS AND METHODS

Materials. Perdeuterated tris (>98.7 atom % D) was
purchased from C/D/N Isotopes, Inc. (Vandreuil, Quebec),
and D2O (>99.9 atom % D, low in paramagnetic impurities)
and 15NH4Cl (>99 atom % 15N) was purchased from
Cambridge Isotope Laboratories (Woburn, Mass.). Other
materials were of the highest quality commercially available.
Buffers were passed through Chelex-100 resin (BioRad) to
remove trace metals.

Sample Preparation.15N-labeled S100B was overex-
pressed and purified fromEscherichia colias previously
described (14). NMR samples were 3 mM S100â (subunit
concentration), 10 mM tris-d11, 15 mM NaCl, 0.1 mM
EDTA, 5 mM DTT, 0.35 mM NaN3, 10% D2O, pH 6.50.
Samples were degassed by vacuum and argon replacement
shortly before each set of experiments.

NMR Data Collection.Experiments were performed on
Bruker Avance DMX-600 and DRX-400 NMR spectrometers

at 37.0 °C, calibrated with neat ethylene glycol on each
instrument. Longitudinal relaxation (T1) experiments were
performed using sensitivity-enhanced inversion-recovery
pulse sequences with pulsed field gradients (27). Each
spectrum was acquired with 512* (t2) × 64* (t1) points, with
sweep widths of 8400 Hz in1H and 1338 Hz in15N and 32
scans pert1 point at 600 MHz. At 400 MHz, sweep widths
were 5593 Hz (1H) by 893 Hz (15N), using 48 scans pert1
point. A recycle delay of 3.2 s was employed at both fields.
Delay times of 30 (×2), 110, 240, 480, 960, 1500, and 2940
ms were used at 600 MHz, and 30, 70 (×2), 130, 280, 560,
1130, and 2250 ms at 400 MHz. Transverse relaxation (T2)
experiments were performed using sensitivity-enhanced
CPMG pulse sequences with pulsed field gradients (27).
Acquisition parameters were identical to those of theT1

experiments, except 64 scans were collected pert1 point at
400 MHz, and recycle delays were 3.3 s at 600 MHz and
3.0 s at 400 MHz. Delay times of 8 (×2), 32, 88, 184 (×2),
and 312 ms were used at 600 MHz, and 8 (×3), 16, 32, 64,
128 (×3), 256, and 512 ms at 400 MHz.15N-{1H} NOE
ratios were measured by fully interleaving the NOE and
reference experiments as previously described (27). The NOE
experiment used a 3-s presaturation period and a 2-s
relaxation delay; the control experiment had an equivalent
5-s delay. In these experiments, water was returned to the
z-axis prior to each scan to avoid saturation transfer (27).
Both NOE and control experiments were acquired with 512*
(t2) × 160* (t1) (600 MHz) or 512* (t2) × 100* (t1) (400
MHz) points, with 48 scans at 600 MHz and 20 scans at
400 MHz.

NMR Data Processing and Analysis.All NMR data were
processed and analyzed with NMRPipe and NMRDraw
software (28). Spectra were extended by linear prediction
and zero-filling prior to apodization with a 5%-shifted mixed
Gaussian/exponential function. Peak heights for the relaxation
series were measured by fitting Gaussian surfaces to the
transformed data and taking the maximum height of the fitted
surface using the program NlinLS (28). The jackknife
procedure (29) was used with the Levenberg-Marquardt
nonlinear least squares algorithm (30) to fit peak heights as
a function of relaxation delay with the two-parameter
exponential,I ) I0 exp[-Rt], whereR is eitherR1 ) 1/T1 or
R2 ) 1/T2, using the computer program CURVEFIT (A. G.
Palmer, Columbia University). NOE peak heights were taken
from similarly derived Gaussian fits to the frequency-domain
data. The NOE was calculated as NOE) η + 1 ) Ipresat/
Ino-presat, whereIpresatand Ino-presatare the peak heights with
and without1H presaturation, respectively.

Rotational Diffusion Anisotropy.Overall rotation of the
molecule was analyzed to separate its contributions to
relaxation from those of site-specific internal motions.
Residue-specific correlation times,τloc, were derived from
T1/T2 values (31) (software R2R1•TM, A. G. Palmer,
Columbia University), and a single, isotropic correlation time
for the protein was calculated as their trimmed mean. The
small degree of anisotropy expected for S100B(ââ) permitted
a quadric approximation of the dependence of local correla-
tion times on individual bond orientations in the diffusion
frame (32). Estimates of axial and fully anisotropic diffusion
tensors were then obtained by applying minimization tech-
niques to this relation (software QUADRIC•DIFFUSION,
v1.11; A. G. Palmer). Residues for which NOE< 0.65 at
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600 MHz or was not known were eliminated from consid-
eration for this analysis, due to possible fast internal motions.
Furthermore, the criterion (33)

was applied to the remaining residues, where SD is the
standard deviation of the collection of values of the left side
for all residues considered, using 600 MHz data. Residues
not satisfying the inequality were eliminated from this stage
of the analysis due to possible exchange contributions toT2

relaxation. Isotropic Brownian rotation was characterized by
a single diffusion coefficient,D, or rotational correlation
time,τm ) (6D)-1. Alternatively, a 2nd rank ellipsoidal tensor
was used to model diffusion as either axially symmetric (four
parameters) or fully anisotropic (six parameters). Axially
symmetric diffusion was described by an isotropic correlation
time, τm ) (6Diso)-1, a shape factorD|/D⊥ and two Euler
anglesΘ andΦ, to represent the orientation of the unique
axis of the diffusion tensor in the molecular frame;Diso )
(D| + 2D⊥)/3, andD| andD⊥ are the diffusion coefficients
parallel and perpendicular to the unique axis, respectively.
Fully anisotropic rotation was modeled using three diffusion
coefficients,Dxx, Dyy, and Dzz, or alternatively byDiso )
(Dxx + Dyy+ Dzz)/3 and two shape factors, 2Dzz/(Dxx + Dyy)
andDxx/Dyy. Three Euler angles,Θ, Φ, andΨ, defined the
orientation of the fully anisotropic diffusion tensor. Isotropic,
axially symmetric, and fully anisotropic rotational models
were subjected to statisticalF-testing as previously described
(34). Atomic coordinates (PDB accession code: 1B4C) used
throughout this study were those of a high-resolution
structure derived in part from residual dipolar coupling
constraints (14). Coordinates were transformed so that the
center of mass of the homodimer was at the origin, and the
principal axes of the point-mass rotational inertia tensor,
calculated without hydration, were aligned with the coordi-
nate axes (software PDB•INERTIA version 1.1, A. G.
Palmer, Columbia University). The principal axis of the
inertia tensor was thus thez-axis of the transformed
coordinate frame, with thex-axis as the C2 dimer symmetry
axis; these coordinates are referred to as themolecular frame.

Model-Free Analysis.A complete model-free analysis of
internal motion and overall rotational diffusion was per-
formed using the program MODELFREE (v4.1, A. G.
Palmer, Columbia University) (35, 36). A spectral density
function was chosen to reflect an axially symmetric diffusion
tensor, and site-specific motion on as many as two time-
scales (35, 37, 38):

whereS) SfSs is the model-independent orgeneralizedorder
parameter of the model-free formalism,Sf andSs are order
parameters on the fast (τf < ∼200 ps) and slow (τs > ∼200
ps) time scales, respectively;τ1

-1 ) 6D⊥, τ2
-1 ) D| + 5D⊥,

andτ3
-1 ) 4D| + 2D⊥; τ′s ) τjτe/(τj + τe), whereτe is either

τs or τf; A1 ) (3cos2θ - 1)2/4, A2 ) 3sin2θcos2θ, A3 )
(3/4)sin4θ, andθ is the angle between the N-H bond vector

and the unique axis of the diffusion tensor. Fast internal
motions are defined as those for whichτ/(1 + ω2τ2) is within
10% ofτe, whereτ ) τmτe/(τm + τe) (35). Several simplifying
assumptions regardingJ(ω) were applied where the data
permitted, giving rise to a number of mathematical models
for characterizing internal motion. In keeping with standard
practice, model 1 assumes that slow internal motions are
negligible (Ss

2 ) 1) and that fast motions are very fast (τf <
20 ps), so as to contribute negligibly to the spectral density
function, and thus reducesJ(ω) to

allowing only Sf
2 to be optimized, in addition to global

diffusion parameters. Model 2 assumes only that slow
internal motions are negligible (Ss

2 ) 1), resulting in

which allows both an order parameter,Sf
2, and a correlation

time, τe ) τf to be derived from the data. Model 5 assumes
that fast internal motions are very fast (τf f 0), giving

which allows for optimizing order parameters on two time
scales,Sf andSs, such that S) SfSs, as well as a correlation
time τe ) τs, for slow internal motions. It should be noted
that internal motions on the slow internal time scale are not
in the extreme narrowing limit ofωτ , 1, which compro-
mises the accuracy of order parameters derived from models
5 and 6 (35). Models 3, 4, and 6 are obtained from 1, 2, and
5, respectively, by allowing an exchange contribution to
transverse relaxation.

A set of well-known equations were used to relate
relaxation rate data to rotation of the amide1H-15N bond
vector (31, 39):

where d ) µ0hγHγN/(8π2rNH
3), c ) ωN∆σ/x3, µ0 is the

permeability of free space,h is Planck’s constant,ωX and
γX are the Larmor frequency and gyromagnetic ratio,
respectively, for nucleusX, rNH is the N-H internuclear
distance, assumed to be 1.02 Å,∆σ ) σ| - σ⊥ is the
chemical shift anisotropy (CSA), taken to be-170 ppm (40),
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andσ| andσ⊥ are parallel and perpendicular components of
the axially symmetric ellipsoidal15N chemical shift tensor,
with a principal axis assumed to be parallel to the1H-15N
bond vector.

Using the initial estimate of the diffusion tensor resulting
from the quadric analysis, eqs 2 and 3 were fitted to theR1,
R2, and NOE data at both fields for each residue. A model
was selected for each residue, following closely the procedure
of Mandel et al. (41) except that having data at two fields
allowed the use of a four-parameter model (model 6) for
certain residues. Also,F-testing could be performed for all
higher model comparisons, because of the extra degrees of
freedom afforded by having data collected at more than one
field strength. Statisticalø2-testing was performed at the
p ) 0.1 level of significance andF-testing was performed
atp ) 0.2. For each residue, the simplest model to pass such
criteria was used. Global diffusion parameters were optimized
along with internal motion using only those residues for
which models 1-4 were accepted.2 Residues from the
C-terminal tail (84-91) were excluded from the diffusion
optimization runs to avoid adverse effects from their
increased local mobility. After each global optimization,
model selection was repeated holding the resulting diffusion
tensor fixed, followed by another optimization of global
diffusion, and so on, until diffusion parameters and model
selection converged. Finally, the highly mobile C-terminal
residues 88-91 were analyzed by allowing each to have a
unique rotational correlation time,τloc, since the motions in
these residues were expected to be fairly independent of
overall reorientation of the molecule.

Error Analysis.Error in peak heights was determined by
pairwise comparison of duplicate experiments, taking the
standard deviation of peak height to be the standard deviation
of the pairwise differences, divided byx2 (42). In the
relaxation series, not all of the delay times were duplicated,
so it was assumed that peak-height uncertainty varied in
proportion to the baseline noise, which was validated by
performing more than one pair of duplicates in two of the
four series. Median reducedø2 values for the exponential
fits were 0.15 forT1

600, 0.46 for T2
600, 0.16 for T1

400, and
0.15 forT2

400, which are lower than expected. Uncertainties
for R1 andR2 were determined by the jackknife procedure
using the computer program CURVEFIT (v1.2, A. G.
Palmer, Columbia University) and were then adjusted for
each series to achieve a properø2 distribution, giving a 10%-
trimmed mean error of less than 1%. When fitting relaxation
data with the model-free equations, these low estimates of
error in R1 andR2 did not allow the use of simple models
for more than a few residues. Therefore, uncertainties inR1

and R2 data were uniformly scaled so that models that
included exchange (models 3, 4, or 6) were chosen for
residues identified experimentally as undergoing chemical
exchange, and so that models with internal correlation times
were assigned to residues with clear evidence of rapid
internal motion (low NOE values). Exchange was considered
likely in residues that were broadened, had highT1/T2 ratios,

or deviated from a linear correlation betweenT1/T2 vs amide-
proton residual dipolar coupling values (43). With these
estimates, trimmed mean error for eachR1 andR2 data set
was approximately 2.5 to 3%, and these estimates were used
for subsequent iterations of the model-free analysis. The NOE
data was collected in duplicate at 400 and 600 MHz, and
the errors were of reasonable magnitude (average( 0.02 at
600 MHz and( 0.03 at 400 MHz).

To explore effects of anisotropy on the internal dynamics
results, particularly the possibility of introducing complex
models where not appropriate, the model-free analysis was
repeated twice, either under the assumption of isotropic
tumbling or by modeling the diffusion tensor as oblate axial.
The isotropic correlation time,τiso was 7.99 ns, and the oblate
tensor wasτm ) 7.89 ns andD|/D⊥ ) 0.84 with an
orientation coincident to the dimer symmetry axis (perpen-
dicular to the prolate unique axis). The order parameters
calculated and model selection varied only slightly from those
found for the prolate model. The loss or addition of exchange
terms occurred only where the acute angles to the unique
axes of the two tensors differed by more than about 45°,
and then only whenRex

600 < 1/s. However, effective internal
correlation times did show differences, with more residues
having nonzeroτe and generally higher values found when
the oblate tensor was used.

Independent Measurement of Rotational Diffusion.To
ensure that aggregation in the concentrated NMR samples
did not affect estimates of global tumbling, the isotropic
coefficient of rotational diffusion,τiso ) (6Diso)-1 was
calculated on the basis of a Stokes’ radius measured with
gel filtration chromatography at nanomolar concentration
(17), using the equation (44)

where R is the gas constant,T is the temperature,L is
Avogadro’s number,η is the solvent viscosity, andr is the
Stokes’ radius of the molecule, assumed to be spherical.

RESULTS AND DISCUSSION

Relaxation Data.Relaxation data was measured at two
fields for 80 of the 91 backbone amide resonances of S100B
(Figure 1 and Supporting Information). The other 11 were
not measured because of overlap (I11, Q16, E21, N37, E49,
K55, E72) or because correlations were missing due to
exchange broadening (I47, H85, E86, F87). The 10%-
trimmed mean values forR1 () 1/T1) were 1.46 s-1 at 600
MHz and 2.45 s-1 at 400 MHz. ForR2, the 10%-trimmed
mean values were 10.7 s-1 at 600 MHz and 9.56 s-1 at 400
MHz, andT1/T2 trimmed means were 7.31 at 600 MHz and
3.88 at 400 MHz. The15N-{1H} NOE values had trimmed
means of 0.79 and 0.74 at 600 and 400 MHz, respectively.
Lower than average NOE andR1 values are found in the
two calcium-binding loops (residues G19-K26: R1

400 )
2.44 and NOE600 ) 0.74; D61-C68: R1

400 ) 2.32 and
NOE600 ) 0.73) and at the extreme C-terminus (residues
E89-E91: R1

400 ) 2.10 and NOE600 ) 0.38). Specific
residues in these regions with NOE values noticeably below
the mean are G22, D23, K24, K28, E62, D63, G64, E67,
C68, and E89-E91, indicating contributions to their relax-

2 To check whether the omission of the two-time-scale models
(models 5 and 6) affected the results of global diffusion analysis, a
final optimization was performed including residues assigned to all
models. Although the calculations required considerably more time,
the resulting diffusion tensor was indistinguishable from that obtained
using only residues fitting models 1-4.

Diso ) RT

8Lπηr3
(4)
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ation from internal dynamics as represented by an effective
internal correlation time,τe.

Residues withR2
600 values significantly higher than the

mean (R2
600 g ∼12/s), with lesser, similar effects at 400

MHz, included V8, A9, D12, H15, S18, K24, E46, K48,
V80-C84, F88, and E89 (withR2 measurable only at 400
MHz for S18, T82, and C84 due to severe broadening)
suggestingRex * 0 for these residues. Except for E89, these
same residues had noticeably higher T1/T2 ratios (Figure 2,
panel A). With A9 as the only exception, nonzeroRex values
were calculated for each of the other 14 residues, using the
program MODELFREE. Residual dipolar couplings mea-
sured at 600 MHz were collected previously for several
amide-proton correlations in S100B(ââ) (14), and comparing

these data to relaxation rate data can also be used to identify
residues with exchange contributions (43). A plot of the
residual dipolar couplingsDNH vs T1

600/T2
600 identified D12,

D23, E46, K48, V80, and A83 as having exchange contribu-
tions toT2 relaxation (Figure 2, panel B). Three other residues
(A9, L27, and D69) that appear to have smallRex terms in
theDNH versusT1/T2 plot were not found to have significant
exchange contributions in the model-free analysis.

Rotational Diffusion.The point-mass inertia tensor for apo-
S100B (PDB accession: 1B4C) has principal moments with
the ratio 1.39:1.09:1.00 (program PDBINERTIA v1.1, A. G.
Palmer, Columbia University), leading to the expectation of
a diffusion tensor with a small degree of axially symmetric
anisotropy. Therefore, to discern effects of global rotation
from those of residue-specific motions, an analysis of
rotational diffusion was carried out. In this analysis, residues
for which NOE600 < 0.65 (H90 and E91) were eliminated
from consideration for the initial estimate of the diffusion
tensor, due to the possibility of significant internal motion.
The criterion of eq 1 further eliminated D12, H15, S18, K24,
E46, K48, A83, F88, and E89, because of probable chemical
exchange contributions. EitherT1

600, T2
600, or NOE600 was

missing for S18, N38, S41, T81, T82, and C84, so they could
not be evaluated by these criteria and were eliminated from
initial diffusion calculations. TheT1

600/T2
600 ratios of the

remaining 64 residues were used to calculate local correlation
times and estimate isotropic, axially symmetric, and fully
anisotropic diffusion tensors by the quadratic method of
Brüschweiler (45). Of those 64 residues, six did not have
bothT1

400 andT2
400 measurements because of a weak signal

or overlap (E4, M7, V8, L27, L44, and E45). In the absence
of thoseT1/T2 values the 400 MHz data resulted, nevertheless,
in a diffusion tensor indistinguishable from that derived from
600 MHz data.

The choice between isotropic, axial, and fully anisotropic
diffusion tensors calculated from theT1/T2 data was made
with the statisticalF-test (34). The two axial diffusion tensors
fit the 600 MHz data with statistically significant (p , 1)
improvement over the best isotropic correlation time of
7.86 ( 0.01 ns. One was prolate (τm ) 7.74 ( 0.04 ns,
D|/D⊥ ) 1.16( 0.01;p < 10-5), and the other was oblate
(τm ) 7.82( 0.04 ns,D|/D⊥ ) 0.89( 0.01p < 0.03). Each
axial tensor was compared to the fully anisotropic result

FIGURE 1: Relaxation rate data for apo-S100B(ââ). (A) Longitu-
dinal relaxation rate,R1, (B) transverse relaxation rate,R2, and (C)
15N-{1H} heteronuclear NOE (η + 1) are given for nitrogen Larmor
frequencies of 61 MHz (b) and 41 MHz (O). Larger error bars are
generally due to exchange broadening, which lowers signal-to-noise
ratio and consequently raises uncertainty in peak height.

FIGURE 2: (A) 15N T1/T2 ratios for apo-S100B(ââ) at 61 MHz (b) and 41 MHz (2) nitrogen Larmor frequency, by sequence position. (B)
61 MHz 15N T1/T2 ratios compared to amide proton-nitrogen residual dipolar couplings,DNH, with data included in the linear correlation
displayed as filled circles (b), and those considered to be outliers as open circles (O).
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(τm ) 7.75 ( 0.07 ns, 2Dzz/(Dxx + Dyy) ) 1.16 ( 0.01,
Dxx/Dyy ) 1.015( 0.005). The fully anisotropic tensor was
prolate-like (2Dzz/(Dxx + Dyy) > 1 andDxx/Dyy ≈ 1) and was
better than the oblate tensor (p < 10-3). No improvement
was observed, however, when the fully anisotropic tensor
was compared to the prolate axial tensor (p ≈ 0.9) because
of their similarity. Using 400 MHz data, comparable results
were obtained. Furthermore, with the simultaneous use of
the data at both fields, an estimation of the diffusion tensor
was found to be similar using a Bayesian statistical approach
(46). Consistent with the dimer symmetry of S100B, the
orientation of the unique axis of the prolate and fully
anisotropic diffusion tensors were perpendicular to the dimer
symmetry axis, and that of the oblate tensor was coincident
with the symmetry axis (33). The prolate model was chosen
because it was the simplest model that was not improved by
increasing the number of parameters. As expected for a low

degree of axial anisotropy, theT1/T2 ratio showed a small
dependence on N-H bond orientation relative to the principal
axis of the diffusion tensor (data not shown).

The isotropic rotational correlation times derived from the
relaxation data agrees well with the value calculated from a
Stokes’ radius of 22.6( 0.1 Å, measured at subnanomolar
concentration (17). Using eq 6 and a solvent viscosity of
696 µPa‚s at 37°C, an isotropic diffusion coefficient of
Diso ) 21.2µs-1 was calculated, corresponding to a correla-
tion time of 7.87( 0.04 ns. Agreement with the NMR result
indicates that NMR sample conditions did not promote
aggregation.

Model-Free Analysis.The prolate diffusion tensor derived
from T1 and T2 data at two fields was used as an initial
estimate for fitting the model-free equations (eqs 2 and 3)
to the complete set of relaxation data (both fields simulta-
neously) using the program MODELFREE, version 4.1 (41).

Table 1: Modelfree Results for apo-S100B(ââ)a

res 2° model S2 Ss
2 τe Rex

600 res 2° model S2 Ss
2 τe Rex

600

S1 1 0.85( 0.03 I47 X > 0
E2 1 0.86( 0.01 K48 4 0.82( 0.04 24( 15 3.9( 1.0
L3 R 1 0.85( 0.02 E49 OL
E4 R 1 0.87( 0.02 Q50 R 2 0.82( 0.01 26( 3
K5 R 1 0.88( 0.02 E51 R 2 0.86( 0.01 28( 4
A6 R 1 0.88( 0.01 V52 R 1 0.85( 0.01
M7 R 3 0.85( 0.01 0.8( 0.3 V53 R 1 0.84( 0.01
V8 R 3 0.87( 0.02 1.7( 0.5 D54 R 2 0.87( 0.01 15( 4
A9 R 1 0.90( 0.01 K55 R OL
L10 R 1 0.87( 0.01 V56 R 2 0.85( 0.01 10( 4
I11 R OL M57 R 1 0.88( 0.01
D12 R 3 0.87( 0.03 1.9( 1.0 E58 R 2 0.86( 0.01 18( 4
V13 R 1 0.87( 0.01 T59 R 5 0.84( 0.01 0.97( 0.01 800( 370
F14 R 1 0.90( 0.01 L60 R 1 0.87( 0.01
H15 R 3 0.87( 0.04 5.3( 1.5 D61 R 2 0.81( 0.01 11( 3
Q16 R OL E62 R 2 0.78( 0.00 30( 2
Y17 R 1 0.86( 0.01 D63 2 0.77( 0.01 34( 5
S18 R 3 0.86( 0.10 7.7( 4.2 G64 5 0.73( 0.01 0.92( 0.01 770( 140
G19 1 0.89( 0.02 D65 5 0.79( 0.01 0.93( 0.01 1600( 290
R20 4 0.84( 0.01 34( 12 0.8( 0.3 G66 5 0.80( 0.01 0.95( 0.02 940( 260
E21 OL E67 â 2 0.76( 0.01 31( 2
G22 5 0.76( 0.01 0.93( 0.01 700( 170 C68 â 5 0.76( 0.01 0.94( 0.01 600( 180
D23 6 0.75( 0.03 0.92( 0.04 740( 270 2.7( 0.4 D69 â 2 0.83( 0.01 15( 4
K24b 0 F70 R 1 0.86( 0.02
H25 2 0.88( 0.01 42( 8 Q71 R 6 0.76( 0.03 0.94( 0.04 1900( 620 0.7( 0.3
K26 â 2 0.85( 0.01 13( 5 E72 R OL
L27 â 4 0.84( 0.02 11( 4 0.8( 0.3 F73 R 1 0.87( 0.01
K28 â 5 0.76( 0.01 0.90( 0.02 1200( 230 M74 R 1 0.89( 0.01
K29 R 2 0.85( 0.01 9( 4 A75 R 0
S30 R 1 0.86( 0.01 F76 R 1 0.87( 0.01
E31 R 1 0.85( 0.01 V77 R 1 0.88( 0.01
L32 R 1 0.87( 0.01 S78 R 1 0.91( 0.01
K33 R 1 0.88( 0.01 M79 R 1 0.88( 0.01
E34 R 1 0.86( 0.01 V80 R 3 0.86( 0.02 1.2( 0.4
L35 R 2 0.87( 0.01 13( 4 T81 R 3 0.84( 0.03 2.2( 0.6
I36 R 1 0.88( 0.01 T82 R 3 0.89( 0.07 20.0( 4.4
N37 R OL A83 R 3 0.87( 0.01 1.9( 0.4
N38 R 1 0.84( 0.01 C84 3 0.83( 0.06 18.3( 3.2
E39 R 1 0.84( 0.01 H85 X > 0
L40 R 1 0.86( 0.01 E86 X > 0
S41 1 0.80( 0.01 F87 X > 0
H42 1 0.88( 0.02 F88 3loc 0.82( 0.05 τloc ) 7400( 640 8.0( 1.8
F43 1 0.84( 0.02 E89 3loc 0.67( 0.02 τloc ) 4700( 240 7.3( 0.5
L44 1 0.87( 0.02 H90 3loc 0.63( 0.02 τloc ) 2100( 50 6.4( 0.6
E45 1 0.86( 0.01 E91 3loc 0.62( 0.01 τloc ) 1300( 10 3.1( 0.1
E46 3 0.80( 0.02 2.1( 0.5

a Units for τe are ps and forRex are s-1. Residues in bold are in the calcium-binding EF andψ-EF hands. Secondary structural elements are given
in the column marked “2°.” A model choice of “0” indicates no model was deemed appropriate for the data. Relaxation rates were not measured
for some residues as noted in the model choice column due to spectral overlap (“OL”) or severe exchange broadening (“X”). C-terminal residues
did not fit any model unless treated as though diffusing independently of the molecule, and their unique correlation times,τloc, are given in theτe

column.b Although no model is appropriate for K24, there is evidence of fast internal motion (low NOE) and nonzeroRex (high R2, T1/T2).
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Two rounds of model selection and diffusion tensor opti-
mization converged, with little variation, on the final
diffusion tensor (τm ) 7.80( 0.03 ns,D|/D⊥ ) 1.15( 0.02
with the unique axis about 30 degrees from the inertia tensor).

Of the 80 residues for which relaxation data were obtained,
models were selected for 76 using the criteria outlined in
Materials and Methods. Selecting models for residues D12,
E58, T59, and E62 required relaxing theø2-test requirement
to the 0.05 level of significance and careful examination of
the data. Additionally, although model 1 was selected for
S18 by the statistical criteria, the resulting order parameter
was unrealistically high (0.93). Exchange broadening is
observed for S18, to the point where no reliable relaxation
data could be collected at 600 MHz; thus, model 3 was
chosen instead, and it fit the data well. Model 5 passed the
selection criteria for A75 using an arbitrary value ofτs, but
τs failed to converge on a value less thanτm. Model 5
parameters,τs, Ss, andSf could not, therefore, be considered
meaningful for A75, nor was any other model found
appropriate for this residue. In summary, model 1 was
selected for 37 residues, model 2 for 14 residues, model 3
for 15 residues, model 4 for 3 residues, model 5 for 7
residues, and model 6 for 2 residues (Table 1). In general,
residues that required the fewest parameters to fit the
relaxation rate data (models 1, 2, and 3) were in regions of
R-helical structure and in loop 2, also called thehinge. The
most complex models (models 4, 5, and 6) were required
typically for residues in the Ca2+-binding loops, including
the â-strands (Table 1).

Dynamics of apo-S100B.The highest order parameters
(0.84-0.91, excluding Q71) in apo-S100B were found at
the very tight dimer interface (KD < 1 nM), an X-type four-
helix bundle formed by helices 1, 4, 1′, and 4′ (Figure 3,
panels A and B; Table 1). Very little internal motion was
detected in these helices, with nonzeroτe and lower order
parameters found only in Q71 (S2 ) 0.76( 0.03,τs ) 2 ns)
on a solvent-exposed edge of the region (Figure 3, panel B,
and Figure 4, panel B). Chemical exchange is detected along
one side of helix 1, withRex

600 > 1/s for V8, D12, H15, and
S18 (Figure 3, panel C, and Figure 4, panel C). These
exchange terms do not necessarily indicate backbone motion
but are likely introduced by interactions with the C-terminal
loop, which is nearby and exhibits significant exchange
broadening.

In the tertiary structure of S100B, residues with exchange
contributions are grouped around the mobile C-terminal loop
(Figure 4, panel C). Exchange is detected for all HSQC
correlations from the last turn of helix 4 (V80) to the
C-terminus at E91, and no correlations are observed for
residues H85, E86, and F87 due to exchange broadening.
Residues in the C-terminal loop can approach within a few
angstroms of E46 and K48 in the linker of the same subunit.
Broadening is observed for I47 to the point where relaxation
rates could not be measured. Furthermore, weak NOE
correlations are found between the amide proton of F88 and
side-chain protons of either E45 or E46, but these were not
used in the structure determination due to conformational
averaging in this region (Drohat, A. C., unpublished data).
No other NOE correlations were observed in the C-terminus,
which supports the idea that this region of the protein is
mobile on the chemical shift time scale.

Structural studies show that little or no change in
conformation occurs in the pseudo-EF hand (ψ-EF hand;
residues 18-31) upon binding calcium. In contrast, the
typical EF hand (residues 61-72) undergoes a dramatic
Ca2+-dependent change in the orientation of helix 3 to expose
a hydrophobic patch of residues (14, 20). Interestingly, helix
3 is the only helix with several residues having fast internal
motion (20< τe < 40 ps for Q50, E51, and E62;τe ) 800
ps for T59;τe < 20 ps for D54, V56, E58, and D61), and it
has the lowest mean order parameter of the four helices
(weighted meanS2 ) 0.84 versus 0.87, 0.86, and 0.87 for
helices 1, 2, and 4, respectively). The lowest order parameters
in helix 3 occur at its N- and C-termini (Q50, D61, and E62),
and internal effective correlation times are detected mostly
near the N-terminal end (Q50, E51, D54, and T59). Since
helix 3 undergoes the largest dislocation upon addition of
Ca2+, perhaps this rapid motion facilitates the conversion
from the apo conformation to the calcium-bound state.
However, the absence of chemical exchange in helix 3
suggests that the motion in the C-terminal EF hand does not
include the slower, large amplitude reorientation between
the apo and calcium-loaded conformations.

As with their structures, the dynamics of the two EF hand
Ca2+-binding loops are quite different. In theψ-EF hand
(S18-E31), 3 out of the 13 measured order parameters are
less than or equal to 0.8 (G22, D23, and K24), whereas 8
out of 11 measured order parameters (E62, D63, G64, D65,
G66, E67, C68, and Q71) meet that criterion in the typical
EF hand (D60-E72). In addition, rapid internal motion is
detected (τe > 20 ps) for only 6 of 14 residues (43%) in the
pseudo-EF hand (R20, G22-H25, and K28), as compared

FIGURE 3: Model-free results for apo-S100B(ââ) vs sequence
position. (A) Generalized order parameter,S2, encompassing both
fast and slow internal motions (S2 ) Sf

2Ss
2), (B) internal correlation

times, τe (black bars) orτloc (gray bars), and (C) exchange
contribution to nitrogen transverse relaxation at 61 MHz,Rex )
R2

measured- R2
0, calculated by fitting model-free equations to data

at both fields simultaneously. Asterisks (*) indicate residues too
severely exchange-broadened for measurement.
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to 8 out of 12 residues (75%) in the calcium-binding domain
of the typical EF hand (E62-C68, Q71; Figure 3, panel B,
and Figure 4, panel B). While both EF hands have low order
parameters in the center of the random coil portion of the
EF hand (pseudo, G22, D23; typical, E62-D65), the
â-strands show differences when the two Ca2+-binding
domains are compared. The three-residueâ-strand in the
lower-affinity ψ-EF hand (K26-K28) has higher order
parameters (weighted mean 0.82) than the corresponding
residues (E67-D69) of the typical EF hand (0.78), and the
pattern of order parameters in strand 1 does not parallel that
of strand 2. In theâ-strand of theψ-EF hand, a single low
order parameter follows two higher values (strand 1,S2 )
0.85, 0.84, and 0.76, for K26, L27, and K28, respectively).
In contrast, the corresponding segment of the typical EF hand
has two lower order parameters followed by a single higher
one (strand 2;S2 ) 0.76, 0.76, and 0.83 for E67, C68, and
D69, respectively). This can be explained by the antiparallel
alignment of the two strands in a smallâ-sheet, which brings
together the pseudo- and typical EF hands. It is likely that
the more mobile loop from the typical EF hand affects the
motion of its own strand as well as the opposing strand in
the sheet, as is also found for EF hands in the regulatory
domain of cardiac troponin C (47). Although L27 and C68
share hydrogen bonds, significant motion is detected only
at C68 (S2 ) 0.76, τs ) 600 ps), with little seen at L27
(S2 ) 0.84, τf < 20 ps). The motion of the sheet may

therefore be a twisting or rocking, centered roughly on the
L27 amide H-N bond. Such motion would not be reflected
in the L27 order parameter, but would be expected to affect
the C68 value, whose amide-hydrogen bond vector is
oriented about 20° differently than that of L27.

Loop 2, termed the hinge region and the C-terminal loop
are the least conserved regions of the S100 protein family
and directly interact with protein targets (22, 48). The hinge
is mostly a random-coil linker between the two calcium-
binding motifs, and yet structure refinement through the use
of dipolar couplings indicates that this linker is well-defined
in the calcium-free state (14). We have confirmed this,
showing that while order parameters in the hinge are lower
on average than in adjacent helices, they are not uniformly
so, and they are not as low as those observed in the calcium-
binding loops, nor are local effective correlation times
required to fit the data for the linker, except at K48 near
helix 3, which displays such motions scattered throughout
the helix. Although exchange is evident in this region at E46,
I47, and K48, this does not necessarily imply motion in the
loop. Rather, we propose that transient interactions with the
C-terminal loop may be causing the observed chemical
exchange because of the proximity and mobility of the
C-terminus (Figure 4, panel C). As mentioned earlier, some
weak NOEs have also been observed to support this.

Comparisons to Other EF Hand Proteins.Calbindin D9k

is the only other S100 protein that has had its backbone

FIGURE 4: Model-free results for apo-S100B(ââ) mapped onto its three-dimensional structure. (A) Order parameters are shown in the
stereo image on a gradient from blue (highS2) to yellow (low S2), (B) residues for whichτe > 20 ps are shown in red, and (C) residues
for which Rex > 1/s at 61 MHz nitrogen Larmor frequency are shown in green.
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dynamics analyzed using NMR relaxation data. Like S100B,
it has an N-terminal pseudo-EF hand and a C-terminal typical
EF hand, but it exists in solution as a monomer rather than
a dimer as found for S100B. Also, calbindin does not
undergo significant structural rearrangement on binding
calcium (49, 50), and its C-terminus is much shorter (by 11
residues) than that of S100B.

A comparison of order parameters between the calcium-
binding regions of apo-S100B and apo-calbindin reveals
some similarities, but in general, a more dramatic (10-15%)
decrease in order is reported for calbindin in these loops. In
calbindin, the minimum order parameter (S2) in the typical
EF hand is about 0.6, as compared to 0.73 for S100B. This
result occurs despite the higher temperature used for the
S100B study (37°C, as compared to 27°C for calbindin)
and despite that we used a value for15N chemical shift
anisotropy (-170 ppm), which would tend to give slightly
lower order parameters than would the value (-160 ppm)
used in the calbindin study (25). In contrast to S100B, the
linker of calbindin is reported to be quite mobile, with order
parameters as low as 0.5 for G42 and G43 (25). Interestingly,
the linker in calbindin is shorter by three residues than in
S100B, and for S100B there is a large rearrangement in the
linker when Ca2+ and target proteins bind (8, 22, 48). For
calbindin, the linker does become more ordered when Ca2+

binds. Finally, the ability of S100B to bind protein targets
is critically dependent on the C-terminal loop (51, 52). It is
likely that much of the dynamic character of this loop is
lost upon binding protein targets since exchange-broadening
effects are eliminated in this region when a target peptide
binds (22, 48). In contrast, calbindin does not have this
C-terminal extension, and it does not bind any known protein
target. Therefore, despite the similar characteristics of the
two EF hands in apo-S100B and apo-calbindin, the backbone
dynamics of the two proteins are different, as are their
functions, Ca2+-buffering for calbindin vs. signaling for
S100B.

Another protein containing the EF hand motif is skeletal
troponin C (sTnc). sTnC has two domains, each with a pair
of typical EF hands. The N-terminal regulatory domain
(sNTnC) binds two calcium ions sequentially, with dissocia-
tion constants of 1.7µM for site 2 (C-terminal) and 16µM
for site 1 (53). Upon binding calcium, sNTnC undergoes
significant structural rearrangement, with the largest change
of interhelical angle occurring between helices C and D
(equivalent to 3 and 4 of S100B), about 60°, to form an
“open” conformation. As for S100B, the open conformation
of TnC is poised to bind its target (54). Although sTnC is
not an S100 protein, its function as a signaling protein is
similar to that of S100B, binding a target protein in a Ca2+-
dependent manner. The dynamics of S100B, likewise,
parallel the dynamics of sNTnC more closely than those of
calbindin (55). The highest order parameters of sNTnC are
seen in all four EF hand helices with lower order parameters
in the Ca2+-binding loops. The short linker between the two
EF hands displays moderately low order parameters at
individual residues within the segment, but, as is the case
for S100B, no overall decrease in order is present, arguing
against extensive motion in this segment. Helix D of sNTnC
serves much the same role in target-binding as helix 3 in
S100B, reorienting to expose a hydrophobic patch upon

binding calcium. However, helix D of sNTnC lacks the
dynamical character of helix 3 of S100B.

CONCLUSIONS

S100B is a highly ordered protein with activated backbone
dynamics in regions of the protein related to its function as
a calcium-mediated signal transducer. Mobility in the
calcium-free Ca2+-binding loops is greater for the typical
EF hand, which changes conformation on binding calcium
in contrast to the “pseudo EF” or “S100” hand. This
characteristic is similar to other EF hand proteins such as
calbindin and TnC. Unlike calbindin, however, the hinge of
S100B is actively involved in binding target proteins in the
calcium-saturated state and was found to be relatively
immobile in the calcium-free state. In this way, S100B is
more like troponin C than calbindin. While small amounts
of chemical exchange were observed in the hinge region,
this exchange was attributed to the nearby motion of the
extended and solvent-exposed C-terminus of S100B. Further
studies to elucidate the dynamical contributions to the
function of S100B should now focus on the calcium-saturated
state, in the presence and absence of target.
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SUPPORTING INFORMATION AVAILABLE

R1, R2, and NOE values, and their uncertainties, measured
for apo-S100B(ââ) are available in two tables, S1 (14.1 T)
and S2 (9.4 T). This material is available free of charge via
the Internet at http://pubs.acs.org.
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