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ABSTRACT:. S100B, an EF-hand calcium-binding protein composed of two Sh06nomers, undergoes

a calcium-dependent conformational change that provides a surface for target interactions. In this study,
the calcium-sensitive S100B-binding epitope TRTK-12 has been used to probe the contributions of the
linker and C-terminal regions of S100B to protejrotein interactions. These contributions were quantified
using C-terminal mutant S100B proteins lacking the C-terminal seven (S100B85stop) or nine (S100B83stop)
residues or containing alanine substitutions at Phe87 (F87A), Phe88 (F88A), or both (F8788A). Both
F8788A and F88A bound TRTK-12 less tightli{( = 1.85+ 0.02 and 0.97 0.08 uM, respectively)

than the wild-type proteinky = 0.27 + 0.03uM, AG = —37.2 kJ/mol), indicating these residues are
important for TRTK-12 interaction. The truncated S100B proteins bound TRTK-12 much more weakly
(Kg = 659.74+ 119.3uM, AG = —17.9 kJ/mol), indicating the linker region contributed about 50% to

the binding of TRTK-12, while the C-terminus contributed the remaining 50% of the binding energy.
Based on mutagenesis and NMR chemical shift studies, a comparison with knownt8dd¥ protein
complexes showed the S106BRTK-12 complex has the strongest resemblance to the S160&dexin

Il interaction.

A wide variety of cellular processes such as cell growth may operate using a similar mechaniski17). S100s have
and differentiation are controlled by signal transduction been found to interact with a diverse group of proteins in a
pathways that utilize calcium as a second messenger. In manycalcium-sensitive manner including those involved in cellular
cases, the signaling proteins that control these processes arerchitecture, cell cycle regulation, and neurite outgrowth [for
EF-hand calcium-binding proteins. These proteins react to review, see 18)].

changes in cellular calcium levels by binding calcium ions,  51090B is one of the best-studied members of the S100
undergoing_a conformational change, and_ interqcti_ng with family. The protein is a 21 kDa dimer composed of two 91-
target proteins. Two notable members of this family include residue S10 subunits. Each subunit contains 2 calcium-

the ub_iquitous protgin cal_modulin and the muscle prote_in binding sites; site I, a pseudo-EF-hand comprised of helices
troponin-C. Three-dimensional structures of these protelnsI and Il and é 14—résidue calcium-binding loop: and site Ii

?—tlhoe)lrhgi\)/g 2::2;;Lt)hsnc?efaeilllgué):‘n;ﬁgil:n(?alfgLTns-liﬁjﬂce d a canonical EF-hand comprised of helices Ill and IV and a
12-residue loop. The three-dimensional structures of apo-

conformational changes. In general, calcium binding induces S100B and calcium-bound S100B have shown that calcium

a change in orientation of helices resulting in the exposure binding leads to a significant conformational change in site
of a hydrophobic surface for target protein interactions. g leat lgninic . 9e
[l resulting in a reorientation of helix Ill and lengthening of

Recently, several three-dimensional structures from the SlOOheIiX IV (15, 19). This structural change exposes previously
Icium-bindi in family h indi h i . P ) , . .
calcium-binding protein family have indicated these proteins buried hydrophobic residues in the C-terminus and the linker
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S100B can inhibit the assembly of these cytoskeletal protein was'®N-labeled and purified as described previously
molecules 24—27). for wild-type S100B 19). The F88A mutant contains Phe
An S100B-binding sequence was identified using a random (TTT) to Ala (GCC) mutations at positions 32831 of the
bacteriophage library2g). This study and others have shown human S100B expression vector pSS2. The construction of
that peptides containing the consensus sequence (R/K)(L/this vector has previously been describ&8)( The F87A
I)(XWXXIL) bind to S100B in a calcium-sensitive manner. mutant contains a Phe (TTC) to Ala (GCC) mutation at
Further, sequence analysis reveals the presence of theositions 326-328 of pSS2, and F8788A has both mutations.
consensus sequence in conserved regions in several cytoThe bovine S100B mutants S100B83stop and S100B85stop
skeletal proteins previously shown to interact with’Ga  were constructed and expressed in the pVUSB-1 ve8®)r (
S100B including GFAP, desmin, vimentin, and tubul29) In the truncation mutants S100B85stop and S100B83stop,
A synthetic peptide derived from this sequence (TRTK-12) residues His85 and Ala83, respectively, have been changed
has since been shown to compete fo?'G&8100B binding to stop codons (TAA), resulting in mutant proteins lacking

with other proteins such as CapZand GFAP 27, 28. In the C-terminal seven and nine residues, respectively.
addition, the TRTK-12 interaction with S100B is calcium- Fluorescence Spectrophotomet§tandard fluorescence
dependent and of similar affinity (kM)(30) to other experiments were conducted using solutions of TRTK-12
calcium-binding proteifrpeptide interactions30—32). peptide in buffer containing 50 mM Tris, 50 mM KCI, and

A three-dimensional structure of the calcium-bound S100B 1 mM CaC} at pH 7.2. Experiments involving changes in
dimer in complex with the TRTK-12 peptide is not yet pH utilized KCI concentrations of 50 mM at pH 5.6, 6.2,
available. However, some information can be gleaned from and 8.5 while those probing ionic strength used KCI
other three-dimensional structures of S100 proteins com-concentrations of 5, 50, and 150 mM at pH 7.2. The TRTK-
plexed with target peptide88—35). The structure of Ca- 12 concentration in 50 mM Tris (pH 7.2) and 50 mM KClI
S100B in complex with a 23-residue peptide derived from was determined from absorbance spectra using an extinction
the negative regulatory domain of p53 shows several contactscoefficient of €50 = 5600 cnmt* M~*. Concentrations of
between the p53 peptide and the central part of the C-S100B stock solutions were determined using the Bio-Rad

terminus and helix Ill within a single S1Bnonomer 85). protein assay performed in triplicate and a standard curve
This mode of interaction is significantly different from that of S100B based on amino acid analysis (Alberta Peptide
of the S100A16-annexin Il and S100Al%annexin | Institute, Edmonton, Canada).

complexes, where the peptide interacts primarily with the  Titrations of TRTK-12 with C&™-S100B were carried out
C-terminus and the linker regions of one S100 monomer andat ambient temperature using a stirred cell holder. S100B
extends to helix | of the second S100 monomer, thus bridging proteins were added in-13 xL aliquots using a calibrated
the dimeric S100 structur@3g, 34). The structures of these 10 4L Hamilton syringe. Total sample volumes did not
S100 complexes suggest that different modes of interactionchange by more than 3%. Following each S100B addition,
may exist for different S100 proteins with different targets. the samples were allowed to equilibrate for 1 min with
In the current work, we present the first site-directed stirring before scanning. Titrations were carried out to a final
mutagenesis studies of human S100B aimed at identifying S10(B:peptide ratio of 4:1. Emission spectra were obtained
key regions and residues required for the interaction with using a fluorescence spectrophotometer model RF-M2004
TRTK-12. We have used these studies to provide the first (Photon Technology International) using an excitation wave-
quantitative picture of the relative importance of these regions length of 295 nm. Fluorescence emission was recorded from
for target protein interaction and to establish whether the 305 to 400 nm using an emission band-pass of 2 nm. An
S100B-TRTK-12 interaction is similar to either the annexin increase in fluorescence intensity at 333 nm was used to
interactions with S100A10/S100A11 or the p53100B monitor the interaction of TRTK-12 with the S100B protein.

interaction. Chemical Cross-LinkingS100B or S100B85stop (16M)
was incubated at ambient temperature for 20 min in 50 mM
EXPERIMENTAL PROCEDURES HEPES, 150 mM NacCl (pH 7.5) plus or minus TRTK-12

Materials Calcium chloride was puratronic grade from (12, 32, or 8QuM). Samples contained either 1 mM CaCl

Alfa-Aesar (Mississauga, Canada). All other chemicals were ohr_ 1 mMZEEf)-l;’g‘ (final reac;[iorrl] volume ZQL)' Foll_owing .
of the highest purity commercially available. The TRTK-12 this, a 20-fold excess of the 11.4 A cross-linker bis-
peptide (Ac-TRTKIDWNKILS-NH) was synthesized by the ~ (Sulfosuccinimidyl) suberate (BS(0.54L) in S mM sodium
Queen’s Peptide Synthesis Lab (Queen’s University, King- citrate buffer (pH 5.0) was added. After §130 min incubation,
ston, Canada). Purity was confirmed using reversed-phasethe reactions were quenched for 15 min with an excess of

thanolamine and analyzed by SBIBAGE (15% Tricine).
HPLC and mass spectrometry. Deuterated PIPES bufer ( € i . .
99%t+; OD, 70%) was obtained from Cambridge Isotope ’;'MR Spectroscopgroteins were dissolved in 90%8&/
Laboratories (Andover, MA). 10% DO, 5 mM DTT, 4 mM CaCJ, pH 7.0. NMR spectra

Recombinant human (wild-type, F87A, F88A, Fg788A) Were acquired at 35C on a Varian Unity 500 MHz
and bovine (S100B83stop, S100B85stop) S100B proteinsspec_trometer equp_ed with atrlple—resonance, pulsed-field
were expressed ifE. coli &strain N99) and purified as gradient probe. Carrier frequencies used were centered at

: . : 120.00 N) and 4.73 ¥H) ppm. Two-dimensionalH-1°N
previously described3g). Uniformly labeled S100B85stop HSQC experiments were acquired on 200 BN-
S100B85stop samples using the sensitivity-enhanced method

1 Abbreviations: HSQC, heteronuclear single quantum correlation; ; i i iati
GFAP, glial fibrillary acidic protein; C&-S100B, calcium-bound (38) as described previousij9). The dissociation constant

S100B; DTT, dithiothreitol: PIPES. piperazimeN-bis(2-ethane-  fOr the binding of **N-S100B85stop to TRTK-12 was
sulfonic acid); BS, bis(sulfosuccinimidyl) suberate. determined by plotting the changes in chemical shift of 147,
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V52, and V53 upon each TRTK-12 addition based on the ' linker -
formula: AS|(*H)| + 0.2*A4|(**N)| (39). Wild-type site 1 region site
pKa values for His 85 and His 90 were determined using ~ S10% ? ﬁl @1 ﬁ

one-dimensionalH experiments. S100B was exchanged by

dissolving the protein in ED at pH 8.0 and incubating for

72 h. The TRTK-12 peptide was allowed to exchange for .~ F8T 58
16 h after being dissolved in;D. The spectra were recorded ~rs7ssa HEENEESE NN TN EEEEN
with a spectral window of 6000 Hz, an acquisition time of

2 s, and 512 transients per spectrum. The sample containe

0.5 mM S10@, 2 mM CaCh, 0.8 mM TRTK-12, and 30 Qoo M W
mM PIPES buffer. The pH of the sample was adjusted during
the titration by adding microliter aliquots of 1% DCl and ~ S'00sssstor NN WEEN NN N ACHEFFEHE

was measured at room temperature using a calomel electrodé&iGure 1: Schematic of wild-type and mutant Sgroteins. The
(Aldrich). two calcium-binding sites (site | and site Il) as well as heliceBA

. o . and the linker region between the two EF-hands are indicated for
Dissociation constants anpvalues were determined the wild-type monomer. Phenylalanine 87, 88, or both are replaced

using the program Xcrvfit (University of Alberta). Fluores-  py alanine in F87A, F88A, and F8788A, respectively. SigEstop
cence and NMR titration data were fit using a 1:1 ratio of and S10883stop are C-terminal truncation mutants lacking the last
TRTK-12 to S10@ monomer as described previousioy. seven and nine residues, respectively, and indicate the monomeric
Attempts to fit the data for different TRTK:S100B stoichi- forms of the proteins while S100B85stop and S100B83stop denote
! . . . . the dimeric proteins.
ometries resulted in only very slight differences in the
dissociation constant and did not change the relative bindinghelical turn, including residues F87 and F88, in the calcium
affinities of the proteins. Some fits exhibited an initial form compared to the apo-protein. Further, the C-terminus
increase in fluorescence below the 1:1 ratio, believed to resultin the S100 proteins is one of the most highly divergent
from nonspecific binding of TRTK-12 by S100B at ex- regions, having little similarity between S100 protein se-
tremely high peptide:monomer ratios in this region of the quences. This region is also absent in the S100 protein
curve. member calbindin Bx which does not interact with any
RESULTS known protein or sequence in a calcium-dependent manner.
Importance of the C-Terminal Region of S100B for
S100B has been shown to bind to more than 20 potential Interaction with TRTK-12TRTK-12 binding to S100B was
targets in a calcium-sensitive manner. Recently, a structuremonitored as previously described using the intrinsic fluo-
of rat S100B in complex with a peptide from the tumor rescence of the single Trp residue in TRTK-BB)( Since
suppressor protein p53 indicated that the central portion of S100B contains no Trp residues, this was a convenient
the C-terminal helix and helix Il form the binding site for method for measuring interactions between the peptide and
p53 35). Three-dimensional structures of both S100A10 and the protein. The fluorescence spectrum of TRTK-12 in the
S100A11 in complex with target moleculed3( 34) describe absence of Cd-S100B exhibited an emission maximum at
an alternate binding surface encompassing the linker region348 nm, consistent with a polar, aqueous environment for
and C-terminus of helix IV. These studies indicate that subtle the tryptophan residue (Figure 2A). Upon addition ofGa
differences between the target protein sequence and that 05100B, the emission intensity increased and exhibited a blue
the S100 protein are likely responsible for both recognition shift to 333 nm indicating movement of the Trp residue to
and the magnitude of the interaction. In this work, we have a more hydrophobic environment from binding to2Ga
guantified the contributions to target peptide binding by S100B. Consistent with this, significant changes were
S100B in order to identify potential residues that control the observed in*H-1®N HSQC and'H NMR experiments as
recognition of the TRTK-12 binding sequence and establish previously reported30). The titration curve for the TRTK-
whether the SI00BTRTK-12 interaction bears any resem- 12/C&*-S100B interaction (Figure 2B) indicated a 1:1
blance to either of the previously characterized Si@0get TRTK-12/S10@ monomer stoichiometry and ky of 0.27
protein complexes. 4+ 0.03uM. This corresponds to a free energy of binding
A series of mutations were made using human and bovine (AGpinging) 0f —37.2 kd/mol for the interaction of TRTK-12
S100B proteins. Typical of the high conservation between with calcium-bound S100B (Table 1). Thi&; is slightly
S100B sequences, these proteins are 96.7% identical, withower than found in our earlier studies and can be attributed
all differences being conservative substitutions. At positions to N- and C-terminal modifications (acetylation and amida-
7 and 80, valine and isoleucine in bovine S100B replace tion, respectively) of the peptide used in the current study.
methionine and valine residues, respectively, in human These modifications result in the neutralization of charge at
S100B. The only other difference is at position 62 where an the peptide termini and would likely stabilize anhelical
asparagine in the human protein is replaced by a serine inconformation 41), the structure of TRTK-12 in the bound
bovine S100B. These substitutions have little or no impact state (unpublished results).
on the three-dimensional structure of the S100B protein. The The C-terminal truncation mutants S100B85stop and
regions and residues targeted for protein interaction studiesS100B83stop were designed to probe the requirement of
are shown in Figure 1. The proteins include those truncatedresidues in the C-terminus for TRTK-12 binding. These
at the C-terminus (S1@85stop, S10083stop) and having  mutants lacked the C-terminal seven (HEFFEHE) and nine
specific substitutions in this region (F87A, F88A, and (ACHEFFEHE) residues, respectively, including some resi-
F8788A). These mutants were designed based on observadues (F87, F88) suggested as critical for maintenance of the
tions that the C-terminal helix in human S100B has one extra dimeric structure of S100BL@, 13). Sedimentation equilib-
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Ficure 2: Trytophan fluorescence of the TRTK-12 peptide. Samples were prepared in standard buffer (50 mM Tris, 50 mM KCI, 1 mM
CaCl, pH 7.2). (A) Fluorescence of W7 of TRTK-12 (1.081) in the absence (a) and presence (b) ¢fM S10Q5. In the absence of

S100B, TRTK-12 has an emission maximum at 348 nm, consistent with the tryptophan residue in a polar, agueous environment. Upon
addition of S100B, an increase in fluorescence intensity occurs, and the emission maximum undergoes a blue shift to 333 nm, indicating
the movement of the Trp residue to a less polar environment. (B) Titration of TRTK-12 with wild-type S®)0&h(d the C-terminal
truncation mutant S100B85stoa); Tryptophan fluorescence of TRTK-12 was measured at 333 nm, and the change in fluoreA¢gnce (

is shown as a function of monomer: TRTK-12 ratio for 108 TRTK-12. The dissociation constant for TRTK-12 interaction with wild-

type S100B was determined to be 0270.03uM. Curve-fitting for the S100B85stop protein yieldedKg>1000uM. A similar result was

obtained for S100B83stop (data not shown). The wild-type curve is also presented in (C) for comparison purposes. (C) Titration of TRTK-
12 with F88A and F8788A proteins. The dissociation constants for the interaction of MB8&#{d F8788A #)with TRTK-12 were 0.97

+ 0.08 and 1.85+ 0.02uM, respectively.

Table 1: Dissociation Constants for S100B Proteins and TRTK-12 spectra obtained for S_ZLOO_BBSStOp were very similar to _those
in 50 mM Tris, 50 mM KCI (pH 7.2) for the full-length protein with the notable absence of residues
such as F87, F88, and E91 (Figure 3A, light contours). Upon

i P - §
S1008 protein Ka GuM) AGsnang’ (K/mol) addition of TRTK-12, several residues experienced substan-
\I/:vggxype 8:3& 8:83 :g;:g tial changes in chemical shift (Figure 3A, dark contours).
E88A 0.97+0.08 —34.1 Notably, several of these were for residues in the linker
F8788A 1.85+ 0.02 -325 region (S41, H42, 147) and the adjacent N-terminus of helix
S100B85stop 659.% 119.3 —-17.9 Il (V52, V53). Further, the observed chemical shift changes
3 AGpinging = RTIn K. were very similar to those seen for the full-length protein.

These observations indicated that an interaction between
rium studies at concentrations similar to those used for the TRTK-12 and S100B85stop occurred even in the absence
current fluorescence work 410 uM) indicated S100B85stop ~ of the C-terminus of S100B. Based on the normalized
(molecular mass calculated, 19.4 Da; molecular mass ob-average change in chemical shift for 147, V52, and V53, a
served, 19.G: 0.05 Da) and S100B83stop (molecular mass Kg = 659.7 uM, corresponding toAGpinging = —17.9 kJ/
calculated, 19.1 Da; molecular mass observed, #8852 mol, was determined (Table 1). This value fAGpinding

Da) remained in a folded, dimeric state in solution. Further, represented about 48% of that for TRTK-12 binding to full-
both of these proteins retain their ability to bind calcium length S100B.

(not shown). Interactions of TRTK-12 with the calcium- To more clearly define the TRTK-12 interacting regions
bound forms of S100B85stop (Figure 2B) and S100B83stop in S100B85stop and compare these to wild-type S100B,
(not shown) were studied by fluorescence spectrophotometrynormalized chemical shift changes resulting from TRTK-12
in the same manner as wild-type S100B. Upon addition of binding to each of these proteins were plotted (Figure 3B).
these proteins to TRTK-12, the characteristic blue shift seenChanges in chemical shift were measured for 39 of 81
in the presence of wild-type S100B was not observed and possible common residues in S100B85stop that had clearly
the emission maximum remained essentially unchanged atresolved peaks in both the calcium-bound and peptide-bound
348 nm even in the presence of a 4-fold monomer excess ofspectra. The graph shows three distinct regions where the

the mutant proteins. Using these data, the estimktefdr largest changes in chemical shift are clustered for both the
these proteins toward the TRTK-12 peptide appeared to bewild-type and mutant proteins. These included residues D12
greater than 1 mM. and S18 in the N-terminus; S41, H42, and 147 in the linker;

Since the measurement of binding used here relied onV52, V53, V56, and V59 in helix Ill; and F73 and A83 in
interaction of the single tryptophan residue in TRTK-12 (W7) helix IV. In wild-type S100B, significant changes in chemical
with Ca2*-S100B, the possibility existed that the peptide was shift are also noted for residues 87, 88, and 90 at the extreme
interacting with the truncated S100B proteins and was C-terminus which are absent in the S100B85stop protein.
undetectable by this method. Such an effect would be However, the very strong similarities in chemical shift
expected if W7 remained in a polar, aqueous environment changes in the linker regions for these proteins indicate that
and did not become buried upon binding. To determine this region is important for the TRTK-t2peptide interaction.
whether binding to S100B85stop was occurring but was not  To further confirm an interaction between the S100B85stop
detectable by the fluorescence method, we monitored theprotein and the TRTK-12 mutant protein, we performed
titration of calcium-bound®N-labeled S100B85stop protein  chemical cross-linking experiments using the cross-linker
with TRTK-12 by NMR spectroscopy. Th#H-1°N HSQC BS®. This cross-linker prefers cross-linking of two side chain
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- 126 Ficure 4: Cross-linking of S100B proteins to TRTK-12. S100B
- 128 (lanes 1-3) or S100B85stop (lanes4) was prepared as described

under Experimental Procedures. Briefly, S100 proteins /(5
were incubated with varying concentrations of TRTK-12-8D
o - 132 uM) in the presence of 1 mM Cagf{lanes 1+-8) or 1 mM EDTA
oo 98 8o  8s 8o 78 70  ss (lane 9) prior to addition of an excess of the cross-linket. Banes
1, 2, 4, and 5, S100 protein alone; lanes 3, 6, 7, 8, and 9, in the

"H (pm) presence of TRTK-12. The presence or absence of cross-linker and
B the TRTK-12 concentration in each sample are indicated below
30 i the figure. Approximate positions of monomeric and dimeric species
] are indicated. The band shift resulting from cross-linking to TRTK-
25 12 is shown for the monomeric specieSTRTK-12).

20

tion that cross-linking was observed with S100B85stop
indicates that either K4 or K9 in TRTK-12 lies within 11.4
A of the lysine residues in the protein. Since the change in
chemical shift analysis indicates that residues in the linker
os ? " " of S100B and S100B85stop are more affected by TRTK-12
' ? " " u binding, the most likely candidates for interaction are K48
40

Normalized Chemical Shift Change

o . - and K55.
10 20 30 50 60 70 80 a0

Residue Number Structure of the A83H85 Region in the SI0GBTRTK-

Fioure 3: Effect of TRTK-12 binding to S100885stop. (A -2 Complex In all three-dimensional structures of S100
15\ HSQC spectrum of uniformly>N-labeled S10085stop5N- proteins to date, the central region of helix 1V, comprising
labeled C&"-S10(885stop (20Q:M) is shown in the absence (light  residues A83-H85, is a-helical (11-17). In Ca&"-S100B,
contours) and presence (dark contours) of an excess of TRTK-12thjs results in a partial exposure (10430 A?) of the side

(1200uM) in 90% H,0/10% DO, pH 7.10. The arrows indicate ; ; ;
the change in resonance position of residues S41, H42, 147, V52 chains of these residues. The helix extends to F88 #1-Ca

and V53 in S10885stop upon addition of TRTK-12. The dissocia- ©L00B where the protein then adopts a more random
tion constant for the interaction of TRTK-12 and Sfg88stop structure {6, 19). The possibility existed that the truncated
(659.7+ 119.3uM) was determined by plotting the average change protein S100B85stop might adopt a similar helical config-
in chemical shift for these residues against the ratio of TRTK-12/ ration having the extreme C-terminus of its helix IV (i.e.,
S10gs85stop at each point in the titration. (B) Chemical shift ‘g5 Ag3 £84) unstructured. In this state, the environment

changes in wild-type S100B (gray bars) and S100B85stop (black .
bars) resulting from TRTK-12 binding. Normalized chemical shift Of residues T82C84 would be perturbed compared to the

changes were calculated as described under Experimental Procefull-length protein, and binding to TRTK-12 could be
dures for residues in S100B and S100B85stop. For simplicity, the significantly affected.

Qoé%as"f;ﬁ?nvg'.lé?f X/gr: 8.?3%%?n'né?f&”kgriag_éénﬁﬁi @;ﬁd The backbone structures of S100B and S100B85stop in
AS > 0.25 ppm) and assigned relative shift values ofA® (< the presence of both calcium and TRTK-12 peptide were

0.05 ppm, smallest effect), 1, 2, and &Y > 0.25 ppm, largest ~ assessed usingN NOESY-HSQC experiments. One par-
effect). Residues 8591 in S100B85stop and residues that could tjcularly diagnostic resonance was that of A83 NH because
not be assigned due to overlap were assigned values of 0. it is well resolved in both complexes and correlations typical

amine groups within a cross-linker reach of 11.4 A Cross- of a-helical structure are eaSin visible. Figure 5 shows the
||nk|ng of TRTK-12 in the presence of CaQWith either nOe correlations for A83 NH are mark6d|y different for the

wild-type S100B or S100B85stop protein yielded a cross- S100B and S100B85stop complex. In the S160BRTK-
linked product with high efficiency in a concentration- 12 complex, backbone nOes were observed from A83NH
dependent manner (Figure 4). Upon addition of EDTA, the to V80aCH and T82NH. These are indicative afhelical
efficiency of cross-linking was significantly reduced (lane Structure in this region of the protein. In contrast, AB3NH
9). The cross-linked product ran slightly slower than the in the S100B85stopTRTK-12 complex exhibited only a
monomeric S100B protein on SDPAGE gels, consistent Weak intraresidue correlation to i8CH; group and no
with a cross-link between TRTK-12 and each S2@@otein. interresidue correlations. This indicates that the C-terminus
Cross-linking with shorter-reach cross-linking agents such of S100B85stop in the TRTK-12 complex is nethelical

as sulfo-DST (6.4 A) and EDC/sulfo-NHS (zero-length) and is likely highly unstructured.

failed to produce any observable product. S100B contains Contribution of F87 and F88 to the TRTK-12 Interaction
seven lysine residues (K5, K24, K26, K28, K29, K33, K48, Two prime candidates for the interaction of TRTK-12 with
K55) while TRTK-12 contains two (K4, K9). The observa- the C-terminus of S100B are F87 and F88. These hydro-
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The C-terminal region of S100B also contains three
glutamate residues (E86, E89, E91), and since the TRTK-
12 peptide contains basic residues at several positions (R2,
K4, K9), it might be expected that ionic interactions between
these residues and the acidic glutamate residues could have
a significant impact on the TRTK-12/S100B interaction. We
used increasing ionic strength to probe this interaction using
KCI concentrations of 5 and 150 mM in addition to 50 mM
used for most experiments. At higher ionic strengths,

hydrophobic interactions become more important as elec-
trostatic interactions are screened out. Typically, this results
in a decreased binding affinity if ionic binding interactions
are important and tighter binding if the interaction is
primarily hydrophobic. Interaction of TRTK-12 with €a

Ficure 5: Strip plots of A83 extracted frotN-edited NOESY-
HSQC spectrar, = 150 ms) of S100B proteins in complex with
TRTK-12. (A) shows correlations to A83 in the wild-type S100B
TRTK-12 complex. Strong intraresidue correlations to A&8&hd
BCHg are visible. Interresidue correlations to V8@.ldnd T82 HN
indicatea-helical structure in this region of the protein. Weak or i ' . .
absent intraresidue correlations in the S100B85sTRTK-12 S100B under low salt conditions (5 mM) yielded a dissocia-
spectrum (B) as well as the lack of the characterigfig(i,i+3) tion constant of 0.20t 0.02 uM, similar to that obtained
nOe correlation indicate a lack of structure at the C-terminus of using 50 mM KCI. Under higher salt conditions (150 mM
the mutant protein. KCI), the titration data were more difficult to interpret due
phobic residues increase in surface exposure upon calciumto a more pronounced initial increase in fluorescence
binding. The proteins F87A, F88A, and F8788A were (possibly due to nonspecific binding at very high TRTK-
constructed to reduce the hydrophobicity of the side chains 12:5S100B ratios). Nonetheless, a significantly decreased
at positions 87 and 88 while maintaining the propensity for dissociation constant was observed for TRTK-12 with S100B
o-helix formation since this secondary structure is found in at high salt concentrations (0.08 0.01 uM). A tighter
this region of C&-S100B (5). Unlike the truncation  interaction between S100B and TRTK-12 at higher salt
mutants, the fluorescence emission maximum for TRTK-12 concentrations was supported by NMR titration experiments.
exhibited the characteristic blue shift in the presence of all At low KCI concentrations, binding of TRTK-12 to S100B
three mutants, indicating interaction of the peptide with these occurred in the fast exchange limit. At 150 mM KCI, binding
proteins. An interesting finding was observed for the F87A of TRTK-12 to C&"-S100B shifts to the slow exchange limit.
protein, where titration of TRTK-12 with F87A resulted in  These observations would be expected from a decrdaged
a larger maximum fluorescence intensity for TRTK-12 for peptide binding at 150 mM and would be reflected in a
compared to wild-type S100B (data not shown). This resulted decrease#y. These data likely indicate that ionic interactions
in an increased affinityq = 0.09uM) between TRTK-12 play a minor role in the TRTK-12 interaction with S100B
and the F87A mutant compared to wild type (Table 1). and the primary interactions are hydrophobic in nature.
Further, during the course of this experiment, it was clear
that a weaker interaction was occurring with both F88A and DISCUSSION
F8788A S100B proteins. Figure 2C shows some of the results The aim of the present study was to identify important
for the titration of TRTK-12 with each protein. The graph residues and quantify their respective contributions to the
shows that F88A had an affinity about 4 times weak€r (  S100B-TRTK-12 interaction. Three-dimensional structures
= 0.97uM) and F8788A bound about 7 times weakBy (  of three S100 proteins in complex with unique target proteins
= 1.85uM) than S100B. These results indicate that residues have recently shown that different portions of the C-terminus
F87 and F88 play important roles in the S100B/TRTK-12 and either helix Il or the linker regions are responsible for
interaction. target interactions33—35). These observations suggest that
lonic Nature of the S100B/TRTK-12 Interactiomhe differences between the individual S100 sequences and the
C-terminal seven residues of S100B consist largely of acidic target protein sequences must provide unique recognition
and hydrophobic residues (HEFFEHE). At neutral pH similar sites for binding and that it is not yet possible to predict the
to that used in this work (pH 7.2), H85 and H90 are the residues important for the S16@arget protein interaction.
only C-terminal residues that are ionizable, with their = S100B Has Two Equally Important TRTK-12 Binding
imidazole side chains havind<gs of 6.70+ 0.05 and 7.13  Sites Calcium binding to S100B results in the exposure of
+ 0.04, respectively, as determined by proton NMR titration hydrophobic residues at its extreme C-terminus which have
experiments (data not shown). To determine whether thebeen implicated as important for interaction with target
ionic states of H85 and H90 are important for the interaction proteins in a calcium-dependent manndi5,(42). The
with TRTK-12, the binding of the peptide by €aS100B truncation mutants S100B85stop and S100B83stop have
was also studied at pH 6.2 and pH 8.5 where the histidine several of these residues (A83, F87, F88) removed. Further,
residues would be expected to be mostly protonated orresidue C84, shown by thiol accessibility experiments to
deprotonated, respectively. At pH 6.2, the protein had a become more exposed upon calcium binding, is also removed
slightly higher affinity for TRTK-12 K4 = 0.17+ 0.03uM). in the S100B83stop mutan#y). Compared to the native
Upon further decrease of the pH to 5.6, the affinity was close S100B protein, these mutants display 2000-fold weaker
to that at pH 7.2. The dissociation constant at pH &5 binding to TRTK-12, indicating the extreme C-terminus is
0.25+ 0.03uM) was very similar to those at the other pH an important component for protein binding. However, NMR
values studied. Based on these data, the degree of protonatioexperiments using the S100B85stop mutant identified sig-
of H85 and H90 did not appear to affect the binding of nificant chemical shift changes for residues S41, H42, and
TRTK-12 by C&"-S100B. 147 of the linker region upon TRTK-12 binding. Since these
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pS3-binding tion, with S100B resulting in interactions more C-terminal
” “ ‘#‘*;0- along helix IV and including several contacts in the linker
rS100B FOEFMAFVAMUTTACHEFFEHE region of the S100 proteins. In helix v, this results_ in major
hS100A10 FOSFFSLIAGLTIACNDYFVVHMK- contacts between the annexin peptides and residues A81,
hsS100a11 FQEFLNLIGGLAIACHDSFIKSTQK- C82, Y85, and M90 from S100A10 and residues A88, C89,
) and S92 from S100A11 (Figure 6). The surface areas of these
hs100B FQEFMAFVAMVTTACHEFFEHE interacting surfaces are very different, exhibiting about 147

FIGURE6: Key residues involved in S16@rotein complexes. The ~ AZin S100A11 where C89 and F93 contribut€0% of the

C-terminal sequences of rat $S100B, human S100A10, and humansurface and 240 Ain S100A10 where C82, Y85, and M90
S100A11 are shown and numbered according to the S100B contribute>80% of the surface.

sequence. The buried surface area at each propeiptide interface . : : : :
was calculated using the program VADAR (University of Alberta) In Figure 6, a summary is shown Of thg_ residues in hell_x
based on three-dimensional structures for S10p83 (35), IV from human S100B that have a significant decrease in

S100A1G-annexin Il 33), and S100A1%annexin | @4). Residue TRTK-12 binding affinity and/or are affected ifH-°N
are color-coded depending on the extent of interaction with their HSQC spectra monitoring TRTK-12 binding. The finding
cor;esponding targetzgroztgigsaé‘z?;ioeo/i"nd;greegﬁ‘;iL”;J?%?ehgirga that residues 8591 at the extreme C-terminus of S100B
surrace area, green 2o— (1} - . T . . .
upon peptide ginding. Below is the C-terminal sequence for human are |mp_ortant for TRTI_<-12 binding IS mos_t consistent with
S100B. Residue F88 where a significant decrease in TRTK-12 interactions observed in the three-dimensional structures of
affinity was observed is circled while those residues that have the S100A16-annexin Il and S100Al%annexin | com-
significant chemical shift changes upon TRTK-12 binding are plexes. The significantly decreased affinity for TRTK-12 in
boxed. the F88A and F8788A mutants shows that these residues
contribute significantly to the target-binding site. These
changes occurred in the absence of the C-terminus of helixresidues are analogous to Y85 and F86 in S100A10 and to
IV, a second site of interaction in the linker must exist. The S92 and F93 in S100A11. Further, the fluorescence results
relative energetic contributions of these two sites can be obtained here for F88A are nearly identical to studies of
determined from the total binding energy of the TRTK-12 S100A10 where mutation of either Y85A or F86A shows
peptide for the full-length proteim\Gyinding= —37.2 kd/mol) decreased affinity for the annexin Il peptidis), consistent
which must be the sum of the TRTK-12 binding contribu- with the interactions of annexin Il with Y86 observed in the
tions from the linker alone AGjnker) and the C-terminus  three-dimensional structure83). However, in S100B, it
alone AGc.erminud- The TRTK-12 affinity for S100B85stop  appears that both phenylalanine residues act together for
(AGjinker = —17.9 kJ/mol) corresponds to about 50% of interaction with TRTK-12 since the F87A mutation moder-
the binding energy for the interaction of full-length S100B ately increases TRTK-12 affinity. A similar increase in
with TRTK-12, yieldingAGc terminus= —19.3 kJ/mol for the affinity was noted for a F86W mutant of S100A10, suggest-
C-terminal residues H85E91. Together these observations ing that F87 and F88 in S100B could provide a mechanism
indicate that the energetic contributions of the linker and to finely tune the affinity for the broad spectrum of targets
C-terminal regions are nearly equal for TRTK-12 binding. for S100 proteins. This hypothesis is supported by sequence
This finding is consistent with the sequence similarity of analysis of the C-termini of S100 proteins that exhibit
S100 proteins that shows the largest variations occur within conservation of a bulky hydrophobic residue (F, M, I, L) at
these two regionsi(l, 44, 45). The energetic similarities of  position 88 and a broad variability at position 87 (A, F, Y,
the linker and C-terminal regions in S100B would provide S, N, K).
a convenient “dual” control for the recognition and binding ~ The S100B85stop mutant showed a binding energy ap-
of many proteins having little sequence similarity. proximately 50% of that for the full-length protein. Again,
Comparison with Other S100 Target Protein Complexes this observation is nearly identical to S100A10 where
Using the TRTK-12 affinity results for the truncation mutant annexin Il binding was undetectable when residues C-
S100B85stop and the F8788A mutant, a comparison with terminal to, and including Y86, were deletetb). Analysis
other S100 protein complexes was done to establish whetherof the three-dimensional structures oPG&100B shows that
the S100B-TRTK-12 complex bore any similarities to these all of the residues beyond C84 (i.e., the deleted residues)
existing structures. Three-dimensional structures of S100B, have greater than 50% of their side chains exposed to solvent.
S100A10, and S100A11 in complex with fragments of the However, the interaction of TRTK-12 with S100B shows
tumor suppressor protein p53, and the membrane proteindittle sensitivity to pH or ionic strength, suggesting that salt
annexin Il and annexin |, respectively, have recently been bridge interactions involving E86, E89, and E91 are likely
determined 3—35). The structures each show two distinct not significant. Further, thelq, values of the two histidine
binding regions whereby the S100 protein recognizes its residues in this region, H85 (6.70) and H90 (7.13), are near
target substrate (Figure 6). In the S109@63 complex, the  that expected for an exposed histidine, suggesting H85 and
p53 peptide crosses helix IV and makes numerous contactsH90 are not buried at the protetipeptide interface. Aside
with helix I1l (35). In particular, the interaction site comprises from the decreased affinity resulting from mutation of
approximately 240 Afrom side chains in helix IV of which F8788A, there must be other factors in this region that affect
Q71 and M79 supply roughly 50% of the contact surface TRTK-12 affinity. From our structural comparison of
area. The structures of the S100Addnnexin | and S100B85stop with full-length S100B, both in the presence
S100A1G-annexin Il complexes33, 34) also show two of TRTK-12, it is apparent that the extreme C-terminus of
areas of interaction between the annexin peptides and theithe S100B85stop protein is unstructured as opposed to
S100 partners. In these cases, the annexin peptides are-helical as observed in the wild-type protein. Since binding
oriented approximately 9Qwith respect to the p53 interac- is drastically reduced in S100B85stop, this would provide
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evidence for residues near this region, including A83 and 14.
C84, to be involved in interactions with TRTK-12. This
would be consistent with observations that the analogous
residues in S100A10 and S100A11 are involved in interac-
tions with their annexin partners (Figure 6). Further, A83 is
among the residues most affected by TRTK-12 binding as
monitored by NMR spectroscopy.

While the proposed interaction of TRTK-12 with the
C-terminus of S100B appears similar to protein interactions
for S100A10 and S100Al1, there are obviously some
important differences. For example, the TRTK-12 sequence
bears little similarity to sequences for the annexin | and 1l
peptides and is only remotely similar to the p53 sequence.
Further, the protein sequences near the C-terminus are highly 22
variable (Figure 6), as has been noted for the S100 family
in general {1, 44, 45), although it is interesting that S100B,
S100A10, and S100A11 all have a common ACxxxF motif.
Finally, even the S100A10 and S100A11 interactions with
annexins | and Il are variable based on different surface areas
and some of the residues involved, so it might be expected
that the TRTK-12 interaction will have modified interactions g,
within the peptide sequence and the C-terminus of S100B 27,
compared to either S100A10 or S100A11. Understanding
these interactions will be a key to determining the specificity
of each S100 protein for its range of target proteins.
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