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ABSTRACT. Recently, we have shown (Goch, G., Vdovenko, S., Koztowska, H., and Bigkizyh (2005)

FEBS J. 272 2557-2565) that the chemical modification of Cys 85 residue of S100A1 protein by
disulfide bond formation with small thiols such as glutathione, cysteing-mercaptoethanolsME)

leads to a dramatic increase of the protein affinity for calcium. Therefore, the biological function of
S100A1 as a calcium signal transmitter is probably regulated by the redox potential within the cell.
Systematic, structural studies of various mixed disulfides of S100A1 iaghandholo states are necessary

to elucidate the mechanism of this phenomenon. Using NMR methods we have determined the structure
of apo-S100A15ME and, on the basis dPN nuclear magnetic relaxation data, we have characterized
the structural dynamics of both: modified and unmodified moleculeapaiS100Al. The following
effects of SME modification have been observed: (1) Helices IV and &¥ two protein subunits are
elongated by five residues (889). (2) Conformation of the calcium binding N-terminal loops is
dramatically changed, and structural flexibility of the N-loops as well as C-loops markedly increases. (3)
The angle between helices | and IV increases~80° and between helices IV and T\decreases by
~35°. All these observations lead to the conclusion thistE modification of apo-S100A1 makes its
structure more similar to that diolo-S100A1, so that it becomes much better adjusted for calcium
coordination.

Calcium ion is one of the most important messengers strongly stabilized by hydrophobic interactions between its
regulating numerous vital biological processes. A crucial role two a subunits. Each subunit contains two EF-hand motives
in the calcium signal transduction is played by EF-hand that coordinate calcium ions in a noncooperative way with
proteins that coordinate calcium and change their conforma-the binding constants, at physiological pH (7.2) and NaCl
tion exposing hydrophobic patches to which a large variety concentration (100 mM), of the order of 3lM~* for
of target proteins bind. C-terminal motives and 20M ! for N-terminal ones§).

S100 is a subfamily of EF-hand proteins found only in  These values are too low for a calcium-signaling protein,
mammals and avians, implicated in cell growth, motility, and because the intracellular calcium concentration of'Gans
cell differentiation, by a variety of processes such as never exceeds:1l uM, even during the calcium stresg)(
regulation of some enzyme as well as transcription factor We have found, though, that the formation of a mixed
activities, C&" homeostasis, and regulation of cytoskeleton disulfide between glutathione, cysteine famercaptoethanol
dynamics. Some of them have extracellular cytokine-like (SME)! and the single cysteine residue present in position
activities (, 2). Recently, S100 proteins have received 85 in both protein subunits leads to a dramatic increase of
increasing attention due to their close association with severalS100A1 affinity for calcium §). This observation suggests
human diseases including cardiomyopathy, neurodegenerathat the calcium-dependent biological activity of the protein
tive disorders, and cance2)( can be regulated by thionylation, most probably glutathio-

S100A1 protein, intensively studied since its discovery in nylation, because of high concentration of glutathione in the
1965 @), is, in every respect, a typical representative of the cell (~10 mM). Therefore, S100A1 can play the role of a
S100 family. The structure of S100A1l in tlapo state has linker between the two most important signaling pathways,
been determined by Rustandi et &) gsing NMR methods.  i.e., the redox- and calcium-dependent ones.

Recently, its structure in thieolo state has also been solved ~ What is the structural mechanism responsible for this
(5). The protein molecule is a symmetrical homodimer, phenomenon? To answer this question it is necessary to
compare the structures of S100A1 and its mixed disulfides
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n th_eapoandhOIO StateS‘ Valua_ble information can also b_e Table 1: Parameters of NMR Experiments Used for the Structure
obtained from comparative studies of the structural dynamics petermination ofapo-S100A18ME Proteirt
of these molecules. In particular, comparative studies of the

protein modified with glutathione ang@ME, the substituents time {}"rﬁg
so different chemically, yet similarly enhancing the protein experiment dim nucl pts  (ms)
calcium-binding ability, is interesting, making it possible to ~ 5p H—15\jHSQC EEY 64  49.2
discern between relevant and nonrelevant conformational .  H 512  83.9
changes induced by a substituent. 3D HNHA (17.6 T) t LH 64 128
In this paper we present the NMR structureapb-S100A1 E 1HN 5%2 ég'g
modified by SME and compare it with the structure of the  3p 5N-edited NOESY-HSQC t,  IH 320 355
unmodified protein determined by Rustandi et al). ( (17.6T),
Structural flexibilities of both molecules, as determined by 150 ms mixing time o N 24193
nuclear magnetic relaxation methods, are also compared. 5, HNCO, 3D C(CO)NH, 3D E 13HC 7%2 elag:g
(HCA)CO(CA)NH, 3D t, BN 16 123
MATERIALS AND METHODS H(CCO)NH
, tt H 384 629
Sample Preparationt*N-labeled and*C,'>N-double la- 3D HN(CO)CA, 3D HNCA, 3D t  BC 32 9.4
beled S100A1 protein was expressed as previously described CBCA(CO)NH,3DHNCACB  t, N 16 123
(8). Shortly: The synthetic gene coding for bovine S&00 . . o 1: ggg gg-g
subunit with the amino acid sequence determined by Isobe (1-?(5' % HSCQ, L '
and Okuyamaq) was cloned into a derivative of pAED4 100 ms mi>'<ing time t, C 24 193
plasmid and expressed Escherichia coliutilizing the T7 ts H 720  80.0

expression system. The bacteria were grown in M9 medium  a | hot indicated otherwise, experiments were carried out at 11.7 T.
containing {5NH,),SO, as the sole nitrogen source and either Zzero filling in all dimensions was applied prior to the Fourier
unlabeled o*3C-labeled glucose as the sole carbon source. transformation.
The expression products were isolated using a phenyl-
sepharose column, purified by reverse-phase HPLC on awith respect to external DS&: Chemical shifts of3C and
semipreparative Vydac C18 column, and identified by the 15N signals were referenced indirectly using the following
electrospray ionization mass spectrometry using a Macromassatios of the zero-point frequencief§:3C)/f(*H) = 0.251449530
Q-Tof spectrometer6). Because 1 mM concentration of  andf(**N)/f(*H) = 0.101329118%3). Experimental data were
f-mercaptoethanol was maintained durlagcoli cell soni- processed using the NMRPipe software packdgk. (The
fication and isolation of the recombinant protein, its disulfide processed spectra were analyzed with both the XEASSY (
with B-mercaptoethanol (S100AAME) predominates in  and SPARKY (6) software.
preparations and can be easily separated by HPLC from the The sequence-specific assignment was performed on the
reduced S100A1 molecules. uniformly 13C *N-double labeled sample @fpo-S100A1-
Two forms of the protein, (a) with the sequence strictly SME. The 3D heteronuclear HNCACRBLY), CBCA(CO)-
corresponding to its gene sequence and (b) with the additionalNH (18), HNCA (19), HN(CO)CA (20), HNCO (21),
initiator methionine at the N-terminus, come from HPLC as (HCA)CO(CA)NH (22) spectra were used to obtain assign-
partly overlapping peaks. NMR measurements indicated thatments of backbonéH, 3C, and '*N resonances using
structural differences between both forms are small and standard methods2{). Aliphatic side chain'H and *°C
localized to the close vicinity of the N-terminal Met residue resonances were assigned from the analysis of the hetero-
(10). Therefore, a mixture of (a) and (b) species was used nuclear 3D C(CO)NH and H(CCO)NH2®), and 2D [H-
in all experiments. 13C] HSQC spectra. Aromatic side chain resonances were
6004L NMR samples contained 1.1 mM protein solution assigned from the*C-edited NOESY-HSQC spectrum
(monomer concentration) in 90%/10%,®/D,0, 50 mM recorded with the offset, spectral widths, ah¥C—'H
TRIS-di;, 2.9 mM EDTA, 0.1 mM Nal, and 96 mM KCIQ coupling constants tuned to aromatic carbons. 74 backbone
with pH adjusted to 6.3 (uncorrected value). F&€ 5N- scalar coupling constantd(Hy,H.) were determined using
double labeled protein the sample volume was limited to 250 the HNHA experiment.
uL and NMR measurements were performed using a Shigemi  The detailed information about all experiments is collected
tube. in Table 1.1H, 13C, and'*N chemical shifts were deposited
NMR SpectroscopNMR measurements were performed in the BMRB database (http://www.bmrb.wisc.edu) under
on Varian Inova 400 MHz (9.4 T), Varian Unity500 MHz the accession number 4982.
(11.7 T), and Varian Inova 750 MHz (17.6 T) spectrometers  Assignments of K, N, C, C,, and G chemical shifts in
at 35°C carefully adjusted with ethylene glycol reference apo-S100A1 were performed using the same techniques as
sample. All spectrometers were equipped at least with threein the case oapo-S100A1SME protein.
channels, az-axis pulsed field gradient unit, and a triple Relaxation experiments were performed at two magnetic
{BC™N}H probe with gradient coil(s) and the inverse fields, 9.4 and 11.7 T, offN-labeled samples of eithapo
detection. All heteronuclear NMR data were acquired using S100A1 orapo-S100A18ME protein. LongitudinalR,) and
the States-TPPI quadrature detectidd)(followed by the transverse Ry) relaxation rates were measured using a
sensitivity enhanced detection introduced by Kay etld).( sensitivity enhancediN—H] HSQC pulse sequencéd)
1.4 s recycling delay was used, if not stated otherwise. All with the option of eitheR; or R, measurements éfN nuclei
chemical shifts in heteronuclear NMR spectra were reported (24). Each spectrum was acquired with 512 (x 128 ()
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complex data points and the sweep widths of 6000 HHin
and 1300 Hz ir5N dimensions. Zero filling was performed
prior to the Fourier transformation. In the caseRafeleven - E i
relaxation delays of 10, 30, 90, 130, 210, 290, 370, 490, 6., N{pam)
610, 730, and 850 ms were used. TRerelaxation rate Yoo L 110.0
measurements were performed with the C#&urcel- 0—=—0
Meiboom—Gill (CPMG) pulse train. Refocusing time of 650 . : . : ?
us was used during the relaxation delays which were set to w g 0w —© [ 112.0
10, 30, 50, 70, 90, 130, 170, 210, and 250 ms. The acquisition, 00—
parameters foR; andR, measurements were identical with
the exception of the delay betwean(*H) pulses used for oote Ouc
the cross-correlation effect suppressi@®)( 5 and 10 ms - Moo O @
delays were used iR; andR, measurements, respectively. . = O - 116.0

vea
. 513

Delay between the scans of 1.8 s was employed in both g mpe” &
W (=] !

experiments{*H} —1°N NOEs were measured with the pulse b g " % o,
sequence included in the ProteinPack Varian Inc. (Palo Alto, w0 o il & @ (e

1140

3 o

CA) software. To increase its accuracy the dynamic variant i, 5 (et rd‘z‘f:“s B

s O, @
of the experiment was chose®@j. The'H saturation time o e DA L 1200
was set to 0.1, 0.15, 0.3, 0.7, 1.3, and 2.1 s. 32 scans per o Q, P g%
increment and the recycling delay of 3.2 s were employed.| <. | =" ,a;\ﬁi;‘f"*
In all relaxation measurements th&N decoupling during c av - 122.0
the acquisition was applied using the GARP sequence with " B
yBol2mr = 3200 Hz @7). All spectra were processed using
the NMRPipe 14) and analyzed with the XEASY1§) o
programs. Qs

Structure Calculations.The cross-peak assignment in e, 1260
NOESY spectra of S100 proteins is seriously complicated Or
by poor resonance dispersion owing to a high content of the ' ' ' T T T

: - - 9.0 8.5 8.0 7.5 7.0 6.5

o-helical secondary structure and by the ambiguity arising H (ppm)
from the symmetrical, dimeric structure Qf their molecules. g ure 1: Amide correlations in theliN—1H] HSQC spectrum
Nevertheless, the cross-peak dispersion irthH&N-HSQC of apo-S100A18ME protein at 11.7 T. Pairs of side chain primary
spectrum of SI00ABME protein was fairly good (Figure  amide correlations in asparagines and glutamines are connected by
1), much better than in the caseafo-S100A1. Therefore, ~ horizontal solid lines.
the *N-edited NOESY-HSQC and®C-edited NOESY- o
HSQC spectra of STO0ABME performed at high magnetic ~ TALOS software package3(). The predictions for 70
field strength (17.6 T) were informative enough to assign residues out of 93 were classified as “good” and used in the
unequivocally intersubunit constraints among protons situatedStructure calculations after the fivefold increase of their
on the subunit interface of the protein (helices |JV, and deviations. 230 constraints fgi andy torsion angles were
IV'), so that measurements of 4D spectra were not necessaryevaluated by the GLOMSA and HABAS (gridsearch pro-
although they had been indispensable for structure determi-cedure) programs3¢) included in the CYANA 1.0.6
nation ofapo as well asholo-S100A1 protein 4, 5). software 83). The distance restraints{y-o = 1.5-2.8 A .

Strong (1.8-2.9 A), medium (1.8-3.5 A), weak (1.8 andrN,O = 2.4-3.5 A) for 72 backbone hydrogerl bonds in
4.5 A), and very weak (1:85.5 A) intrasubunit as well as ~ regions of regular secondary structuré_s)(were_mcluded
intersubunit distance constraints were assigned from crossJn the final stage of structure calculations. This procedure
peaks in the heteronuclear 3BN-edited NOESY-HSQC ~ Was the same as that applied previously by Wright et al.
(150 ms mixing time) and®C-edited NOESY-HSQC (100 during the structure calculations bcﬁloSl.OOAl 6), which
ms mixing time) spectra. The pseudo-atom corrections wereMakes more trustworthy the comparisons between the
methylene, and aromatic ring protor®8(. +0.3 A correction Py Wright et al. (PDB accession no. 1ZFS).
was added to upper limits of distance constraints involving  Determination of the spatial structureago-S100A15ME
methyl groups to account for a higher intensity of methyl was done using the XPLOR-NIH package based on the
resonances20). X-PLOR software 84), extended with the NMR-specific

In order to distinguish between intra- and intersubunit modules 85). Calculations started from a monomer template
NOE-derived distance constraints, the protocol introduced structure with randomly chosen andy torsion angles. In
by Nilges @0) was used, resulting in identification of 286 the first step, the structure was duplicated providing two
intersubunit constraints. Backbone dihedral constrain80{ identical, completely overlapping monomers. The standard
< ¢ < —40° and —55° < y < —25° for a-helices and calculation protocol included simulated annealing (12 ps at
—160 < ¢ < —80° and 100 < y < 18 for f-strands) 3000 K) followed by slow cooling to 100 K combined with
were included in the structure calculation on the basis of the final refinement procedure. The potential energy term
3J(Hn,H,) scalar coupling constantd € 5 Hz for a-helices for a noncrystallographic symmetry (NCS) was included in
andJ > 8 Hz for g-strands) 28). Additional constraints for ~ the simulated annealing procedure as described by Nilges
@ andy backbone torsion angles were evaluated using the (30).

G - 124.0




Changes Induced iapo-S100A1 by Its Cys 85 Maodification Biochemistry, Vol. 47, No. 2, 2008643

The -mercaptoethanol molecule was created using the Table 2: Diffusion Tensor Parameters Obtained for

standard molecular geometry and introduced as a heteroapoS100A18ME andapo-S100A1 Proteins from a Model-Free
compound to the X-PLOR topology and parameter fig8.( Analysis Assuming the Axial Symmetry of the Diffusion Tensor

The generation of_top_ology faapoS;_OOAlﬁME protein protein apo-S100A1 apo-S100A18ME
was done by application of a specific patch to create the = e principal  0.722:0.823:1.000  0.689:0.671:1.000
S—S bond betweegME and Cys 85. values of moment
Analysis of*N Relaxation DataAll relaxation parameters of inertia
(Ry, Ry, NOE) were determined by a two-parameter nonlinear expected ratio of 0.965 0.950
least-squares fit of cross-peak heights to a single-exponential Sliuﬁsiggms
decay. _ . _ experimentaD, (2.04+0.17) (2.06+ 0.11)
Two relaxation mechanisms have to be taken into account x 107st x 107 st
for the nuclear spin relaxation of amide nitrogens in experimentaDg (2-311ﬂ(:)70-114) (2-141ﬂ(c)70-019)
. H H H H X S X S
prczjtelr?s.dt_helchde_mlfal_shlft an_lsotrbopy ofa nitrogen nuclegs experimentaDy/D:, 0.88% 0.09 0.96% 0.07
and the dipole-dipole interaction between a nitrogen and  ,yeragere 751+ 0.17 ns 789 0.12 ns

the hydrogen directly bound to it. Equations describing
relaxation parameters in terms of spectral density functions
are given by 86)

a Calculated using the equatian = (2D, + 4Dp) L.

tumbling 39), the spectral density function takes the form
1, (40
R, = ZD [Hwy — wp) + 3wy +

Jw) = ZkAk(a) Ivra(STRTW)
wherea is the angle between the-NH vector and the unique

axis of the rotational diffusion tensor. Three coefficiefits
(o) have the form

6J(w, + wy)] + %CZJ(a)N)
R, = %D2[4J(0) + oy — wy) + 3(wy) +

6J(w,y) + 6J(wy + wy)] + %CZ[M(O) T3l + R A =0.75(sid ),

D2 A, = 3(sirf a))(cos a),

NOE=1+ (VH/VN)4_R1[6~](WH + o) = oy — wy)] A, = 0.25(3c08 0 — 1)?

where D = [ud/(40)][(ynyih)/En®d, C = wnAo, and and corresponding correlation timegy are defined as

other symbols have their usual meaning. The values;of

= 0.105 nm andAc = —160 ppm 86) were used in  TrR1= 1/(4D; + 2Dp),

calculations. The additional terrRe, takes into account 7R = 1/(D, + 5Dy),

the conformational exchange contribution R resulting Tp3= 1/(6D)

from processes in the micro- to millisecond time scale '

often referred to as chemical exchange effe8€§7). Such  \hereD, andD;, are the parallel and perpendicular compo-

processes, slower than the molecular tumbling, but fast nents of the rotational diffusion tensor.

enough to average chemical shifts, can influence trans- Atomic coordinates of the NMR-derived structure of

verse relaxation rates determined using the CPMG method.S100A18ME were used to calculate the inertia tensor. The

Rex contribution to the transverse relaxation rate is propor- ratios of its principal values are given in Table 2 with the

tional to the square of the chemical shift difference be- zaxis collinear with the symmetry axis of the homodimeric

tween exchanging state€\o, and to wy, the Larmor  protein. For S100A1 protein the solution structure ofaad-

frequency. It should be pointed out that the conformational S100A1 was used4] (PDB accession no. 1K2H) resulting

exchange mechanism can affect the apparent transversen similar ratios of principal values of the inertia tensor (Table

relaxation rate only ifAd = 0. 2). Both structures were also used to calculate the geometric
In the case of an isotropic molecular tumbling the coefficientsA(o). Because of the symmetry requirement it

model-free approach spectral density function takes the formwas assumed that rotational diffusion of both proteins is well

(38 represented by axially symmetric oblate tensors with their
unique axis collinear with the protein symmetry axis.
2 2 2 The least-squares procedure used to optimize model
=< 1+ +(1- 1+ ; A .
) S[SZTR/[ (@) + SZ)T/[ ()1l parameters consisted of minimization through a grid-search

of the target functiony? defined as follows:

with 771 = g! + 7in & The isotropic overall motion is
described by the correlation timg and internal motion(s) ¥’ = ziZjZk(Pijk,ex - P”-k,ca,c)zloijk2
by the generalized order parame$&ikvhich is a measure of
spatial restriction of the motion and of the effective correla- where the sums are over the two magnetic fields used, the
tion time 7in¢ describing the rate of this motion. number of amino acid residues for which data are available

In the case of an anisotropic overall motion the spectral (N), and the three relaxation parameters. The subscript ex
density function becomes more complex. Combining the refers to the experimentally obtained relaxation parameters
model-free approach with an axially anisotropic overall and the subscript calc to the respective relaxation parameters
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FiGURE 2: Stereoview of ten lowest total energy structuresypdS100A1SME protein.

CaIC_UI,ated from the m_Odelaiik valueg are the standard  T,pe 3. NMR Constraints and Statistics of 10 NMR-Derived
deviations of the experimentally obtained parameters. apo-S100A18ME Structures with the Lowest Total Energy
At this stage of the analysis the relaxation data for amino 10> best
acid residues for which only the data at 11.7 T were available . .
(Gly 23, Lys 27, Glu 40, Glu 73, Val 78) or the NOE values M50 o distance constralfts = o005 0.0126

D . total (2384
were distinctly small (Ser 2 at the N-terminus and Trp 90 intrar(esidugm-” =0)(1098)  0.0078: 0.0017 0.0066

through Ser 93 at the C-terminus) were excluded from the  sequential|{ — j| = 1) (282) 0.0182+ 0.0019 0.0208
calculation. The minimization procedure delivered two global me(ggg; range|( — j| = 5) 0.0171+ 0.0011 0.0163
parameter®) andDp andN sets of local parametef;, 1, long range i — j| > 5) (248) 00150 0.0022 0.0131
and Rexj. Uncertainties of the calculated parameter values  jntersubunits (286) 0.0152 0.0031 0.0115
were estimated as standard deviations from 200 Monte Carlo  hydrogen bonds (72) 0.013090.0026 0.0131
simulations. rmsd from dihedral angles
i ; ; ; constraintd
| UTlng thIDf” andDp values d?termlned_ln this Way,_'[heI total (558) 0,360 0.040 0.348
ocal model-free parameters for 5 _re5|dues, previously  packbonegry) (328) 0.462+ 0.057 0.449
omitted due to the lack of data obtained at two magnetic  side chain f1/y>) (230) 0.1014 0.042 0.092
fields, were also calculated. On the other hand, the highly rmsd from idealized covalent
i i i geometry
[)mb"e t%rn;mal re5|d;1e;5, S_er_dz art1d Trpé)g to S_ert'93, Cfat';n(.)t bonds (A) 0.0022@: 0.00008  0.00216
e regarded as a part of a rigid rotor, and description of their ;165 (deg) 0.40% 0.005 0.395
motions in terms of a single rotational diffusion tensor is impropers (deg) 0.22@ 0.005 0.221
not appropriate. In such a case the motion of arH\vector quality of the structure
in the ith residue should be described by the model-free %;’;Vrgrse'lg:leerse'gig;e most 88.2+2.1 86.0
approach spectral Qensny functions in which the global  , oiesin additional 94430 12.8
parameterr is substituted for a local oneg; (41, 42). allowed regions
% residues in generously 25+15 1.2
RESULTS allowed regions
. . . rmsd to the mean structure
Structure Determination of apo-S100£ME. Initial ordered backbone atoms 071+ 025 A 0.62 A
calculations based on distance constraints derived from the (3.90)
15N-edited NOESY-HSQC spectrum provided a medium  ordered heavy atoms (3.90) 131032A  0.99A
resolution (3.5 A) three-dimensional structure of tapo- all backbone 0.92031A  0.93A
: . L : all heavy atoms 1.3 0.38 A 1.34 A
S100A1AME protein. This initial structure was used in the  equivalent X-ray resolution 1.6 A

further procedure of intersubunit/intrasubunit cross-peak — None of the 10 structures has a distance violation greater than 0.3
discrimination in the 3D1%C-edited NOESY-HSQC SPec- 4 or a dihedral angle violation greater tha 5 9

trum. Finally, 1098 intraresidual, 282 sequential, 398 medium
range, 248 long range, and 286 intersubunit interproton Location of thea-helical structure elements within the
distance constraints were included in the structure calcula-protein subunits have been unequivocally determined by the
tions. characteristic NOE patterns, i + 3) and ( — i + 4),

The overlay of the 10 lowest energy structures of the obtained from the 3D NOESY-HSQC spectra as well as by
protein is shown in Figure 2, and the structure calculation ¢ andy backbone torsion angles typical for thehelical
statistics is given in Table 3. None of these structures conformation. Identification of the-helical elements is also
contain NOE violations exceeding 0.3 A and dihedral angle supported by many medium- and long-range contacts. So,
violations larger than © The analysis made using the the four helices present in each of the subunits are the best
PROCHECK-NMR program43) indicates that the average defined regions in the whole protein structure (Table 4).
structure is well-defined, corresponding to the X-ray resolu- As in other S100 protein structures solved so far, the
tion of 1.6 A. conformation of the linker between helices Il and Ill and, in
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Table 4: Rmsd Values of Secondary Structure Elements in 10
NMR-Derived Structures odpo-S100A15ME Protein with the
Lowest Total Energy

structure backbone all heavy

residues elements atoms (A) atoms (A)
3-17 helix | 0.23+0.10 0.50+ 0.15
30-40 helix Il 0.14+ 0.06 0.72+ 0.23
52—-63 helix Il 0.194+ 0.07 0.644+ 0.20
72—89 helix IV 0.40+0.17 0.81+ 0.26

particular, the conformations of the €abinding loops can
be determined much less precisely because of few long-range
contacts observed for these protein segments. Nevertheless
from the NOE spectra, and from the values of backbone
torsion angles, it is evident that residues Lys 27, Leu 28,
and Ser 29 in the N-loop and Glu 68, Val 69, and Asp 70 in
the C-loop form an antiparallgl-sheet stabilized by a pair
of hydrogen bonds between the amide and carbonyl groups
of Leu 28 and Val 69. Analogous structuregll, common
for EF-hand proteins, have been found in all S100 proteins
studied so far.

The three-dimensional structure of the protein can be
characterized as an “X-type” bundle with a large intersubunit

interface formed by two pairs of antiparallel helices kmd / > t €
apo-S100A1AME protein. In both subunits the consecutive helices

IV, IV, S|m|IarIy_ as in cher S100 protelns_ (_Flgure 3)'. are labeled with Roman numbers and indicated by different colors.
Protons of residues situated at the subunit interface displaypygjices I, 1, IV, and IV, forming the intersubunit interface, are

numerous intersubunit NOEs. For example, protons in shown in light colors. The structure is oriented in the same way as
residues of helix | (Leu 4, Met 8, Leu 11, lle 12, Val 14) those presented in Figures 2 and 5.
give many contacts to protons in corresponding residues of
helix I' and protons in helix IV (Val 75, Val 76, Val 78, Ala T and 67 ones at 9.4 T due to strong overlap of many
79, Thr 82) give contacts to residues of heliX.XX number resonances in théd/*5N correlation spectrum, predominantly
of cross-peaks have been assigned as arising from contactsoming from amino acid residues located within helix I, the
between residues located at the N-terminus of helix | and N-loop, and the C-terminus (see Supporting Information).
the C-terminus of helix Il For instance, Hprotons of Met Ratios of principal values of moments of inertia can be
8 in helix | give cross-peaks with protons situated not only used to calculate the predicted ratios of diffusion coefficients
in helix IV' (H° of Leu 81 and H of Val 78) but also inthe ~ Dy/Dp, (48). For SI00A1SME and S100A1 these ratios equal
C-terminus of helix I (H° of Leu 37) and in the hinge region  to 0.950 and 0.965, respectively (see Table 2). This prediction
(H° of Leu 41 and M of Phe 44). was confirmed by the analysis of experimental data using
Chemical Shift Changes Induced BME Modification. the anisotropic diffusion model. Experimentally determined
It is well-known that chemical shifts depend on local protein diffusion coefficients yieldD,/Dy, ratios very close to the
structure 88, 45, 46). Therefore, chemical shift differences predicted ones (see Table 2). Overall tumbling of both
between S100A1 and S1004ME molecules can be treated proteins is slightly anisotropic and well represented by the
as indicators of these regions of the protein structure thatoblate tensors. The averaged isotropic rotational correlation
are the most affected by the Cys 85 modification. It has beentimes,zg, are typical for proteins of this size and correspond

Ficure 3: Ribbon drawing of the three-dimensional structure of

shown &7) that a weighted combination of\:iC', N, and
C. chemical shift differences;Aodw:, is a very effective
measure of structural changes in proteiNs; values for
the S100A1/S100ABME pair calculated using eq 1 given

well to the result obtained for an another protein from the
S100 family, i.e., S100B: 7.87 n49).

Protein Backbone Dynamicghere is no significant differ-
entiation between local dynamics of various structural ele-

in ref (47) are shown in Figure 4. There are three parts of ments ofapo-S100A1. Thex-helices as well as the calcium-
the protein where they substantially exceed the measuremenbinding loops and the linker segments display similar average
error limits: Met 8 to Lys 25 segment comprising a large values of$ parameter, which is a measure of fast local mo-
part of helix | and the N-terminal half of the N-loop, Glu 40 tions in the picosecond time scale (Table 5). On the other
to Val 54 segment comprising the linker and the N-terminus hand, local dynamics iapo-S100A15ME is more differ-

of helix Ill, and Val 83 to Trp 90 segment of helix IV in the  entiated. Although the dynamics of helices Ill and IV and
vicinity of the modification site (Cys 85). These data can be of the 5-sheet structure is not affected by the protein modi-
correlated with global conformational changes induced by fication, the restriction of N-H vector motions in helices |

the protein modification presented in Figure 5.
Rotational Diffusion. R R, and NOE data have been
obtained for all backbone amide nitrogen nucleiapfo-

and Il as well as in the linker seems to increase slightly.
The most pronounced effects concern both calcium-binding
loops N and C which become the “hot spots” of the protein,

S100A18ME protein at 11.7 T and for 86 ones at 9.4 T. displaying the greatest motional freedom of their Nl vec-
For apo-S100ALl the relaxation data for only 72 out of 92 ors (see Table 5 and Figure 6). Another hot point appears at
backbone amide nitrogen nuclei have been determined at 11.the linker—helix Ill junction (Val 51, Asp 52, and Ala 53).
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Ficure 4: The combined chemical shift differen@,; betweerapo-S100A1 (unpublished results) aado-S100A15ME (BMRB database,
acc. no. 4982) calculated according to eq 1 of ref 47. Average valddgfis equal to 0.575, and its standard deviation (0.423) is marked
by the horizontal black line. Black bars correspond to those residues that aredrhflizal conformation in botlapo-S100A1 andapo
S100ASME. Ad values for residues 86 and 87 are missing because chemical shiftsdoA6n 86 and for i and backbone N of Asn

87 could not be determined epo-S100A1.

Table 5: Weighted Mean Values of the Order Paramgtaaf
Structural Elements of Modified and Unmodifiegho-S100A1
Proteir?

structure element (a.a.
residue)/no. of residues

N-loop
®

used in calcn S100ABME  S100Al AS
o-helix | (3—17)/11 0.95(0.01) 0.88(0.02)+0.07+ 0.02
a-helix 11 (30—40)/9 0.92 (0.01) 0.86 (0.02)+0.06+ 0.02
_ o-helix 111 (52—63)/11 0.94 (0.01) 0.93(0.01)
. - L o-helix IV (72—84)/12  0.95(0.01) 0.93(0.01)
linker , B-sheet (68-70)/3 0.93(0.02) 0.89 (0.02)+0.04+ 0.03
central part of N-loop 0.79 (0.03) 0.86 (0.03)—0.07+ 0.04
(20-26)/6
central part of C-loop 0.76 (0.03) 0.89(0.02)—-0.13+ 0.04
(64—67)/4
part of linker (41-50)/9  0.90 (0.01)  0.85 (0.01)+0.05+ 0.02
residues (3-89)/70 0.93(0.01) 0.91(0.01)

a Standard deviations (in parentheses) and number of amino acid
residues used in calculation are also given. Only these residues, for
which data are available for both proteins, have been taken into
consideration? Helix IV in apo-S100A1A8ME extends up to Phe 89,
but only residues corresponding to helix IVapo-S100A1 have been
used in calculations.Data are not available for residues Lys 27 to
Ser 29 ofapo-S100A1.

C-terminus

Ficure 5: Overlay of ensembles of NMR structuresapio-S100A1
(blue) taken from the Protein Data Bank (accession code no. 1K2H) .
and ofapo-S100A18ME determined in this work (PDB accession ~ FOr two residues, Gly 23 and Lys 2B values at 9.4 T
code no. 2JPT). In thapo-S100A1AME structures the residues  equal 3.6+ 0.8 s*and 3.8+ 0.4 s in apo-S100A15ME
green. ncluding two residues ot the C-terminus: ASn 86 and Asn o ompared with 1+ 0.8 s and 2.1+ 0.5 §° In apo

reen, Inciu - . 5 Tneinnifi
87 for which tﬁ_eAétot values have not been measured (please fSloglAlz’ZreSDeC“éilé/bespréO%agly’ Bnglgnllflp&t(value
compare with Figure 4). The structures are oriented in the same'0f ©!U Inapo p - (0.4+ 0.3 s7) in contrast
way as those presented in Figures 2 and 3. to apoSlOOAl (45:t 0.6 gl) is not due to the lack of an

exchange process, but rather to a small chemical shift

For a few residues in the N-loop epo-S100A1 (Ser 19,  difference between exchanging conformations precluding
Glu 22, Lys 25), transverse relaxation raRsare markedly manifestation of an exchange effect on the transverse
greater than for any other residues (Table SI2) that indicatesrelaxation rate. TheR., difference for Glu 22 correlates
additional motions in the micro- to millisecond time scale with the largest backbone amidéN chemical shift dif-
affecting the transverse relaxation rates. Such processederence of 7.2 ppm (122.5 and 115.3 ppmajpo-S100A1-
referred to as chemical exchange effects can result in theSME and apo-S100A1, respectively) which can be only
nonzeroRex term. A few residues in the N-loop dpo compared with the 7.0 ppm difference at the modification
S100A18ME, similarly as in the unmodified protein, display site (Cys 85). Different chemical exchange rates and/or
large values oR.x parameter (see Figure 7 and Table SI3). different populations of the exchanging states in both
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Ficure 6: Order parameter value$ with corresponding error
bars as the function of amino acid sequenceafor-S100A15ME
(upper part) anpo-S100A1 (central part). In the lower part the
differencesAS = SF(apo-S100A1AME) — F(apo-S100A1) are
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shown. Black bars correspond to those residues that are in the

a-helical conformation in both proteins. The data for the highly
mobile terminal residues, Ser 2 and Trp 90 to Ser 93, are not shown
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DISCUSSION

From the data presented in this paper the following picture
of conformational changes induced in S100A1 protein by
B-Me modification of Cys 85 can be derived:

(1) The primary effect of the modification is an elongation
of helix IV. In apo-S100A1 @) the last residue in the helical
conformation is Ala 84, and the next, Cys 85, plays the role
of the c-cap which NH group forms the hydrogen bond with
the carbonyl of Leu 81 but which conformatiop € —136,

y = +30°) is drastically different from helical. Irapo
S100A18ME five other residues at the C-terminus assume
the helical conformation documented by NOE contacts and
3J(Hn,H,) scalar coupling constant measurements: Cys 85,
Asn 86, Asn 87, Phe 88, and Phe 89. An analogous
conformational transition at the C-terminus of helix 1V of
S100A1 protein arises from calcium coordinatid). (

What mechanism is responsible for helix IV elongation
in apo-S100A18ME? Most probably it is a hydrophobic
interaction between theME moiety and the aromatic rings
of Phe 88 and 89. From NOE measurements we could not
obtain direct evidence for these contacts bec@dsercap-
toethanol used by us was not labeled WiB. Nevertheless,
in the low-energy structures of S100AME determined by
us the distances betweeg &f SME (HO—CH,—CsH2S—)
from H.2 and H protons of the Phe 89 ring equal merely
4.3 and 4.8 A, respectively.

In our previous paperg] we suggested that thionylation
of the cysteine residue situated at the 12th position from the
C calcium binding loop (Cys 85 in S100Al) regulates,
maybe, biological functions not only of SI00A1 but also of
its many homologues, because cysteine is strictly preserved
at this particular position in 7 out of 13 S100A1-like proteins

since these residues cannot be regarded as a part of a rigid rotorisolated from various species. Remarkably, in all of them

apo-S100A1-BME

5_

R, [1/s]

apo-S100A1

10

20 30 40 50 60 70 80

Residue no.

Ficure 7: Chemical exchange term&¢() at 9.4 T with corre-
sponding error bars as a function of the amino acid sequence of
apo-S100A1AME (upper part) andpo-S100A1 (lower part). Black
bars correspond to those residues that are incthelical conforma-

tion in both proteins. The data for the highly mobile terminal

(but not in other S100 proteins) the 16th position (analogous
to Phe 89 in S100A1) is occupied by phenylaladinad
the 15th position either by phenylalanine or by tyrosine with
only one exception of S100A11. It seems, therefore, that in
all these proteins thionylation of the cysteine situated at the
12th position from the C calcium binding loop can induce
the same effect of elongation of helix IV, as a consequence
of hydrophobic interactions between a moiety of a small thiol
molecule attached to the cysteine with aromatic side chains
of residues situated at positions 15 and 16.

(2) The C-terminal segment of helix IV created by the
Cys 85 modification, formed by residues-889, attracts the
N loop of the other subunit of the protein and drastically
changes its spatial orientation (see Figure 5). Consequently,
the intrinsic conformation of the loop is also changed in a
dramatic way. This transition cannot be precisely described
because neither iapo-S100A1 &) nor inapo-S100A1AME
(this paper) has the exact conformation of the N-loop been
determined. Nevertheless, the most important data character-
izing conformational features of the N-loop in both proteins
are availablepiz., ¢ andy angles of Leu 28 and Glu 32
andy1 angle of Glu 32 have been evaluated (see Table 6)
and the values o¥ andR.x parameters have been measured
for many residues forming the N-loop (Figures 6 and 7 and

residues, Ser 2 and Trp 90 to Ser 93, are not shown since theseTable SI3).

residues cannot be regarded as a part of a rigid rotor.

proteins might be also responsible for the observed differ-
ences ofRe values.

2 with the unique exception of chick S100A11 protein in which Leu
was identified at this position although Phe is preserved in four other
S100A11 proteins isolated from man, mouse, pig, and rabbit.
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Table 6: Conformational Data Concerning the Structural Scaffold Formed by Leu 28 and Val 69 in S100A1 Protein and of Glu 32 and Glu 73

Residues Providing the Most Important Ligands of Calcium lons Coordinated by Its N- and C-Loop, Respectively

conformation Leu 2&/y Glu 32¢/yplyl Val 69 ¢ly Glu 73¢lylyl
apo-S100A1 (PDB code 1K2H) +82°/-176° —74°1-56°/-57° —140°/+147 —81°/-37°/+74°
holo-S100A1 (PDB code 1ZFS) —82°/+167 —62°/—50°/+48° —122/+151° —60°/—40°/+62°
apo-S100A1-bMe (PDB code 2JPT) —133/+121° —50°/-57°/+35° —138/+139 —48°|-23°/+48°
Table 7: Angles between Axes of Helices I, Il, and? v WhiCh explains why t_he affi_nity of S100A1 for calcium
apo-S100AP andapo-S100A18ME (This Worky increases upon the thionylation.
Ain Nevertheless, on the basis of the results presented in this
apo-S100A1- apo-S100A1- Ain paper it is not possible to explain why the %ainding
helices apo-S100A1 AME BME holo-S100A1 constants to thionylated S100A1 increase in such a drastic
| =1 119+ 3 11342 645 12+ 4 way (1 order of magnitude to its C-loops and as much as 4
=1V 10542 124+ 2 194+ 4 24+ 4 orders of magnitude to N-loops) and why it changes
=1V —46+2 —43+3  withinerror ~ 17+2 dramatically the mechanism of metal binding from non-
IVI - :V, _i%ig _ﬂgig &Vgg'igror X"gz'i e cooperative to strongly cooperative oré).(

a Calculated using the InterhIx progrard2j. The sign convention
as in ref 63). ® The protein structure was taken from the Protein Data
Bank (accession code no. 1K2H)A: Respective changes of inter-
helical angles induced by th#ME modification or calcium binding to
S100A1 as reported in reby.

In apo-S100A1 the N-loop segment is quite rigid and by
no means properly adjusted for coordination of the calcium
ion. The conformations of Leu 2&he central residue of
the loop—and of Glu 32 providing the most important,
bidentate ligand of Ca ion are drastically different from
those inholo-S100A1 (see Table 6). UpgME modification
of the protein the values ap andy angles of both these
residues and gfl angle of Glu 32 change dramatically and
become much closer to those liolo-S100A1. It may be

expected that such a conformational transition considerably

increases the N-loop affinity odpo-S100A1 for calcium
since the proper orientation of central residues of calcium
binding loops and of the glutamate residues always presen
at their C-termini is believed to be of crucial importance for
calcium coordination by all EF-hand proteirs0( 51).

In S100A15ME the precise adjustment of the N-loop
conformation necessary for calcium binding is additionally
facilitated by increased mobility of this protein segment not
only in the picosecond time scale (compare $hparameter
values given in Table 5) but also in the micro- to millisecond
time scale as evidenced by the increaRedvalues for Gly
23 and Lys 25 (see the section “Protein Backbone Dynam-
ics”).

(3) The enhancement of fast internal motions is observed
also for a number of residues situated within the C-loop
(Table 5) although its conformation does not change
significantly uponME modification (Table 6).

(4) In the modified protein the orientation of helix 1V is
shifted in such a way that the helices forming the interface
between the protein subunits (I, IV, and V') assume
exactly the same relative orientation as holo-S100A1
protein (compare interhelical angles' l/IV/IV', and I/IV
listed in Table 7).

CONCLUSIONS
Thionylation of Cys 85 residue @po-S100A1 bys-mer-

captoethanol modifies, in many respects, the protein structure.

Although it still remains “closed”, unable to bind target
proteins, it becomes more similar to that ledlo protein,

This intriguing phenomenon can be elucidated by further
systematic structural and dynamic studies of a series of
properly chosen protein mutants. Such a method was
previously applied, with great success, by Chazin and his
co-workers to study the mechanism of calcium binding to
calbindin Dy (54—56).
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Two tables containing backbone amidl relaxation rates
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tfree approach parameters for individual amino acid residues
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