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ABSTRACT. Human S100B4p3) is a small intracellular EF-hand calcium-binding protein that consists of
two noncovalently associated 91-resigeimonomers. The three-dimensional structures of S100B reveal
the dimer interface consists of foarhelices (I, | and IV, 1V') packed in an X-type bundle. In this study,
guanidine hydrochloride denaturation and dynamic light scattering were used to assess the impact of
single (L3A, L3S, M7A, 111A, F14A) and double (L3A/I11A and L3A/F14A) substitution mutations in
helix 1 on the stability and dimerization propensity of S100B. The free energy of unfoldiy) (of
wild-type apo-S100B was determined to be 72.4.0 kJ mot?, consistent with it being the most stable
calcium-binding protein to date. The order of stability of the mutants in their apo form is ST00BA

> L3S > [11A > M7A ~ L3A/I11A > F14A > L3A/F14A. Further, there is a strong correlation between
the stability and the cooperativity of unfolding. Each mutation proved to be more stable in its calcium
form compared to its apo form. The calcium-bound L3S substitution proved to be significantly more
stable than calcium-saturated S100B, whereas the L3A, 111A, and L3A/I11A mutants are only slightly
more stable than the wild-type protein. The F14A and L3A/F14A mutants are significantly reduced in
stability, even in the presence of calcium.

A large number of proteins bind calcium via pairs of the N-terminal EF-hand is composed of 14 amino acids, is basic,
helix—loop—helix motif called the EF-handL(-4). Like the and coordinates calcium by main chain carbonyls, except
well-studied examples of calmodulin, parvalbumin, and for the bidentate side chain of the loop’s last residue,
troponin C, many of the EF-hand calcium-binding proteins glutamate. The calcium affinity of this EF-hand is about
act as intracellular signal transducers by responding to5—10-fold lower than that of the C-terminal EF-har@),(
changes in calcium ion concentrations within the cell. The whose acidic, 12 amino acid loop more closely resembles
calcium-activated forms of these signaling proteins bind to the canonical EF-hand in both structure and mechanism of
target proteins to effect changes in cell growth, metabolism, calcium coordination via side chain carbonyls. In common
and motility. Human S10083) is a small intracellular EF-  with the other EF-hand proteins, the two EF-hands in S100
hand calcium-binding protein found primarily in glial cells.  proteins function as a pair, sharing a three-residue antiparallel
It consists of two noncovalently associated 91-resifue p-sheet. The second distinctive feature of the S100 family
monomers. The best-characterized biological role of S100B is that most of these proteins interact strongly with each other
is as a calcium-dependent modulator of cytoskeletal assemblyto form homodimers and, in some cases, heterodimers. One
and function 4). S100B has been implicated in causing or exception is the small (75-residue) monomeric protein
exascerbating the symptoms of Alzheimer’s dise&sesj. calbindin Dy, which acts as a calcium buffering protein
In particular, the formation of the neuritic plagques (neu- rather than as a signaling protein. Another is the frog protein
rofibrillary tangles of hyperphosphorylated tau protein) p26olf, in which dimerization has been replaced by the
characteristic of the disease is intriguing since the phospho-dimer-like packing of two covalently linked S100 protein-
rylation of tau can be regulated in a calcium-dependent |like domains, resulting from a gene duplication evelf, (
manner by S100B8g). 11).

S100B is a member of the S100 protein family. The 19 The role of dimerization in the function of the S100
members of this family are small {43 kDa), acidic, and  proteins is not yet clear, but two nonmutually exclusive
strongly conserved among vertebrates, and each is usuallyhypotheses have been offered. The first is that dimerization
restricted to one or a few tissue types-@). Two features  produces a pair of target binding sites (rather than only one)

of the S100 protein family set them apart from most other that are exposed in the calcium-bound form of the S100
EF-hand proteins. First, the two EF-hands within each S100 protein. A pair of binding sites in S100B allows the protein

monomer differ in their conserved sequence and mechanismgo modulate the activity of its target proteins, which
of calcium coordination. The loop of the “noncanonical” themselves are typically dimers (annexin VI) or tetramers
(p53) or are in equilibrium between soluble dimers and
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to extend the range of target proteins. The second explanatiordesired speed and temperature before scanning. Averaged
for the role of dimerization in S100 protein function is that absorbance measurements of 30 or 40 scans were taken in
it may modulate calcium affinity. This is exemplified by the 0.002 cm radial steps at wavelength 280 rm=(3400 M™*
1000-fold stronger calcium affinity for the monomeric protein cm™t). The partial specific volumes of the proteins were
calbindin Dy (Kp ~ 10 nM) compared to S1008K, ~ 10— calculated from amino acid composition datz5) The
100 «M). It has been demonstrated that the packing of the apparent molecular weights of L3A and L3S were calculated
hydrophobic core and the composition, length, and angle using programs supplied by Beckman.
between the helices flanking the calcium-binding loop have  Dynamic Light ScatteringThe apo protein preparations
profound effects on calcium affinityl@, 13). In S100 in 10 mM MOPS (pH 7.2), 50 mM KCI, 1 mM EDTA, and
proteins the dimerization scaffold is mediated by helices | 1 mM DTT were analyzed in a Protein Solutions (Charlot-
and IV of each monomer, the entering and exiting helices tesville, VA) DynaPro fixed angle photometer to determine
of the two calcium-binding sites. Thus, the helices involved their mass and hence oligomeric status.
in the dimerization of the S100 proteins may themselves lead Circular Dichroism Spectroscopfhemical denaturation
to modified calcium affinity due to their helix packing studies were performed using a Jasco J-810 spectropolarim-
arrangement. eter and following previously described metho@s)( For
Recently, three-dimensional structures of several S100€ach GuHCI concentration, the spectra from five scans
proteins (4—22) have allowed the dimer-forming helices (250—-200 nm) recorded at 2€25°C in a 1 mmpath-length
to be identified. However, there have been no attempts to cell were averaged, and the buffer background was sub-
identify the most critical residues and their energetic tracted. Individual stock solutions of all proteins were assayed
contributions toward formation of the dimer interface. Here in both their apo and calcium-bound forms. The apo proteins
we report the thermodynamic stability of several mutant Were prepared in 10 mM MOPS (pH 7.2), 50 mM KCl, 1
forms of S100B designed to address the importance of helixMM EDTA, and 1 mM DTT. The calcium-bound proteins

| toward dimer formation and calcium affinity. were in the same buffer except 20 mM Ca@hs substituted
for the 1 mM EDTA. Denaturation of each construct was
MATERIALS AND METHODS measured for at least two different protein concentrations

) ] ] ] differing by 5-fold. The final concentrations ranged from 2.2
Construction of MutantsMutations in helix 1 of human 5 26 4M with respect to protein dimer. Protein concentra-
S100B were constructed by PCR-based mutagen28)s (- tjons were determined by using the peak volumes for alanine
S100B DNA from bacterial expression plasmid pS88)(  and leucine from triplicate amino acid analyses performed

was used as a PCR template for the single mutants, whereagy the Alberta Peptide Institute.

pSS2-L3A was the PCR template for construction of the  njtial determination of the denaturation of each protein
L3A/I11A and L3A/F14A double mutants using the I11A \as made by overnight incubation in the presence of a series
and F14A forward primers. The PCR reverse primer was of concentrations of GuHCI ranging from 0 to 7.5 M in 0.25
5-CCTAGATCTTCATGTTCAAAGAACTCGTGGCAGGC- M increments. Stock solutions of 0é8 M GUHCI solutions

3" in all cases. Forward primers were L3A'{BAGAAT- were prepared in 10 mM MOPS (pH 7.2), 50 mM KCl, and
TCTGGAGGATTTTAAAATGTCTGAGGCTGAGAGG-3, either 1 mM EDTA or 20 mM CaGl Fresh DTT was added
L3S (3-CAGAATTCTGGAGGATTTTAAAATGTCTGAG- to a final concentration of 1 mM prior to incubation. The
TCTGAGAAGG-3), MT7A (5-AGAATTCTGGAGGA- 0.25 M increment series allowed determination of thgx
TTTTAAATGTCTGAGCTGGAGAAGGCCGCTGTGGCC-  and g, values that were used to calculate a linear region
CTCATTGATGTCTTCCAT-3), I11A (5-GAAGGCCATG-  of denaturation for each protein, which lies approximately
GTGGCCCTCGCTGATGTCTTCCA T-3 and F14A (5 between the intervals of 20% and 80% unfolding of the
GCAAGGCCATGGTTGCCCTCATTGATGTCGCTCAT-  protein 6). To better sample the linear region of denatur-
CAGTATTCAG-3). The PCR products were inserted into ation of each protein, a second GUHCI series of 0.1 M

pSS2 using standard molecular cloning techniques. Theincrements was constructed, either by adding fresh protein
sequences of the entire chlng regions of the recpnstructeqo the newly prepared GuHCI series or by appropriate mixing
S100B mutants were confirmed by DNA sequencing at the of protein samples from the 0.25 M increment series. In the
Robarts Research Institute (London, Ontario). latter case fresh DTT was also added. Both methods gave
Protein Expression and PurificatiokVild-type S100B and similar results.

the mutated proteins were expressed and purified from Data AnalysisUnfolding data obtained from CD experi-
Escherichia colistrain N99, as described previous4y. ments were analyzed using the program KaleidaGraph
All proteins judged to be greater than 99% pure, based on(Synergy Software) for Macintosh using the two-state
SDS-PAGE, were confirmed and further characterized by approach for dimeric protein®27, 28). Baselines prior to
mass spectrometry (UWO Biological Mass Spectrometry (Yg) and following (Yy) the unfolding transition were fitted

Laboratory). according to
Analytical Ultracentrifugation.Purified protein samples
were dialyzed into 50 mM Tris-HCI (pH 7.2), 50 mM KCl, Ye = ke[D] + b (1a)
1 mM EDTA, and 1 mM DTT. Sedimentation equilibrium
studies were performed in a Beckman Model Optima XL-A Yy = ky[D] + by (1b)

analytical ultracentrifuge using six-sector Epon charcoal

centerpieces in an AN-60 rotor. A variety of protein where [D] is the GUHCI concentratioks and ky are the
concentrations, rotor speeds, and temperatures were assayedlopes, andor and by are the intercepts. The fraction of
Samples were allowed to equilibrate for-134 h at the unfolded protein 4,y Was determined according to eq 2
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based on the two-state unfolding model described in the
Results section.

Yo— Yy
I:app = ﬂ (2)

The observed CD signal at 222 nif for each GuHCI
concentration was fit to eq 27), which describes unfolding
of the total concentration of dimeric proteify, in terms of
AG,, the free energy of unfoldingyp, the dependence of

AG, on the denaturant concentration, and the above param-
eters.

_ (Yy T k[D]) — (Yy + ky[DI)
Y, = X

© 4P,
expCAG, — my[D]) |2 N
RT
exp(-AG, — myD])| _ |2
8 u ™ My pyl -
RT
exp(—AG, — mo[D])] LY,k 3)
RT N Ficure 1: Ribbon drawing of the human €aS100B dimer. The
structure is an average of the ensemble of 20 conformers submitted
RESULTS as PDB file code 1uwol). The residues described in this study
. . . . are indicated by red stick representations of their side chains. Helices
Design of Mutations to Human S100Bhree-dimensional I, IV and I', IV’ are labeled on their respective monomers.

structures of a variety of S100 proteins are available from

NMR and X-ray crystallographic studied4-22). The  (29) The listed apo-S100 proteins have oblong dimer
structures show significant similarity at the dimer interface, jnterfaces (circularity values of 0.64.80) that become more
which is comprised of helices I; &nd IV, IV' (Figure 1). circular upon binding calcium (circularity values of 0:75
Representative of the S100 structures, helices | antbss (. 93). The gap volume index of each construct is less than
at an angle of 142+ 3° in human C&'-S100B, whereas  or oy slightly above the mean value of 2.20 A reported
helices IV and IV are more nearly antiparallel with an  for homodimers29). In both rat S100B and rabbit S100A6,
interhelical angle of 155+ 2° (14). Inspection of the  for which the gap volume index was measured for apo and
structure of C& -S100B shows that K5-A6 and ABS' are  caicium-bound forms, the increase in the index in the
at the bisection of helices | and About 56% of the side  c3icium-bound state suggests the dimer interface becomes
chain area of each A6 is buried at the interface. Closer |ggg tightly packed. The low gap index values of S100A6
approach and complete' burlal'of these tWO' residues isjndjcate that its dimerization propensity might be particularly
hindered by the bulkier side chains of M7 and'Mihd the  high  Nevertheless, while calcium binding results in a

steric hindrance and charge repulsion presented by K5 andsignificant reorientation of helix 11, it is accompanied by

KS'. . . ) <15% reduction in the dimer interface ASA (Table 1),
The three+—d|men3|onal coordinates of humaﬁf@&lO&)B indicating that the dimer scaffold is essentially maintained
(14), rat C&"-S100B (L5), rat apo-S100B1), bovine C&'- upon binding calcium. The percentage of polar residues at

S100B (7), bovine apo-S100B1), rabbit C&"-S100A6  the dimer interface is not very different from the generally
(19), rabbit apo-S100A620), bovine C&"-calbindin D opserved composition of polar residues in protginotein

(22), and bovine apo-calbindin dp (22) were used to interfaces and protein core3Q 31).

calculate the accessible surface area (ASA) for each protein.  pespite the numerous S100 structures available, the surface
Table 1 shows that the dimer interface ASA values range grea contribution of individual amino acid residue side chains
from 1110 to 1620 A The interface ASA values of 1480 g the dimer interface has not been previously analyzed. This
1500 & for rat and bovine apo-S100B are above the averageis shown for C&*-S100B in Figure 2A and is representative

of about 900 A expected for a homodimer of similar size  of the 5100 proteins. The dimer interface is formed by helix

(29). The relatively high planarity values of 43.6 A | (469 of total dimer interface area), helix Il (13%), and
indicate the monomers are wrapped around each otherejix |v (41%). The contribution of helix I to the dimer
consistent with a high dimerization propensi9). The interface is the focus of the present study because, aside from

reported average planarity values of a set of 32 nonhomolo-jts |arge surface area contribution, the changes in interhelical
gous homodimers is 3.46 A, whereas heterodimers havegngle petween helices | andare relatively minor, whereas
flatter interfaces with an average planarity value of 2.80 A pejix |y undergoes more significant structural changes when
calcium binds {4, 18, 32). Four residues selected for

) 1Ab_breviations: Cé*-S_lO_OB, calcium-saturated S100B; CD, circular  substitution (L3, M7, 111, and F14) have large side chains
dichroism; DLS, dynamic light scatttering; GUHCI, guanidine hydro- 45t form a hydrophobic face on one side of helix I, as shown
chloride; AG,, free energy of unfolding in the absence of denatur- . . . I ’ .
ant; PPl Server, ProteirProtein Interaction Server (www. N the helical wheel (inset) in Figure 2A. L3 makes the single
biochem.ucl.ac.uk/PP/server). largest contribution to the dimer interface (12% of the total




3640 Biochemistry, Vol. 41, No. 11, 2002 Ferguson and Shaw

Table 1: Summary of Dimer Interface Properties of S100 Prdteins

interface planarity % polar residues gap volume
protein ASA (A2)p (A)e circularity? in interfacé index (AY

human C&"-S100B (1uwo) 1110 (17) 43 0.93 24 2.38

rat C&"™-S100B (1qlk) 1200 (16) 4.9 0.75 19 2.59

rat apo-S100B (1b4c) 1400 (20) 5.0 0.64 20 1.99
bovine C&™-S100B (1mho) 1340 (22) 4.8 0.89 22 ND
bovine apo-S100B (1cfp) 1540 (25) 4.5 0.71 24 1.15
rabbit C&"-S100A6 (1a03) 1540 (24) 5.4 0.93 17 1.19
rabbit apo-S100A6 (2cnp) 1620 (27) 5.6 0.80 26 0.53

@ The proteins were submitted to the ProteRrotein Interaction Server (www.biochem.ucl.ac.uk/bsm/PP/server/) using the structural coordinates
of the listed PDB codes. For most of the NMR-derived coordinate sets, the “most representative” conformer was analyzed by the PPI server. An
unpublished average structure of the 20 conformers of PDB code 1uwo was analyzed. The structure coordinates of human apo-S100B have not
been determined. Definitions and more detailed explanations of the interface parameters may be found at the PPI Server websig2ariha ref
listed ASA values are those that each monomer contributes to the dimer interface. Numbers in parentheses indicate the percentage the interface
represents of the monomer’s total surface atédanarity is an index measure of the rms deviation of atoms forming the dimer interface from a
best-fit plane. The larger the value, the less planar the interfa@iecularity is the axial ratio of the dimer interface (i.e., length/breadthjcludes
charged and uncharged polar residi@he gap volume index, a measure of the complementarity (tightness of packing) of the dimer interface, is
calculated by the PPI Server by dividing the gap volume by the ASA contribution of both monomers to the interface. The Server could not calculate
the gap volume index from the structural coordinates of 1mho.

Lo
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FIGURE 2: (A) Histogram of the ASA contribution of each residue side chain of the hum&hE&E0B monomer to the dimer interface

ASA. The side chain ASA values shown are of the average structure obtained from the 20 conformers of the NMR structure (PDB file code
1luwo). Since chains A and B in each conformer were not constrained to be identical, the average values are of 40 highly representative
structures. The residue side chain contributions to the dimer interface were calculated by the—Proteim Interaction Server. The
secondary structure elements are identified below the protein sequeduelix (solid bar) and3-sheet (open box). The helical wheel
projection shows that the four residues mutated in this study (circled) form a discrete hydrophobic face in helix I. (B) ASA contribution of
each residue side chain to the intramonomeric interface between the N- and C-terminal halvés®1@. Chain A of the average
structure was split between Glu45-Glu46 (arrow), and the two halves were submitted to the PPI Server for analysis.

ASA), contributing the equivalent of the entire side chain to contributes less, and F14 (0%) appears to make no direct
the dimer interface (Table 2). Of the remaining helix | contribution to the dimer interface.

residues, M7 makes the next largest contribution to the dimer It is well recognized that within the S100 family (including
interface (6.3% of the interface ASA), whereas 111 (1.8%) calbindin D) the residues corresponding to F14, F70, and
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Table 2: Side Chain Surface Area Contributions and Molecular Mass Determination of S100B and Mutants

buried side chain surface area3fA

dimer interface monomer fold molecular mass measurements

protein apo Ca apo Ca predictga) MS (Da) DLS (kDa)
S100B 21426 ND 28.0+ 1.6
L3S 110 137 0 0 21374 21374 28i41.9
L3A 110 137 0 0 21342 21374 3052.3
M7A 94 73 5 4 21306 21044* 264 2.6
111A 69 21 11 18 21342 21342 24412.2
F14A 28 0 70 90 21272 21272 22433.4
L3A/I11A 179 158 11 18 21258 21258 ND
L3A/F14A 148 137 70 90 21190 21190 ND

aThe side chain surface areas buried in the dimer interface or in the monomer fold (between N- and C-terminal halves, by the procedure used
to generate the data in Figure 2B) for rat apo-S100B (PDB code 1b4c) and hufiaB1¥B (PDB code luwoY.The predicted molecular mass
of the dimer is based on the nucleotide sequence with the assumption that MetO, which normally is removed, is retained in the overexpressed
protein.© The mass spectrometry (MS) results are of the predominant species in pure protein preparations which were not uniformly processed to
remove theN-formyl group or Met0. Typically,>80% of each preparation retained Met0O, except for apo-M7A (indicated by an asterisk) in which
over half of the preparation had MetO removed. The mass spectrometry results of the apoproteins are multiplied by 2 to yield the dimer molecular
masses listed! Relative molecular masses from dynamic light scattering (DLS) studies of the apoproteins in the absence of denaturant. Molecular
mass values were calculated by the Protein Dynamics analysis software using the standard conditions MW curve. The molecular mass values are
the means of triplicate readings, with background light scattering subtracted.

F73 in S100B all interact strongly to form the foundation L m—
for the hydrophobic core in the monomet4( 33). To
distinguish between inter- and intramonomeric contacts in
S100B, the ASA between the N- and C-terminal halves of
the protein were analyzed, and the results are shown in Figure
2B. The total interface area between the two heloop—

helix sites of the protein is 9002AIn contrast to its dimeric
fold contribution, L3 makes little contribution to the intra-
monomeric fold. Likewise, M7 makes only a small contribu-
tion to the hydrophobic core of the monomer (3 &vhereas

I11 makes nearly the same contribution (18) Ao the
intramonomeric fold as to the dimer interface. F14 contrib- 25
utes 90 & to the monomer core, consistent with its important 200 210 220 230 240 250

role in maintaining the calbindin foldLd, 33). Although F14 wavelength (nm)

does not contribute directly to the dimer interface, this residue FﬁG)UE(E) féla%g Stﬁicct;rg gf g?:‘t?r :Fc))?t;?er rgtsh :rf rﬁﬁ?a%.tg(g:‘edn';%iﬁown
was selected for muta'g.ene5|s. to tgst !ts effect's on m°’.‘°me but their curvés are sirr?ilar to those shown and lie between thé
structure and the stability of dimerization, particularly since 5p0-5100B and apo-F14A curves. The solid line is apo-S1008B in
the corresponding residue, F10, in calbindis 3 one of the presencefd? M GuHCI.

the hydrophobic core residues that contributes most toward

thermodynamic stabilityd3). Furthermore, yeast two-hybrid ~ The molecular masses for the L3A and L3S proteins were
experiments with human S100P have suggested that themeasured by sedimentation equilibrium analysis, where
corresponding residue, F15, is directly involved in the dimer similar concentrations of protein yielded values of 24
interface 84). The double mutants L3A/I11A and L3A/F14A 0.5 and 21.1 1.0 kDa, respectively, confirming the dimeric
were designed to test for cooperative interactions betweenstate of these proteins (data not shown) and indicating that

T T

TTTr T T

T T

[9]222 (deg cmédmol’ ) x 10°

L3 and either 111 or F14. the DLS technique tends to yield higher than expected
Folded State of S100B Mutantsluman S100B is a  molecular mass estimates for these proteins.
noncovalent dimer at concentrationd uM. However, it is Mechanism of Unfolding of Mutant Apo-S100B Proteins.

possible that mutations made at the dimer interface (L3A, Circular dichroism spectra of some of the apo-S100B mutants
L3S, M7A, I111A) or integral to the monomer fold (I11A, studied are shown in Figure 3. All spectra displayed minima
F14A) could disrupt dimerization. To determine the oligo- at 6,03 and 6222, Which is typical of a largely-helical fold
meric nature of each S100B protein, the mutants were and consistent with the three-dimensional structures of
assessed by dynamic light scattering experiments in theseveral S100 proteinsl4—22). The difference ind,y, for
absence of calcium. The almost spherical shape of the S100Bhe substitution mutants is negligible, suggesting that re-
dimer (54 Ax 51 A x 41 A) (14) should make it well suited  placement by alanine, a strong helix-forming residue, makes
for this approach. As shown in Table 2, the apparent little difference in thex-helical content or helix interactions
molecular masses for S100B and the substitution mutantswithin this group of proteins. In the presenderavl GuHCI

are close to those expected for dimers. The apparentthe CD spectra of apo-S100B and its mutants sl
molecular mass values derived from DLS are very similar values close to zero (Figure 3). This observation indicates
for S100B, L3A, and L3S but are a little higher than that the protein is denatured and has minimahelical
expected, whereas there is a trend of decreasing apparerstructure remaining. Similar results have been obtained for
molecular mass values going from M7A to I11A to F14A. other calcium-binding proteins in the presence of high
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. . . FiGURE 5: GuHCI denaturation profiles of wild-type S100B and
5'86 ZREI\/I4dirS eurH(gI)-lgggc?)e(; Oﬁré?rt#éﬂg? %x;vgfofgfaﬁq%fsﬁgg at its mutants using the background-subtracted CD signal at 222 nm.
eIIi.ptféity values of the .p/;toteins as a.function of the GUHCI (A) The apo proteins, with their concentration in dimeric form, are
concentration. (B) Plot of the fraction unfoldéh,, of apo-S100B 1IE\;/i4I\//Il$AAS(1A(;OIi6%)’ ﬁﬂsiifkﬂ(:gp\l(l.%’ ﬂ);fm L(?g (1DA?’616|\./I2

as a function of GUHCI concentratioRep, Was calculated using llfSA/IllA (Aj aﬁdﬂla 6uM L3A‘/F1.4A{t ). (B) e ca.lcipltjm-

eq 2 as described in Materials and Methods. Fitting of these data g -2iq proteins, with the same symbols as in panel A, have dimer

yielded midpoints of 3.26: 0.01 M (©) and 3.00+ 0.01 M @). 5 centrations of 7.2M S100B, 11.4¢M L3A, 12.9 uM L3S,
_ _ 15.3 uM M7A, 13.6 uM I11A, 17.4 uM F14A, 11.94M L3A/
concentrations of chemical denatura6,(33, 35, 36). 111A, and 16.7:M L3A/F14A.

Unfolding of dimeric proteins by chemical denaturant
methods is usually depicted as a three-step process (eq
whereby the folded dimer gFdissociates to form a folded
monomer (F), followed by production of an unfolded
monomer (U). Dynamic light scattering and sedimentation

alower GUHCI concentration. This observation is indicative
of a concentration dependence on the unfolding profile. In
the case of the S100 proteins studied here it shows that the
reaction is bimolecular and cannot result from the unfolding
of a folded monomer (F) to its unfolded state only. The
K, K, smooth transition observed during the unfolding reaction
F,=2F=2U (4) therefore shows no evidence of a folded monomeric inter-
mediate (F). This approach, which is similar to that used for
equilibrium experiments of apo-S100B and the mutant the unfolding of other dimeric proteins2q, 28), was
proteins indicate that they are in the folded dimeric state simplified to a two-state process (eq 5), whégis the
(F). In the presence of GuHCI the proteins exhibited CD unfolding equilibrium constant.
spectra characteristic of the unfolded monomeric state (U). K
GuHCl-induced denaturation of the apo-S100B proteins was F, =92 (5)
monitored using’zz, as a measure of folded and unfolded
protein present. Figure 4A shows a representative chemical The unfolding profiles of apo-S100B and the mutants are
denaturation profile for apo-S100B over a range of GUHCI shown in Figure 5A. In each case a smooth transition for
concentrations. As the GUHCI concentration increases, theunfolding was obtained. The data show that the midpoints
protein exhibits a single transition from the folded dimer to of the curvesCy, range from about 3.2 M for apo-S100B
the unfolded monomer. Chemical denaturation of the S100to near 1.3 M for the L3A/F14A mutant. By visual inspec-
proteins is completely reversible since profiles of freshly tion, the apparent order of stability of the mutants is apo-
denatured proteins are indistinguishable from those whereS100B> L3A > L3S > I111A > M7A ~ L3A/I11A > F14A
the denatured protein was dialyzed to remove GuHCI, > L3A/F14A. For quantitative comparison of the stabilities,
reconcentrated, and reanalyzed in a second GuHCI denaturthe CD data in Figure 5A were analyzed in termsAds,,
ation series (not shown). Further, the denaturation of apo-the free energy of unfolding, amt,, the dependence &G,
S100B and all mutants, monitored at differing concentrations on the denaturant concentration. The results are shown in
of protein, yielded observable differences in the denaturation Table 3.
profiles (Figure 4B). In each case the midpoint for denatur-  In the absence of calcium, wild-type S100B is the most
ation, Cy, of the lower protein concentration was shifted to resistant to denaturation, as expected. However, a wide range
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Table 3: Free Energies of Unfolding for Apo and Ca Forms of S100B and Its Mutants

apo calcium saturated
mp? CwP° AG® AAG? mp? CwP AAG
protein (kJ moFrt M1 (M GuHClI) (kJ mol?) (kJ mol?) (kJ moFt M1 (M GuHClI) (kJ mol?)

S100B —13.94+1.3 3.2 72.4£ 4.0 0.0 —44+1.0 4.6 0.0
L3A —14.6+ 1.6 2.7 67.4+ 4.6 -5.0 —6.6+ 1.3 3.7 2.2
L3S —13.8+1.3 2.4 60.8+ 3.7 —11.6 -9.6+1.2 3.2 8.0
M7A —10.84+ 2.8 2.2 50.4+ 6.6 —22.0 —-5.7+0.7 3.6 —2.7
111A —11.5+1.2 2.3 55.2£ 2.9 —17.3 —6.0+£1.0 4.2 4.5
F14A —-8.1+15 1.8 40.9+ 3.5 —31.5 —4.54+0.6 2.3 —14.3
L3A/I11A —11.9+1.6 2.1 51.1+ 3.6 —21.3 —-74+17 3.3 3.2
L3A/F14A -7.0+1.2 1.3 351+ 2.7 —-37.4 —-34+1.2 1.7 —21.6

aThe slopem, is a measure of the cooperativity of the unfolding reactiéi,, the concentration of GUHCI at which the protein is 50%
unfolded.® The Gibbs free energy of unfolding in the absence of denaturantAGyevalue is not calculated for the calcium-saturated proteins, for
reasons discussed in the tekAAG,, the difference in stability of the apo or calcium-saturated form of the protein compared to the apo-S100B or
C&*-S100B protein, wherdAG, = AG,™ — AG,".

of stabilities was observed from 72.4 kJ mbfor the wild- Similar to their apo forms, the least stable species are F14A
type protein to 35.1 kJ mot for the L3A/F14A double and L3A/F14A, although the effects were not as dramatic.
mutant. Whereas all sites of mutation tested the effects of For example, L3A/F14A is less stable compared to the wild
replacement by alanine, a serine replacement was also testetype by 37.4 kJ mof* in the apo state and by 21.6 kJ mbl
at position L3. The L3S mutant protein shows a significantly in the calcium-bound form. In contrast to the additive effects
reduced stability relative to the pare®AG, = —11.6 kJ observed in the apo states, the double mutants L3A/I11A
mol™Y) and compared to L3A6.6 kJ mot?). The AAG, and L3A/F14A exhibitAAG, values either intermediate or
values of the two double mutations are close to the additive significantly greater than predicted, based on the two single
values of the individual mutations, suggesting there is no mutants. For exampleAAG, for L3A (2.2 kJ mot?') and
cooperative effect between the L3A mutation and either the 111A (4.5 kJ mot?) lie on either side of thAAG, observed
I11A or the F14A mutation. The slopes of denaturation for the L3A/I11A mutant (3.2 kJ mol). However, it is clear
curves,mp, vary by more than 2-fold from 14.6 kJ maél that the general stabilizing abilities of these mutations are
M~ for L3A mutant to 7.0 mol* M~ for the L3A/F14A maintained. Conversely, the decrease in stability of the L3A/
double mutant. Similar differences in slopes have been F14A mutation AAG, = —21.6 kJ mot?) is significantly
observed in mutational analysis of apo-calbindig [33). greater than expected for the additive effects of the desta-
Stability of Calcium-Saturated S100B Mutant Proteins. bilizing F14A mutation 14.3 kJ mot?!) and the weakly
The stability of the S100B proteins was also assessed in thestabilizing L3A mutation (2.2 kJ mot). This trend is more
presence of a large excess of calcium. As with the apo difficult to reconcile but indicates that the destabilizing ability
proteins, the unfolding of the calcium form can be ap- of F14A is the more dominant property in the protein.
proximated as a two-state transition, as shown in eq 6. Since The slopes of the unfolding curves for the calcium-bound
‘ cn protein varied from 9.6 kJ mot M~ for the L3S mutant to
FZCa4<—U’— 2U + 4Ca (6) 3.4 kq mqfl M~1 for L3A/F14A. In general, these value§
are significantly lower than observed for the apo proteins
but are similar to slopes obtained for unfolding of other

the reported calcium dissociation constants for S100B areIoroteins in the calcium-bound stat26f and are consistent

betvx_/een 10 and 5aM (9), a 400-fold molar excess of with the greater stability of calcium-saturated EF-hand
calcium was used to ensure that th&€&, species was the .
. . . . proteins 83, 36).
only calcium-bound species populated during the unfolding
reaction. This allows the unfolding of the mutant proteins pscussioN
to be studied with respect to the parent proteh\G,).

However, direct quantitative comparison Af5, with the Site-directed mutagenesis studies have been used exten-
apo forms is not feasible since the total calcium concentration sively to study EF-hand calcium-binding proteins such as
[Ca] influences the calculation of the absolute value\@,. calmodulin, troponin C, and calbindingp) Several studies

It general, the unfolding profiles for the calcium-bound have analyzed the impact of mutations to specific residues
proteins were shifted to higher GuHCI concentrations (Figure at the calcium-ligating positions in the calcium-binding loop
5B), consistent with an increased stability of the calcium on the calcium affinity, structure, and stability of these
forms of the protein with respect to the apo proteins. This is proteins. For example, it has been observed that replacement
reflected in the general trend of higher midpoints for of the acidic ligating residues in site Il of troponin G7
denaturation. For example, ti@&, for S100B increased by  38), sites | and Il of calbindin B (39), and parvalbumin
1.4 M GuHCI upon addition of calcium. However, smaller (40) can decrease calcium affinity by more than 100-fold.
changes were observed for other mutants. The results showrAn EF-hand is more than just its €abinding loop, since
in Table 3 indicate that, unlike the apo proteins, there are the flanking helices in the EF-hand can also have a dramatic
mutant proteins with increased stability, whereas others haveeffect on calcium affinity, as has been demonstrated by
decreased stability compared to the wild-type protein. In mutational analyses of these helic&g,41). Elegant studies
particular, the mutants L3S, L3A, I111A, and L3A/I11A are by Kragelund et al. X3) and Julenius et al.3@) show that
more stable than wild-type S100B by as much as 8 ki'tnol  residues comprising the hydrophobic core of calbindip D
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also have significant effects on calcium affinity even though L6 and F10 in the analogous helix result in decreased stability
these residues can be far removed from the calcium-binding(33). The values oAAG, for the single site mutations (L3A,
loops. The current work takes a first look at the importance L3S, M7A, I11A, and F14A) range from5.0 (for L3A) to
of hydrophobic residues toward the stability of the calcium- —31.5 kJ mot* (for F14A). For apo-S100B these observa-
binding protein S100B. Unlike calbindin o S100B is tions are also additive since the double mutations studied
dimeric, and the current work examines residues at both the(L3A/I11A, L3A/F14A) haveAAG, values near the sum of
dimer interface and the hydrophobic core of the constituent the individual mutations, indicating that these mutations do
monomers. not act synergistically to destabilize the protein. This is
Thermodynamic Stability of Human S100Be stability consistent with the three-dimensional structures of S100
of human apo-S100B was measured by GuHCI denaturationproteins that show there is little or no interaction between
in the present study, yielding &G, of 72.4 kJ mot?. This residues corresponding to L3, 111, and F14 in the structures
value is significantly higher than the 2®0 kJ mot? range (14-22).

typically observed for soluble monomeric proteid®)(and On the basis of dimer surface area, L3 is nearly completely
is greater than the stability of other EF-hand calcium-binding buried and makes the largest ASA contribution to the dimer
proteins such as troponin C and calmodul,(35, 36) in interface. However, the L3A or L3S mutations have the
which intact proteins or EF-hand domains ha\@, values smallest observed effects on the stabiliy5.0 and—11.6
ranging from 8 to 65 kJ mot. Furthermore, the\G, for kJ mol?, respectively. In a tightly packed interior with no

apo-S100B is more than twice that of its monomeric relative solvent accessibility, a Leu to Ala substitution results in a
apo-calbindin [k (27 kJ mol?) determined by urea dena- AAG, of about—19 4 8 kJ mol? in barnase45), a value
turation B83). A portion of this difference may be attributable that is close to observed stability decreases of Leu to Ala
to the use of different denaturants between the studies. Insubstitutions in the core of calbindinX33). However, the
support of this, two reports show that th&s, obtained by effects on the hydrophobic core (and ultimately on the
GuHCI denaturation of calcium-binding proteins is higher stability of the protein) of reducing the side chain surface
than that obtained by urea unfoldir®f( 36). However, apo- area of a residue by mutation depend on the whether the
S100B is resistant to complete unfolding by urea (data not core is rigidly packed or has some side chain mobility
shown), precluding this comparison. The higher stability of allowed @5—47) and whether the side chain is completely
apo-S100B compared to calbindiryDikely results from a buried or partially solvent accessiblé7j. An explanation
greater buried hydrophobic surface area at both its dimerfor the small changes INAG, for L3A and L3S is provided
interface and the hydrophobic core of its constituent mono- by the I3A mutation in T4 lysozyme in which a similar sized
mers. Apo-S100B has about 1400500 A of buried surface  side chain reduction leads to gri 3 kJ mot?! decrease in
area from hydrophobic residues at the dimer interface (Table AAG, (47). The small decrease in stability is a result of the
1) and another 900 %buried by each monomeric half subunit  increased dynamics of residues near the amino terminus of
as the N- and C-terminal EF-hands pack against each otherthe helix and partial solvent accessibility of the side chain,
This latter value is similar to the buried surface area of 990 particularly since it is near the periphery of the hydrophobic
Az for the interface between EF-hands 1 and 2 of calbindin core of lysozyme. A similar effect is likely occurring in apo-
Dok (43). Both proteins have similar buried surface area S100B for the L3A mutation. In support of thi$®N
within each EF-hand. Thus, the dimer interface accounts for relaxation experiments show little mobility of the backbone
much of the difference in buried hydrophobic core residues (48) while amide exchange experiments (unpublished data)
between S100B and calbindingD This more extensive  indicate that this region is more exposed to solvent that other
hydrophobic core in S100B and the resultant increased helical sections in S100B. Consistent with this interpretation,
stability are consistent with the evolution of oligomeric sequence alignment of S100 proteins shows that shorter side
proteins, which are generally more stable than their mono- chain residues such as Ala, Thr, and Met are also found at
meric counterparts4d). position 3. Together these indicate that, despite its apparent
Dimer vs Monomer Stabilizing Residuesnalysis of the burial in S100B, Leu3 is not a critical residue for dimer
dimer interface for S100B shows an extensive network of maintenance.
hydrophobic interactions along helix | (L3, A6, M7, L10, The largest single effect on the stability of apo-S100B
111). It seemed logical to use the burial of hydrophobic side results from the F14A mutation in whichG, decreases by
chains as the criterion for selection of amino residues to nearly 32 kJ moil. Despite the>40% decrease in stability,
mutate in order to probe this interface. This might be the F14A protein is able to dimerize. TRAG, of F14A is
expected to disrupt the dimer, perhaps leading to either foldedvery similar to results for the corresponding mutation (F10A)
or unfolded monomeric units. However, dynamic light in calbindin Dy where a decrease in stability of about 20 kJ
scattering and sedimentation equilibrium experiments indicate mol~? is noted. In calbindin b F10, F63, and F66 form a
that none of the mutations lead to any observable formation hydrophobic triad that is key to the protein’s stability. In
of the monomeric protein at the concentrations studied. S100B the corresponding residues, F14, F70, and F73, are
Further, all mutant proteins acehelical with nearly identical ~ also closely packedld). It is interesting that the decrease
magnitudes off,0s and 62, Since the magnitude of the in stability for F14A in S100B is nearly twice that of F10A

ellipticity at these wavelengths is sensitive to helhelix in calbindin Dy. This likely occurs becaus®AG, in S100B
interactions 41), this similarity indicates that the X-bundle results from the sum of the two F14A positions (one in each
structure of the proteins is preserved. monomer) in the protein, both of which are nearly completely

Mutation to residues of helix | of apo-S100B leads to buried in the monomeric fold. Further, the denaturation slopes
decreased stability compared to the parent protein, similarof the F14A (S100B) and F10A (calbinding) mutations
to observations for calbindinddwhere mutations to residues are reduced by about 40% compared to the wild-type
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proteins. These similarities indicate that F14 in S100B and 0 e
F10 in calbindin 3« have common roles in the folding 5 E
pathways and maintenance of the monomeric fold. This E ]
conclusion is in contrast to yeast two-hybrid studies of human - -0 ; E
S100P 84) which indicated that F15 (F14 in S100B) is a g -15 | E
critical residue for dimer maintenance. The current work = 0k E
indicates that F14 has a dominant role in the 2U2F ~ o ]
equilibrium step (eq 4) which in turn could compromise 9 -25¢ E
dimer formation. < aof 3

In S100B, M7 makes the fourth largest ASA contribution 35 g E
to the dimer interface and resides close to the crossover point . L3A/F14A ]
of helices | and 'l Correspondingly, the M7A mutant is -40 bbb b b bos b
largely destabilized£22 kJ mot?) compared to the parent -02-01 0 0102030405086
protein. This would translate into an increase&iof 8000- Am

fold if this decrease in stability arises strictly from a FiGure 6: Difference in free energy of unfoldingA@AG,) as a
destabilization of the dimer. On the basis of an estimate for fAunCti?n of tggoroelgativ%I diffetzrer;ce ip 'coorﬁrativitly %2 ;ﬂfdding,
imerization constant 5 nM for rat S1 m, of apo- and mutant proteins. The values\of were

_ ne | _ a=4.0uM. hasr = 0.98.
However, neither dynamic light scattering analysis ofM

apo-M7A (Table 2) nor the results of the GUHCI denaturation contrast to previous studies with calbindinnd other

of 3.2 uM apo-M7A (not shown) show the presence of proteins 83) where a correlation betweehAG, and Am
monomers. This would indicate that tha for apo-S100B  \as not apparent. It is interesting to note that the current
must be at least 10-fold lower (i.e., 0.05 nM) than previously ork focuses on a small set of mutants localized to one
suggested49). region (helix 1) of S100B whereas the other studies have
The apo forms of S100B and its mutations in helix I show ysed a broad cross section of mutants distributed throughout
a strong correlation betweehG, and buried surface area. an entire protein. Therefore, the strong correlation in Figure
With the exception of L3A and L3SAAG, is smallest for 6 may be a good indication of local unfolding rather than
111A, which has the smallest buried surface area Contribution, g|oba| unf0|ding Cooperativity_ Further, in Figure 6 there is
and increases systematically toward L3A/F14A, which has 5 large gap between the M7A and F14A points. This occurs
the largest buried surface area contribution. In the calcium- petween a residue fully involved in the dimer contact (M7)
bound states, this trend is less evident although mutationsgnd one wholly involved in the monomer fold (F14). It is
involving F14 clearly destabilize the protein to the greatest tempting to suggest that this large difference reflects a change
extent. An interesting observation is the increased stability i, the cooperativity of folding for the dimer compared to

(AAG, = 4.5 kJ mot?) of the I11A mutant compared to  the monomer. Further data will be required to strengthen
S100B in the calcium-bound state. This likely occurs from thjs hypothesis.
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