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Amide Exchange Shows Calcium-Induced Conformational Changes Are Transmitted
to the Dimer Interface of S100B

Nicole M. Marlatt and Gary S. Shaw*
Department of Biochemistry, The Umrsity of Western Ontario, London, Ontario, Canada N6A 5C1
Receied December 21, 2006; Reed Manuscript Receed April 17, 2007

ABSTRACT. S100B is a 21 kDa member of the S100 calcium-binding protein family. This protein comprises

a symmetric homodimer with each subunit having two EF-hands arranged fronafioglices (F1V).

S100B binds calcium and undergoes a conformation change leading to the exposure of hydrophobic surface
residues that enable the protein to interact with biological target molecules. The most significant structural
change that occurs during calcium binding results in a change in the orientation of helix Il with respect
to helices Il and IV. In this work, the calcium-sensitive conformational change has been studied by utilizing
fast'H—1N HSQC experiments and water-transfer methods to follow the amide exchange in apo-S100B
and Ca-S100B at 38C. In apo-S100B, the protection factors areorders of magnitude lower for

helix Ill than for helix I, I, or IV. In addition, the exchange stability measured here for the dimer interface
helices (I, 1, IV, and V'), in the absence of calcium, is similar to the stability obtained from chemical
denaturation experiments. When calcium binds, significant decreases in the protection factors for helices
I and IV indicate a modification in the stability of the dimer interface has occurred. In contrast, helix Il
protection factors increase slightly, which is consistent with a decreased level of surface exposure of this
helix. These data have been compared with those of the monomeric S100 protein, calbiniditillDstrate

that upon calcium binding there is a balance maintained between the amide exchange rates in helices Il
and lll, although largely the rates are dissimilar for each of these proteins. This distinguishing feature
may be important for the calcium-induced conformational change in S100B, where calcium binding is
transmitted to the dimer-forming helices.

The S100 proteins are members of the EF-hand calcium-S100B (3—17), S100A6 (8—22), and S100A11 Z3)
binding protein family. These dimeric proteins possess two indicate that these proteins undergo a significant conforma-
helix—loop—helix calcium-binding sites within each mono- tional change in site Il upon calcium binding, exposing
mer comprised of helices | and Il in site | and helices Ill several hydrophobic residues that are required for interaction
and IV in site Il, which are separated by an extended linker with biological targets (Figure 1). Studies of S100B indicate
region. In general, the S100 proteins are cell specific and that helices Ill and IV and the linker region between helices
have important roles in calcium signaling 2). For example, Il and Il are important for proteirprotein interactions24—
S100B controls the assembly of the cytoskeletal proteins 26), whereas in S100A10 and S100A11, helix 1, helix 1V,
tubulin (3—5), glial fibrillary acidic protein 6, 7), and and the linker region have been shown to interact with
vimentin @) in a calcium-sensitive manner. In addition, S100 annexin | and Il, respectively28, 27).
proteins have been implicated in disease processes such as A unique feature of the S100 proteins that distinguishes
Alzheimer’s 8, 9) and rheumatoid arthritisL(). In all cases, them from traditional EF-hand calcium-binding proteins such
the calcium-induced conformational changes and the mech-as calmodulin and troponin C is their ability to form both
anism of action of the S100 proteins appear to be different homodimers and heterodimers in vivo. Three-dimensional
from those of other EF-hand signaling members such as thestructures of several homodimeric S100 proteih3—22,
muscle protein troponin C1() and the multifunctional 28) have provided important details about the dimer interface
protein calmodulin 12). Three-dimensional structures of of these proteins, the most structurally conserved region in
the S100 proteins. Specifically, the interface is composed
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Ficure 1. Representative structures of an apo and calcium-bound S100 protein. The ribbon diagrams shown are bovine apo-S100B (left)
(17) and human Ca-S100B (right)§). For each structure, the two monomers are shaded differently and symmetrical helices in the dimers
are labeled accordingly (i.e., I'))] Comparison between apo-S100B (left) and Ca-S100B (right) reveals that calcium binding leads to a
reorientation of helix Ill.

This protein is shorter (75 residues), exists as a monomer,was synthesized by expressiorEacherichia colstrain N99

and has an-1000-fold higher affinity for calcium than other  using M9 minimal medium. The expression procedure for
S100 members3Q). The higher calcium affinity of calbindin ~ S100B results in a population of the N-terminal methionine-
Dy is required for the tight regulation of calcium concentra- containing protein that remains uncleaved. Purification of
tions in the cell. As a result, calbindingPundergoes only  *N-labeled S100B yielded a single band by gel electro-
minimal structural changes upon binding calcium, leading phoresis comprising three chemically different forms of
to a repacking of helices Il and IV rather than the large S100B. These have been identified and characterized as
conformational changes exhibited by proteins such as S100Bformyl-methionine S100B, desformyl S100B, and desme-
and S100A11. thionine S100B using both electrospray mass spectrometry

Detailed three-dimensional structures of calcium-binding and NMR spectroscopy().

proteins have provided insight into the way that calcium-  NMR Spectroscoppll NMR experiments were conducted
binding proteins respond to calcium. In addition, dynamics at 35°C on a Varian Unity 500 MHz spectrometer or an
studies can prOVide detailed information about the |nstab|||ty Inova 600 MHz spectrometer, each equipped with a trip|e_
and flexibility of a protein that may be important for their - resonance probe and z-field gradients. Sequential assignments
biological function. Several studies have examined the fast of apo-S100B and Ca-S100B were completed using standard
internal dynamics (picosecond to nanosecond) of EF-handyNCA (42), HNCO 43), HNCACB (44), and**N TOCSY-
calcium-binding proteins using®N and *C relaxation  HsQC @5) experiments. Sensitivity-enhancid—15N HSQC
measurement8(—37). These experiments have shown that gpectra 46) for apo-S100B were acquired using carrier
fast internal motions, especially in the calcium-binding sites, frequencies of 4.73%) and 120 ppm ¥N) and spectral
exist more in the calcium-free state than in the calcium-bound widths of 7000.4 and 1500.0 Hz, respectively. Similar spectra
state and may be a necessary property for the promotion ofyere generated for Ca-S100B by using carrier frequencies
calcium binding. However, very little information about of 4.68 ¢H) and 117.9 ppm*N) and spectral widths of
slower time scale motions (microseconds and slower) in 6999.7 and 1230 Hz, respectively. All spectra were processed
calcium-binding proteins provided by amide exchange with NMRPipe @7) using a cosine-squared function %iH
experiments is available3g, 39). These investigations may  and!*N to minimize artifacts in the spectra. Apo-S100B data
be particularly important for the S100 proteins to establish \vere forward predicted iff; to double the number of data
the mechanisms of calcium binding, the stability of the points, zero-filled to 4096 points i, and 512 points iffFy,
dimeric structure, and the flexibility of the helices. and baseline corrected. Ca-S108B—5N HSQC spectra

The work presented here uses amide exchange experimentgere processed in the same way, except thgt irero filling
measured by NMR spectroscopy to probe the residueto 1024 points was used.

accessibility and stability of human S100B in both the Sample Preparation for Amide Exchange Experimehts.
calcium-free (apo) and calcium-bound states. These are thel mM solution of*N-labeled apo-S100B in 50 mM KCl
first such experiments carried out on a dimeric S100 calcium- and a 90% HO/10% DO mixture was prepared at pH 6.96
signaling protein. Further, we have evaluated correlations Two-dimensionafH—1N HSQC @6) NMR spectra we.re '
found between our data and am_lde exc_har_lge rates measurePecorded using 16 steady-state transients, one transient per
for the monomeric 5100 protein, cz_alb|nd|_rbkl_139). Our increment, a recycle delay of 0.9 s, and 64 complex points
results show that the effects of calcium binding on S100B in t, for a total acquisition time of 156 s per spectrum. For
are transmitted to helices | and IV at the dimer interface of Ca-S100Ba 1 mM N-labeled S100B solution in 50 mMm
the protejn, indica}tivg of a direct link bgtween dimerization KCI. a 90% H0/10% DO mixture, and excess CaGhas
and calcium binding in the 5100 proteins. prepared at pH 7.20. NMR spectra were recorded using 16
EXPERIMENTAL PROCEDURES steady-state transients, four transignts per incremer!t,_a} recycle
delay of 1.0 s, and 32 complex pointstirfor an acquisition
Protein Labeling and PurificationExpression and puri-  time of 304 s per spectrum. Initial reference spectra of both
fication of human S100B were conducted as previously samples were collected in a 90%®10% D,O mixture.
described40). In short, uniformly'>N-labeled human S100B  The samples were lyophilized and rapidly redissolvedi® D
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at 35°C. The time required for mixing and placement of
the sample into the NMR spectrometer, prior to acquisition
for apo-S100B, was 110 s for the pH 6.96 sample. A total
of 42 spectra were then collected on this sample at@5

For Ca-S100B, preparation of the sample and placement

within the NMR spectrometer took 520 s, at which time the
first of 23 spectra was recorded.

Data Analysis for Amide Exchange Experimeribata
were analyzed using PIPP/STAP#8( or NMRView (49).

Marlatt and Shaw

ously 62) and found to be 2.074. Equation 2 was fit for
the normalized rate constanti,, using GraphPad (San
Diego, CA) Prism (Macintosh version 4.0a) and corrected
for water saturation effect$Q).

Exchange rates for amides that were below the detection
limit of the CLEANEX-PM experiments or disappeared prior
to the first amide exchange spectrum were approximated
using the method of Skelton and co-worke38)( This was
only the case for select residues in Ca-S100B as all residues

The first spectrum of each amide exchange series was pickedor apo-S100B could be measured by either slow amide
and identified. Subsequent spectra were automatically peak-exchange or the CLEANEX-PM method. Minimum observ-

picked in combination with complete chemical shift assign-
ments for human apo-S100B (S. Malik and G. S. Shaw,
unpublished experiments) or Ca-S10@B)( Each spectrum

able cross-peak intensities in the firdH—>N HSQC
spectrum collected after O addition were conservatively
estimated to have decrease@6-fold in the pre-acquisition

was visually checked for correctness during the peak-picking period, providing a lower limit for amide exchande,j of
process. The peak intensities, measured during peak-picking4.0 x 1072 s™* at pH 7.20.

were tabulated and fit for a single-exponential decay of the
form

—kt
e

1)

wherel, is the original peak intensity; is the intensity at

Iy

timet, andk is the amide exchange rate constant. In cases
where severe overlap of two resonances was noted from the

referencéH—N HSQC spectra, and where it became clear
that “fast” and “slow” rate constants were giving rise to the

Protection Factor CalculationsThe protection factors for
each amide were calculated from thg/ke ratio for the
measured exchangé.) and the calculated intrinsic rate
constant K.) (53). The intrinsic rates for S100B were
calculated using the equation

krc = kA,ref(ALAR)[D+] + kB,ref(BLBR)[OD_] +
K re(BLBR) (3)

decay, a sum of exponential curves was used to fit the Whereka s, Ksrer, andkw rer are the reference rates for acid,

data. NMR data processing was performed using Xcrvfit
(www.bionmr.ualberta.ca/bds/software/xcrvfit) on a Sun
Ultral0 computer.

CLEANEX-PM ExperimentsWater—amide proton ex-

base, and water catalysis, respectively, of a polyalanine
peptide under low-salt conditions amd, Ag, B., and Bg

are acid or base side chain specific correction factors. All
reference rates were adjusted to°85 the temperature used

change rates for both apo-S100B and Ca-S100B werefor backbone amide exchange experiments for both apo-

determined by the CLEANEX-PM metho81) at 600 MHz
using a 5.88 kHZH spin lock. Samples were made with 2
mM uniformly *N-labeled S100B in 50 mM KCl and a 90%
H,0/10% DO mixture prepared at pH 7.20. For Ca-S100B,
an excess of Caglwas added to the sample to ensure all
calcium-binding sites were occupied with this ion. Duplicate

data sets were acquired for apo-S100B using 64 steady-stat

S100B and Ca-S100B. Differences in protection factors
(APF) between calcium-free and calcium-bound S100B and
calbindin Dy proteins were calculated according to the
equationAPF = [log protection factor(Ca protein} log
protection factor(apoprotein)].

ll_(RESULTS AND DISCUSSION

transients, 64 transients per increment, a recycle delay of The three-dimensional structures of human apo-S100B (S.

2.0 s, and 64 complex points in. Reference spectra for
each sample were collected using the (CLEANEX-PM)-
FHSQC pulse sequencgl. A series of six spectra were
recorded for apo-S100B at mixing times,) of 5, 10, 20,

Malik and G. S. Shaw, unpublished), rat apo-S10QaB),(
bovine apo-S100BI(), rabbit apo-S100A610©, 22), human
apo-S100A328), rat S100A1%4), rabbit apo-S100A1156),

human apo-S100A4%6), and human S10057) have been

30, 40, and 60 ms. An analogous series was collected fordetermined using either NMR spectroscopy or X-ray crystal-

the Ca-S100B sample with the addition of three longer
mixing times of 80, 100, and 120 ms.
Data Analysis for CLEANEX-PM ExperimentPeak

lography. The structure of bovine apo-S100B in Figure 1 is
representative of these apo-S100 proteins comprising four
a-helices (F1V), two calcium-binding loops, and a linker

assignments and peak intensities were determined by theregion (between helices Il and 1ll) within each monomer.
same method previously described for the amide exchangeThe dimer interface in the S100 proteins is formed via an

data. Rate constants for exchangg)(were obtained by
using the following equations(l):

Ked (Rya T Kex = Ryg) x {€Xp(-Ryp7y) —
expl—(Ria T ked7il} (2)
wherel e is the peak intensity from the reference spedtra,

is the peak intensity at mixing timay, kex is the exchange
rate constant, ank, is a combination of longitudinal and

ref —

I

X-type bundle arrangement of helices | and IV from one
monomer with helices land IV of its partner. When calcium
binds, a conformational change in helix Ill in site I (Figure
1) occurs to facilitate binding of a variety of biological targets
(58).

Identification of Exchanging Backbone Amid€smplete
N and HY assignments for human apo-S100B (S. Malik
and G. S. Shaw, unpublished experiments) and Ca-S100B
(50) were obtained using standard triple-resonance experi-

transverse relaxation rates. The dependence of the watemental approaches. TRE—N HSQC spectrum of human

signal (i) on mixing time was measured using a one-
dimensional CLEANEX-PM experiment as described previ-

apo-S100B (Figure 2A) shows that 82 of 9H—5N
correlations are resolved. Multiple resonances for residues
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FIGURE 2: H—15N HSQC spectra of 1 mM®N-labeled recombinant human apo-S100B at pH 6.96 antiC3%ach spectrum is labeled

with the amino acid number and letter code. Multiple forms (formyl-methionine and desformyl-methionine, described in the text) are
indicated with connecting lines for S1, L3, K5, S41, H42, and F43, and the asterisk represents Met0. Spectrum A was acquired in a 90%
H,0/10% DO mixture immediately prior to deuterium exchange. Spectrum B was acquired after lyophilization of the sample used for
panel A, the sample being redissolved g and exchanged for 10 h at a constant temperature 9€3kach spectrum was acquired using

a single transient for 64 compléx points yielding an acquisition time of 156 s.

S1, L3, K5, and A6 in helix | and S41, H42, and F43 in the calcium to S100B clearly alters some exchange rates in the
linker region are noted in the spectrum. This multiplicity calcium-binding sites as residues in calcium-binding sites |
results from differential N-terminal modification of S100B (S18, L27, and K28) and Il (C68 and D69) are visible in
so that both formyl-methionine~60%) and desformyl-  Ca-S100B (Figure 3B) but are absent in the apo state (Figure
methionine ¢40%) forms of the protein are present in the 2B). Of these residues, L27, K28, C68, and D69 form a
sample 41). In this work, no distinction was made between portion of thes-sheet between the two calcium-binding loops
the exchange rates for the formyl-methionine and desformyl- of the protein.
methionine proteins since analyses of resonances for S1, K5, Amide Exchange Measurementd series of rapidly
and F43 for both forms yielded very similar rates. conducted™H—'N HSQC @6) experiments were used to

A series oftH—1*N HSQC spectra for human apo-S100B follow amide exchange in human apo-S100B and Ca-S100B.
were used to determine the individual amide exchange ratesFor example, at pH 6.96, the dispersion of th¢—1°N
for the protein at pH 6.96 and 3%. Figure 2A shows the  correlations in apo-S100B, shown in Figure 2, allowed the
IH—1N HSQC spectrum of the protein at pH 6.96 prior to amide exchange for 89 of 91 backbone resonances to be
exchange with BO. Upon lyophilization and rehydration  confidently followed for this protein usingH—1N HSQC
with D,0O, there is little observable change in resonance spectra measured as a function of time. Figure 4 shows
positions. Figure 2B shows the spectrum of apo-S100B afterseveral examples of amides in apo-S100B from different
a 10 h exchange period with,D. The 35 remaining regions of the protein as having very distinct exchange
resonances have slowed exchange rates and are all locatedroperties. The best-fit curves shown are typical of all the
in helices | (E4H15 and Y17), Il (L32-L40), and IV data acquired for both apo- and Ca-S100B, yielding rate
(F73—A83) and the linker (L44 and E45) of apo-S100B. No constants with a relative error of less than 5%. In apo-S100B,
resonances from amides in helix Il (Q5M61) or in Figure 4 shows that residues located in calcium-binding loops
calcium-binding loop | (G19E32) or Il (D61-E72) are I (K29) and Il (D69) have the fastest amide decay rates.
observed at the contour level showr1% original peak Significantly slower exchange is exhibited by residues in
intensity). These observations show that in apo-S100B therehelix 1 (Y17) and helix IV (A83). Though these residues
is a clear distinction in the amide exchange rates betweenare among the fastest exchanging amides in these helices,
residues in helices I, I, and IV compared to residues in helix their rates of exchange are easily discriminated from those

IIl and the calcium-binding loops. of residues in helix Il (V53).
A distinction in the amide exchange rates between residues For both conformations of S100B, residues that exhibited
in helices I, 1l, and IV compared to helix Ill is also found rates of exchange that were too fast to measure by tke D

for Ca-S100B (Figure 3). For instance, after exchange with exchange out method were measured at pH 7.2 using the
D0, resonances from helices | (EM7, L10, V13, F14, CLEANEX-PM method involving magnetization transfer
Q16, and Y17), Il (L32-E39), and IV (F73, M74, and F#6 from H,O to exchangeable protons in the protein. The rates
M79) are still observable after 2 h. One predominant feature of exchange measured by this method ranged between 0.2
of the Ca-S100B exchange rates is that several residues fromand 15.7 s!, covering ranges similar to those found for
helices | (A9 and 111) and IV (A75, V80, and A83) exchange human acidic fibroblast growth factor (6-23.8 s?) (59)

more quickly in this conformation than in the apo conforma- and the P43M mutant of calbindingl(0.1-90 s 1) (60). A

tion. Also, only one residue (E58) is visible from helix Il  total of 21'H—15N resonance peaks in apo-S100B and 7 in
in Ca-S100B, despite the large rearrangement of this helix Ca-S100B could be measured in the CLEANEX-PM spectra
with respect to the remainder of the protein. Binding of even with low mixing times of 10 ms. In apo-S100B, most
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FicurE 3: 'H—15N HSQC spectra of human Ca-S100B at pH 7.20 and@5Each spectrum is labeled with the amino acid number and
letter code. Multiple forms (formyl-methionine and desformyl-methionine, described in the text) are present for K5. Spectrum A was
acquired in a 90% kD/10% DB,O mixture immediately prior to deuterium exchange. Spectrum B was acquired after lyophilization of the
sample in A and after the sample had been redissolved@ dhd allowed to exchange for approximgtlh at 35°C. Spectrum B was

plotted at 4 times the vertical scale of spectrum A.

centered at L10/111 in helix | and F76/V77 in helix IV. These
are similar to the centers of these helices based on the three-
dimensional structures of apo-S100B5(17). These helices
have an average log protection factor-06.6. This corre-
sponds to an unfolding free energy 0.4 kcal/mol and
agrees well with that obtained via chemical denaturation (8.7
=+ 0.5 kcal/mol) based on effective monomer concentration
(62, 63). The unfolding free energy for apo-S100B is also
similar to that obtained from amide exchange data for other
well-behaved dimeric proteins such as Trp repressor (11.7
kcal/mol) ©4) and the DNA-binding protein Ssol0a (9.6
kcal/mol) 65), where the dimer interface is comprised mainly
of a-helical interactions. Examination of apo-S100B struc-
tures determined from NMR studied§ 17) shows that
: — residues within the plateau regions for helix | (A6, M7, L10,
0 100 200 300 400 500 600 111, V13, and F14) and helix IV (F73, M74, F76, V77, A78,
Time (min) V80, and T81) have more than 90% of their side chains
FIGURE 4: Analysis of amide exchange measurements. Peak Protected from solventl@, 62). This trend of buried side
intensities of selected amides from apo-S100B, plotted as a functionchains is conserved within other S100 proteins such as apo-
of time, after additionlof BO to the Iyophilized .protei.n. The plots  S100A11 65) and the X-ray structures of apo-S100A2B)
f‘h\c/’g"sdata for Y174) in helix |, K29 (W) in calcium-bindingloop 504 3n0-S100A620). In addition, these structures have
, (®) in helix 1ll, D69 (O) in calcium-binding loop II, and .
A83 () in helix IV. In each case, the series of measured peak régular networks of well-defined hydrogen bonds charac-
intensities were fit with a single-exponential decay curve as teristic of a-helices, including residues AG519 (helix I)
described in the text. and F73-T82 (helix 1V) in apo-S100B (A8 G21 in both
of the residues observed by CLEANEX-PM are found in .8100A3 and SlOOAG’.YFSHW in S100A3, and Y731.82
helix 1ll, the linker, and both calcium-binding loops. In n 8.100A6)' The leveling off of slow exchange rates near a
contrast, there are no CLEANEX-PM resonances observedhel'x cen_ter has beer_1 observed for several oth_er _protelns
in the site Il calcium-binding loop of Ca-S100B. (66_68).’ mqludlng helices | apd v from_ apo-calbmdlngp
Helices | and IV Form a Dimeric Unfolding Unit in Apo- (shown in Figure 5B)39), and is suggestive of a cooperative

S100B Protection factorsfl) were used to express the unfolding mechanism for the region composed of helices |

measured exchange rates as this corrected for influence§Ind _IV (r qnd V) in apo-SlOOB_. This_obsgrvation Is
caused by the solvent (temperature, pH, and ionic Strength)con3|stent with the slowest exchanging amides in apo-S100B

and the environment (sequence content) of the amide groupsP€iNg & result of both well-defined hydrogen bonds and

Figure 5A shows the protection factors derived from Puried contact surface$9). These regions also have the
measured exchange rates for apo-S100B at pH 6.96. Inhighest degree of order in apo-S100B as indicated°by
general, the log protection factors varied over a large range"elaxation studies3@).

(from 0.37 to>7.0). The graph shows two prominent plateau  Gradually decreasing protection factors for apo-S100B
regions are observed for helices | and IV in apo-S100B occur at the N- and C-termini of helices | (E&5 and Q16-

Relative Peak Intensity
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A, magnitude lower than those for helices | and IV in apo-
S100B. Helix Il shows a region of slow exchanging amides
that includes L35L40. On the basis of the structures of
apo-S100B 16, 17) and analogous X-ray structures for apo-
S100A3 @8) and apo-S100A62Q), these proteins have side
chains that are-90% buried in helix Il, including residues
L35, 136, and L40 in S100B. The N-terminus of this helix
(K29—E34) has much lower protection factors than the
C-terminus, although a network of hydrogen bonds extends
: between L32 and L40 in apo-S100B ending abruptly at both
RSN s XM [) 2 O [N e B N- and C-termini of this helix. This network of hydrogen
it T bonds is also observed in apo-S100A3 and apo-S100A6.
5S1B 1 I 1l v Also, on the basis of S100B structural data, the plateau center
of helix Il (N37/N38) is shifted by two to three residues from
the helix center (E34/L35). In apo-S100B, the lower protec-
tion factor of K29-E34 likely results from more facile access
to water based on the increased solvent accessibiibQo)
of residues K29, S30, K33, and E34. A comparison of the
stabilities of helix Il for calbindin B and S100B is shown
in Figure 5. In apo-calbindin §, helix Il has the highest
protection factors, indicating it is the most stable region of
the protein, compared to apo-S100B where helix Il has
protection factors at least 1 order of magnitude lower than

] ) . . those of helices | and IV. This subtle difference in amide
Ficure 5: Comparison of apo-S100B and apo-calbindya &mide h be indicati  differi les for heli
protection factors. (A) Amide protection factors as a function of €Xchange rates may be indicative ot differing roles for helix

residue number for apo-S100B measured at°@5 (B) Apo- Il'in apo-S100B (and other S100 proteins) and calbindipn D
calbindin Dy amide protection factors as determined by Skelton toward calcium binding.

and co-workers39). Both sets of protection factors were calculated .
using the measured rates and adjusted for the intrinsic rate as !N @P0-S100B, helix Il (Q56:D61) has the lowest
described by Bai et al6(). Error bars are shown for protection ~ protection factors of the four helices. A closer look at the

factors of apo-S100B when measured exchange rates were assocprotection factors in helix Il shows that they take on a
ated with an error of>5%. The sequence of calbindingDwas pyramidal shape, although residues K55 and T59 are

aligned on the basis of the similarity of its sequence to that of . .
S100B. Gaps within the sequence alignment of calbindinand anomalously low. These two residues have high surface

S100B are shown with a crookaehxis. Sequence alignments were ~accessibility, and the hydrogen bonds involving these two
completed with T-Coffee5). Residues that could not be measured residues are longer than the optimal length, possibly resulting
by amide exchange are represented with an asterisk above then the highest exchange rates within the helix. The pyramid-
unmeasured residue on each graph. Shaded areas on the two grapig, s e trend of protection factors having a maximum at M57
represent the position of the helices within the corresponding ..~~~ . LT . .

is indicative of an unstable helix with fraying at both its N-

protein. - Y . - .
and C-termini. This analysis is supported by the poor helical

G19), and IV (Q71, E72, and T8Z84). The apo-S100B properties of helix III! which has few_er hydrogen bonds and
structures 16, 17) reveal residues at the N-termini of these IS shorter (13t 1 residues) than helices I and IV. Helix Il
two helices (E2 and L3, and F70 and Q71) are not hydrogen also has_ the smallest bu_ned surface area of the four heh_ces
bonded. Similar trends of increased exchange rates toward?0ssessing only two residues, V56 and L60, that are buried
the ends of helix | (K7, G8, Al15, and K16) and helix Iv  to anchor this helix.
(E65, K71, and K72) have been noted for apo-calbindijn D Overall Effects of Calcium Binding on Amide Exchange
(39). In general, this behavior is consistent with a fraying of Rates.Protection factors were also used to express amide
these helices toward their endd6). The similarity of the exchange rates in Ca-S100B (Figure 6A). A large range of
exchange rates within each of the plateau regions, and theprotection factors was measured (from 0.21 to 7.21). In Ca-
increased exchange rates near the ends of these helice$100B, average log protection factors for helices | and IV
indicate that fraying of the helices does not proceed to the found at the dimer interface were 5.2 and 4.6, respectively,
helix center. ~2 orders of magnitude lower than that observed for apo-
Further comparison of apo-S100B and apo-calbindin D S100B. The decreased protection factors for helices | and
(Figure 5) reveals the protection factors in helices | and IV |V are accompanied by a small increase in the protection
in apo-S100B are nearly 3 orders of magnitude greater thanfactors for helix Il in S100B, resulting in a similar protection
those observed for the corresponding helices in apo-calbindinfactor average for helices I, Il, and IV in Ca-S100B. The
Dok (39), the closest monomeric EF-hand relative to S100B. trend for protection factors for helices 1, II, and IV for S100B
The higher protection factors found for helices | and IV in is in contrast to that for Ca-calbindinol) where helix Il is
S100B most likely result from interactions at the dimer the most stable helix in the apo (Figure 5B) and calcium-
interface among helices I, IV, and V', which are absent  bound states (Figure 6B). As with apo-S100B, helix IlI
in monomeric calbindin B. remained the least protected of the helices in Ca-S100B,
Mobility of Helices Il and Il in Apo-S100Blhe protection having protection values approximately 2.5 orders of mag-
factors @1) for helices Il and Il are 1 and 3 orders of nitude lower than those of helices I, Il, and IV.

Il 11 1Y

Log Protection Factor
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vV factor differences between apo- and Ca-S100B are illustrated
on the structure of Ca-S100B in Figure 7C.

The centers of helix Il in Ca-S100B and helix Il in Ca-
calbindin Dy undergo an increase in stability upon calcium
binding. This effect appears to involve the entire helix Il in
calbindin Dy, while in S100B, it is restricted to the five
central residues (K33N37). Interestingly, the C-terminus
of helix Il in S100B shows a decrease in protection factors
in the calcium-bound state. This is coincident with a small

AL increase in the accessible surface area in this region and the
80 90 adjacent linker region that is important for interaction with
biological targets in S100B, but not in calbindirD
51 BEE 1 [ v The most obvious difference between protection factors
5 for the apo and calcium-bound conformations is found in
helix 11l. Binding of calcium to S100B leads to slower amide
44 exchange for only one residue (E58) and more rapid
exchange for others, whereas in calbindigy,Dthe six
C-terminal residues (D54G59) of helix Ill experience an
2 increase in their protection factor. In S100B, this is ac-
companied by an increased level of exposure of many
residues in helix Il (Q50, E51, V56, and T59). This section
0144 AL il - of helix 11l has been shown to be critical for binding of target
L S proteins such as TRTK-12%) and Ndr kinase Z6). In
Residue calbindin Dy, a nearly opposite affect is noted. Most of helix

Ficure 6: Comparison of Ca-S100B and Ca-calbindigx Bmide - Lo
protection factors. (A) Amide protection factors as a function of lll (L46 —D54) undergoes a decrease in its level of exposure,

residue number for Ca-S100B measured af@5Error bars are ~ While only two residues at the center of helix Il become less
included with the protection factors of Ca-S100B when measured exposed. This is a result of repacking of helix 11l with helix
exchange rates were associated with an error>6%. (B) IV in calbindin Dy with little change in accessible surface
Ca-calbindin [3x amide protection factors determined by Skelton 5r05 This balance of protection factors between helices II

and co-workers39). The sequence alignment was completed and . .
represented as in Figure 5. Residues that could not be measure(f’f‘nd Il may provide a key difference between S100B and

are represented with an asterisk above the unmeasured residue of@/bindin Dy with respect to the manner in which each
each graph. Shaded areas on the two graphs represent the positioresponds to calcium. In S100B, the decreased protection

of the helices within the corresponding protein under these factors of several helix Ill residues in combination with
conditions. increased protection factors for a portion of helix Il, upon
calcium binding, result in differences between these helices
s . : X of more than 4 orders of magnitude in response to calcium
Helices Il and 1l To clearly define the impact of calcium e difference between positive bars in helix Il and negative
binding and the conformational change involving helix Il s in helix 111 (Figure 7A)]. In contrast, binding of calcium
for S100B, the differences in protection factors between apo- 4 calbindin Dy results in similar increases in protection
S100B and Ca-S100B were plotted (Figure 7A). These were taciors for both helices Il and Ill (Figure 7B) so that no net
compared to changes observed for calbindia(Bigure 7B), difference between these two helices is observed.

where repacking of helices Ill and IV is observed upon  The protection factors noted for S100B in helix I1l, upon
calcium binding. Despite significant differences in the caicium binding, are consistent with observations in other
structural response to calcium, and the absolute protectionproteins where a conformational change is required. For
factors between these two proteins, the Change in protectionexamp|E, |eghemog|0b|n70) and T4 |ysozyme Kl) each
factors upon calcium binding reveals some striking similari- have a helix (F-helix) that also undergoes a conformational
ties. For example, both proteins exhibit increased protection change upon ligand binding. In leghemoglobin, the F-helix
factors (-2 orders of magnitude) throughout calcium- displays more rapid amide exchange in the apo forf).(
binding site Il (S100B, N62D69). This results from an | jkewise, the L99A mutant of T4 lysozyme has faster amide
ordering of this site that brings the side chains of D61, D63, exchange{2) and mobility on the microsecond to picosec-
and D65 into position to coordinate the calcium ion. As a ond time scaleq1) in its F-helix. In the S100 proteins, it is
result, the amide protons for residues in site Il of Ca-S100B clear that helix Il undergoes the largest conformational
are directed toward the interior of the calcium-binding loop change (relative to the other helices) upon calcium binding.
away from the surface of the protein. In addition, S100B However, this structural change requires a significant repack-
and calbindin [ become more protected in thesheet ing to take place with helix Il. Thus, the protection factors
portions of both sites | (S100B, K28<28) and Il (S100B, of both helices Il and Il are affected by calcium binding in
E67-D69). This is likely a result of the shortening and opposing manners (Figure 7C). In support of this idea, Maler
increased planarity of a pair of hydrogen bonds between L27 and co-workers have noted that 69 contacts are modified
and C68 at the center of thfesheet. The only other residue between these helices>8 A) using distance difference
in site | having a significantly increased protection factor is matrices between apo- and Ca-S10@R)(

E21, which experiences ar30% decreased accessible  Calcium-Induced Conformational Changes Extend to the
surface area upon calcium binding. These trends in protectionDimer Interface.Four helices [I, 1, IV, and IV’ (Figure 1)]
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Ficure 7: Difference in protection factor\@PF) for apo and calcium conformations of S100B and calbindin (3) Bar graph showing
the changes in log protection factor chang&®F; see Experimental Procedures) for each residue upon binding of calcium to S100B. (B)
Difference in protection factors for Ca- and apo-calbindig. Dn both panels A and B, positive bars denote increased protection from
amide exchange for either Ca-S100B or Ca-calbindjn Dhe sequence alignment is identical to that shown in Figures 5 and 6. Residues
that could not be measured in either apo or calcium forms are represented with an asterisk above the unmeasured residue on each graph.
Shaded areas on the two graphs represent the position of the helices within the corresponding protein. (C) Ribbon diagram of Ca-S100B
(13) showing the differences in protection factorsRF) for Ca- and apo-S100B. On the ribbon structurdRPF of less than-1 (red)
specifies the residue is more protected in the apo state. AKBFaof >1 (blue) is used to show the calcium state is more protected. Other
residues that had small&PF values {1 < APF < 1) are colored gray.
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