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A recent bioinformatic study has evaluated to alit@@0 (or ca 3 % of the total protein
number) the number of human proteins possessirgfracysteinate zinc sité. These sites were
initially supposed to have a structural role sitleey were associated to zinc finger protéinghere
they fold the protein chain in a conformation sbigato its binding to DNA. They were later found in
several proteins and enzymes involved in demetloylgtrocesses such as the DNA repair protein
Ada® and various transferas@sMore recently, such sites were discovered in wt shock protein
Hsp33® and the disulfide reductase TB2where their interaction with reactive oxygen spsci
(ROS) contributes to the oxidative stress respofises. is of special interest since tetracysteizate
sites, especially in zinc finger proteins, haverbeensidered to be likely targets of ROS. Free
cysteines are commonly involved in peroxide sensing respon&® and their reactivity has been
thoroughly studied over the past twenty years. #somable reactivity picture has emerged that points
to the importance of hydrogen-bonding to increagentucleophilic character of the cysteine sulfur. N
such rationale is available for metal-bound cysiEs.

In order to get a better understanding of the raacbf tetracysteinate zinc sites with ROS,
we are developing a biomimetic approach basedl®movopeptide synthesis. This approach is
particularly suited to mimicking these sites ande tpotentially important hydrogen-bonding
interactions, which is not possible with metallcamg complexes in organic solvents. The validity of
this approach has been demonstrated by Bed]. in their modeling studies of zinc finger proteins
with a mixture of cysteinate and histidine ligafldand further highlighted more recently by Gibrety
al.” Both groups used linear 16- to 26-mer peptidesrparating two CXC (n = 2-4) zinc binding

motif. Regan eal.*

relied on self-assembling peptides to constituieua-helix bundle orienting the
cysteinates in the proper way to bind zinc. Newsess, this approach is generally weakened by the
difficulty to obtain detailed structural characgation of metallopeptides. In addition, these two
designs cannot reproduce the tetracysteinate amaegs that belong f®-hairpins such as that of

Hsp33® This prompted us to develop a totally new desiased on introducing one G& motif into



a cyclic peptide and another one into a linearrcleannected to the cycle via a glutamate or a éysin
In this communication, we show that this peptidsigie, with limited size and flexibility, allows to

reproduce almost perfectly both the structure &edréactivity of the tetracysteinate zinc site lod t

protein Hsp33.
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Figure 1. Model peptides design. Part of the crystallograp$tructure ofThermotoga maritimaHsp33
showing the Zn(Cys)site (upper left), its schematic representatigpér right) and the model peptide$ L?
and L* (bottom). Some of the amino-acids were changethénmodels to prevent overlapping in the NMR
spectra.

Figure 1 illustrates the tetracysteinate zinc siteHsp33 that consists of a CXXC motif
C263KWCss0) located in d3-hairpin loop and a CXC motif ¢gDCys3). To reproduce the topology of
this site, we designed a cyclic peptide to mimie fkhairpin loof™" and a linear tail was grafted on
one of the side-chains of the loop to introduce @&C motif. The D-Pro-L-Pro dipeptide template
was used to preorganize the ten residues consgtthief-hairpin loop™*” The linear tail was grafted
on a Glu residue of the cycla its N-end (peptidé.’) or on a Lys residueia its C-end (peptidé ?).
The linear precursor df' was assembled on Sieber amide resin using Fmauistmg. Fmoc-Glu-
OAll was used to create the branching point betwbentwo parts of the peptide (scheme 1). After
selective removal of the allyl group with Paleavage from the resin with 1% trifluoroacetitida
(TFA) in CH,CI, yielded a linear peptide amidated at the C-teridecine and still bearing the side-
chain protecting groups. Cyclization between they awo unprotected functions (main chain Glu-
COOH and Cys-Nb) in CH,CI, followed by removal of the side-chain protectimgups by TFA/tri-
isopropylsilane (TIS)/kD/dithiotreitol (DTT) and HPLC purification yielded". The peptidd.? was
synthesized in a similar way on 2-chlorotrityl atidie resin using Alloc-Lys(Fmoc)-OH to introduce
the branching point. To assess the value of thigekescribed abové,’, the linear analogue @f?,
was synthesized by suppressing the cyclization #tBmpeptides were identified by ESI/MS afid
NMR.
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Scheme 1. Synthesis of peptides'. (@) Fmoc SPPS; (b) DMF/pyridine/f&2 7:2:1; (c) Pd(PPju, PhSiH,
CH.Cl,; (d) CHCI,/TFA 99:1; (e) 0.25 mM, PyBOP, DIEA, GBIy; (f) TFA/TIS/H,O/DTT. * denotes side-
chain protecting groups.

Metal binding was investigated by UV/Vis, CD andidiescence titrations at pH 7.0.
Titrations with C8" show the formation of a unique 1:1 comp(@a:L' for each of the three peptides.
The LMCT and d-d transitions of these complexescarssistent with a Cdion coordinated by four
cysteinates in a tetrahedral geometry (Tablé?1Yhe d-d transition patterns of the thr€e:L
complexes differ quite significantly but the spactf Co-L? and Co-Hsp3% are strikingly similar
(Figure S1). With Zfi, the three peptides exhibit distinct behavidrs.forms only a 1:1 complex
(Zn-L? while L? forms also a complex of undefined stoichiometnyeitess of zinc, and® forms
also a 1:Zn-(L%Y), complex, detected during CD titration in conditosf excess peptide. The LMCT
band of thezn-L' complexes around 210 nm indicates that the mstalobrdinated by the four
thiolates™ The apparent binding constants aré*®and 18°? at pH 7.0 forCo-L? and Co-L®,
respectively, and are ¥F? and 16>%® for Zn-L? and Zn-L?, respectively, at pH 7.5. Thus, the
complexes formed by the cyclic peptitlé are more stable than those of its linear analdguby
approximately one order of magnitude. The valuesuesl forZn-L? is very similar to that reported
for Zn-Hsp33 (189 at pH 7.5

Table 1. UV-Vis characterizations of Gdand Zri* complexes of peptidds at pH 7.0.

Complex A (Ag) / nm (M*cm?)

Co-L* 302 (6460), 360 (3980), 645 (630), 685 (835), 7D}
Co-L? 300 (4270), 347 (3200), 635 (369), 686 (769), BI7|
Co-L® 310 (4080), 356 (2860), 617 (408), 680 (570), 47}
Zn-L! 213 (19600)

Zn-L? 204 (23700)

Zn-L? 211 (20600)

The structures of the zinc complexes were invesstihdy ‘H NMR spectrometry. ThéH
NMR spectra of complexean-L' are depicted in figure 2. WhereZa-L* andZn-L? display well



resolved spectr&n-L° displays broad peaks characteristic of conformationotion. Thus only the
cyclic peptide-based modets-L* andZn-L? are suitable for a detailed structure determimafiheir

NH resonances are spread over the 7-9.5 ppm ramugst, of the®Jy. 1o Values are out of the 6-8 Hz
range and a large number of NOE cross peaks arerv&us between the cycle and the tail
(Supplementary information). This clearly indicatémt Zn-L' and Zn-L? adopt a well defined
conformation. The numerous cross-strand NOEs shaivthe cycle folds in a regul@rhairpin!*®
The NOE pattern of the four cysteines and ?th'@!HB values show that the positions of the cysteine
side-chains are well definéd The structure was calculated using the programO®RI13.851® with

247 H-H distances constraints (81 intra-residuesd@uential and 88 medium-range) extracted from
the NOESY spectra (200 ms) and @2nd 3, dihedral constraints faZn-L* and with 255 H-H
distances constraints (91 intra-residue, 66 seguemtd 98 medium-range) and @znd 4x, dihedral
constraints forZn-L2. The superposition of the lowest energy structuséth the zinc site of
Thermotoga maritimadsp33 are depicted in figure 3. Both model peptidedectly reproduce the
hairpin loop (the backbone root mean square devigtim.s.d.) is 0.57 A and 0.40 A f@n-L* and
Zn-L? respectively). The linear tail dn-L' is slightly tilted from the corresponding sequerte
Zn-Hsp33 whereas a perfect match is notedZfot®, with exactly the same relative orientation for
the four cysteines side-chains. All of the sevedrbgen bonds involving the cysteine sulfurs inXhe
Ray structure of Hsp33 are reproduced in the moak@poundzZn-L? whereasZn-L" lacks one.
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Figure 2. NH and aromatic region OH NMR spectra (500 MHz, 298 K,8/D,0 9:1, pH 6.2) of complexes
peptidesZn-L' prepared by adding 1.0 equivalent of Zio the peptidé.'.
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Figure 3. NMR Solution structures oZn-L* and Zn-L2 Left: Superposition of the 10 lowest energy NMR
structures calculated using XPLOR. Middle: Lowenergy structure showing the hydrogen bond network
(black). Right: Superposition of the lowest enesgcture ofZn-L' (green) with the zinc site dfhermotoga
maritimaHsp33 (pdb 1VQO, blue).

In a preliminary reactivity study with ROS, we istigated the oxidation of the thr&e-L'
complexes with BD,. The reaction oZn-L' with excess kD, was followed by ESI/MS, UV/Vis and
fluorescenceZn-L', L'ss andL',ss (the peptides presenting one and two disulfidespectively) were
observed by ESI/MS, the latter being the only sgeeat the end of the reaction. Tyrosine fluoreseenc
was recorded as a function of time (figure 4). Teerease of the fluorescence correlates with the
decrease of the LMCT band at ca 210 nm monitored\{¥/is. Fluorescence kinetic measurements
allowed us to monitor the destruction of the Zn(gygentre and the formation of disulfides which are
efficient quenchers of tyrosine fluoresceH@The kinetic traces were perfectly fitted with agie
exponential. The apparent pseudo-first order cohdt@s is proportional to [HO,]. Therefore, the
oxidation follows a second order kinetic law r x{En-L"1x[H,O,] showing that the rate determining
step corresponds to the bimolecular reactiodrof.' with H,O,, with a highly ordered transition state
as shown by the large negative valueASf derived from Eyring plots (table 2). Interestingtiie
kinetic constants at 303 K and 316 K for the bésictural modelZn-L? are in excellent agreement
with those deduced from the data reported for Zp33&” Moreover, it seems that the oxidation
kinetics parallel the structural ordering of thaezisite. With one missing hydrogen boiah-L" is
oxidized more rapidly thadn-L* and consistently, the fastest oxidation is obsefeedn-L*, which
has no defined conformation and thus no defineddgeh bond network.



Table 2. Kinetic parameters for the oxidation L' by H,O..

Zn-L*  zZnL? ZnL®  Zn-Hsp33®

kaoax / M st 0.20(1) 0.13(1) 0.57(2) 0.12(1)
karex/ Mt st 0.45(2) 0.28(1) 1.2(1) 0.31(3)
AH? /kJmol*  47.8(5) 43.1(5) 45.1(5 -

AS /JmolK? -101(2) -120(2) -101(2) -

[a] Kinetic constants were obtained from ré&f! by converting
half-life reaction time ofZn-Hsp33 with 2 mM HO, using the
formula k = (In2{y5)/[H,0-].
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Figure 4. Normalized tyrosine fluorescence changes £ 280 nmA., = 307 nm) observed during reaction of
Zn-L? (20 pM) with excess ¥D, at 298 K, pH 7.0. The numbers denotes th®oncentrations in mM. The
inset shows theks obtained by fitting each kinetic trace with a $engxponential as a function of {&,].

In summary, we have devised a new design basedamthed cyclic peptides to mimic the
tetracysteinate-zinc sites belonging tB-hairpin such as the Zn(Cysjite of Hsp33. This is achieved
with short peptides=(20 amino-acids) which are easy to synthesize. Manetheir limited size
allows a rapid NMR structural characterization, tvban be scarcely achieved with linear peptides or
multi-helix bundles. The differences betwdehandL? highlight the interest of this design over the
use of linear peptides for the modelling of struatuproperties and reactivity. The comparison
betweenL® andL? shows that small changes in the structure antiérH-bonding pattern of theses
complexes can influence their reactivity. The ofima of these Zn(Cys)sites in condition of severe
H,0, stress (100uM-5mM) is very slow with half-life odi@mn times of several minutes, suggesting
that HO, might not be the ROS actually responsible for tixédation in vivo. We are further
exploring the reactivity of these promising modelsards HO, and other ROS.
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