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Abstract

In order to develop a minimalist chemical modelnadtrix metalloproteinases (MMPSs), we
synthesized a pentadecapeptide (Ac-KAHEFGHSLGLDH8#,) corresponding to the
catalytic zinc(Il) binding site of human MMP-13. & multi-domain structural organization of
MMPs fundamentally determines their metal bindinffinay, catalytic activity and
selectivity. Our potentiometric, UV-VIS, CD, EPRMR, ESI-MS and kinetic study are
aimed to explore the usefulness of flexible pemtitte mimic the more rigid metal binding
sites of proteins, to examine the intrinsic metading properties of this naked sequence, as
well as to contribute the development of a ministalpeptide-based chemical model of
MMPs, including the catalytic properties. Since tmmidazole environment is also
characteristic for copper(ll), and recently coppgrgontaining variants of MMPs have been
identified, we also studied the copper(ll) compkeréthe above peptide.

Around pH 6-7 the peptide, similarly to MMPs, o8#gBN;,} coordinated binding site
for both zinc(ll) and copper(ll). In the case opper(ll), the formation of amide coordinated
species at higher pH ceased the analogy with thpez@l) containing MMP variant. On the
other hand, the zinc(ll)-peptide system mimics sdrasic features of the MMP active sites:
the main species around pH 7 (ZhHl possesses {3W,H-0} coordination environment, the
deprotonation of the zinc-bound water takes plagear rio the physiological pH, it forms
relatively stable ternary complexes with hydroxametds, and the species ZaHOH) and
ZnH,L (OH), have notable hydrolytic activity between pH 7-9.
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Introduction

The metal binding side chains in metalloproteirs generally far-away from each other in
the primary sequences, they are often separatethdrg than hundred amino acids. Such
metal binding sites are obviously difficult to miorby small peptides. However, a number of
proteins possess relatively short histidine-ricqussmces with strong metal binding ability,
which substantially contributes to the functionttoé given macromolecule [1-18]. Beside the
well known human serum albumin (HSA) [1], probakie prion proteins (PrP) [2] are the
most studied examples of such sequences. Studigg anetal ion binding of peptides related
to the N-terminal of HSA [3-5], and those mimickitige octarepeat region of PrP [6-8]
demonstrated the usefulness of such studies. Besséeeral peptides copying the putative
metal binding sequences efg. humana-synuclein [9], human endostatin [10], bacterial
superoxide dismutases [11,12] dadcoli SlyD protein [13] have been studied to uncovee fin
functional details of the corresponding proteinswidver, these metal binding sequences are
part of less structured regions, frequently atNkrminals, which may allow closer analogy
in the metal binding properties of model peptided aative proteins.

Sequences within the polypeptide chains are gdgyemaire rigid due to the tertiary structure
of the proteins, which provides preorganized bigdisite for the metal ion(s) in
metalloproteins. In spite of the short sequencesh preorganization obviously reduces the
analogy with a more flexible oligopeptides. Nevel#ss, a number of studies are reported in
the literature dealing with short in-chain sequenas putative metal binding sites @§.
amyloid precursor protein [14], the repeat sequenck Cap43 [15] and histidine-rich
(glyco)proteins [16], the histon H2A protein [1 7] thhe metal-transport protein IRT1 [18]. In
spite of the limited analogy between such peptalas the native proteins, in the absence of
structural information such studies are of gre&ies, since even the identification of putative

metal binding sites may improve our knowledge anftinctioning of the given proteins.



In this context it would be interesting to examgueh peptide-protein analogy from a reverse
point of view,i.e. studying a relatively short, flexible peptide @sponding to the metal
binding site of a structurally well characterizedtalloprotein. In this way one would explore
the usefulness of peptides, lacking the structstabilization determined by the tertiary
structure, to mimic preorganized metal bindingssité proteins. For this end, the consensus
catalytic metal binding sequence of matrix metathdginases (MMPs) is well suited. These
enzymes are responsible for remodelling of conmectissues, and are essential &y.
embryonic development, cell growth, proliferatioand wound repair. MMPs are also
implicated in a number of pathological processesihsas arthritis, cardiovascular and
neurological diseases, tumour cell invasion andastasis. Consequently, these enzymes are
important therapeutic targets for the treatment té above diseases [19]. Matrix
metalloproteinases contain two zinc ions, one l@alytic the other has structural role. The
N-terminally located catalytic domain of MMPs arbacacterized by a well conserved
sequence with a histidine-triad (HExxHxxGxxH) whicbordinates the catalytic zinc ion and
contains the glutamate residue that is also critfoa catalysis. The catalytic zinc is
coordinated by three imidazole nitrogens and ammat#ecule [20].

In this study we report the coordination propertief a pentadecapeptide (Ac-
KAHEFGHSLGLDHSK-NH,, L) corresponding to the catalytic zinc(ll) bindiniges(197-
213) of human MMP-13 [21], except the first posithere the valine has been replaced by
lysine in order to increase the water solubilitytioé peptide and its metal complexes. Our
potentiometric, UV-VIS, CD, EPR, NMR, ESI-MS anah&tic study are aimed to explore the
intrinsic properties of this naked, virtually unsttured metal binding sequence, as well as to
contribute the development of a minimalist, peptidsed chemical model of MMPs,
including the catalytic properties and the bindinghydroxamic acids, as model of MMP

inhibitors [22]. Since the multiimidazole environmas also characteristic for copper(ll), and



recently copper(ll) containing variants of MMPs baseen identified ivolvox carteri [23],

for comparative purposes we also studied the cdipeomplexes of the peptide.

2. Materials and methods

Copper(ll) and zinc(ll) chloride solutions were paeed from analytically pure compounds
(Fluka) and standardized complexometrically. pH+mditrations were performed by 0.1 M
NaOH (Fluka) standard solution. Fmoc-amino acidq1R-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) antdydroxybenzotriazole (HOBt) were
purchased from Novabiochem. N,N-diisopropylethylaen(DiPEA), diethylether (Sigma),
triisopropylsilane, piperidine (Aldrich), pyridinglMerck), acetic anhydride (Fluka),
trifluoroacetic acid (Riedel-de Haén), N,N-dimetfigimamide (DMF), dichloromethane,
methanol (Molar Chemicals), and acetonitrile (Stzhgrwere analytically pure chemicals and

used without further purification.

2.1 Synthesis of Ac-KAHEFGH SLGLDH SK-NH; peptide (L)

The peptide was prepared by solid phase peptidéhesis using the Fmoc methodology
(Fmoc = 9-fluorenylmethoxycarbonyl). Tentagel S RAMS5 mmol/g (Iris Biotech GmbH)
was used as a solid support. The amino acid bgjlBincks were applied in 4-fold excess
over the capacity of the resin. The amino aciddue=s were coupled to each other (and to the
resin) by applying HBTU (4 eq./building block), HOB4 eq./building block) and N,N-
diisopropylethylamine (8 eq./building block) in DMAhe Fmoc-protecting groups were
removed by using a solution of 20% piperidine in BM he usual coupling reaction time was
1 h. The attachment of each amino acid residueswaastored by Kaiser-test [24] and by the
detection of the cleaved Fmoc group at 290 nm infFDM the case of successful coupling the

free residual amino nitrogens were acetylated wilie mixture of acetic anhydride,



dichloromethane and diisopropylethylamine (10-8G04)L0After the last coupling step the
resin was rinsed by dichloromethane and methamal,then it has been dried. Cleavage of
the peptide from the resin was performed in thetunexof TFA, HO and triisopropylsilane
(95-2.5-2.5%). The peptide was preciptated withthglleether, re-dissolved in water and
freeze-dried. The crude product was purified by HR-C (Shimadzu LC-20) using a
Supelco Discovery BIO Wide Pore C18 (250x10 mnunh semi preparative column. The
compound was eluted by using the mixtures of watetaining 0.1% TFA and acetonitrile
(Eluent A: 99.9% HO, 0.1% TFA, Eluent B: 99.9% GEBN, 0.1% TFA) with a 3 mL/min
flow rate and applying the following gradient pragr: 0-5 min 12 % B; 5-17 min 12-14 % B
(linear gradient); 17-25 min 14-18 % B (linear gead); 25-40 min 18-70 % B (linear
gradient); 40-45 min 70-12 % B (linear gradient; € 13.4 min). After purification the
ligand was obtained as a trifluoroacetate saltytbkel was 53.0%. The HPLC chromatogram
of the purified peptide is depicted in Fig. S1 (Sepplementary Data).

The peptide was identified by ESI-MS: m/z = 852[#6+ 2H]** and m/z = 568.63 [M +
3H]**. The calculated monoisotopic molecular mass 92185 Da. The purity was also

confirmed by potentiometry and NMR spectroscopy.

2.2 Potentiometric measurements

The protonation and coordination equilibria wereestigated by potentiometric titrations in
aqueous solutionl € 0.1 M NaCl, and = 298.0 + 0.1 K) under argon atmosphere, using an
automatic titration set including a PC controlledsiinat 665 (Metrohm) autoburette and an
Orion 710A precision digital pH-meter. The Metrolviicro pH glass electrode (125 mm)
was calibrated [25}ia the modified Nernst equation:

'JOH D<W

E=E,+K Oog[H*]+J,, [H" -
+ gH"]+J, H"]+ H]



whereJy andJoy are fitting parameters in acidic and alkaline raddr the correction of
experimental errors, mainly due to the liquid juoctand to the alkaline and acidic errors of
the glass electrodé&,, = 10*"°M? is the autoprotolysis constant of water at 2928][ The
parameters were calculated by the non-linear Epsres method. The complex formation

was characterized by the following general equilitor process:

pM +gH +1L vsB B M H,L,B;

2 _ [M,H,L,B]
WS IM] TH] L] B

where M denotes the metal ion and L and B the notepated peptide and benzohydroxamic
acid molecules, respectively. Charges are omitvedimplicity, but can be easily calculated
taking into account the composition of the fullyofmated ligands (H°* and HB).The
corresponding formation constanf&ufu,.s, = Sard Were calculated using the PSEQUAD
computer program [27].

The protonation constants were determined fromdépendent titrations (90 data points
per titration), with peptide concentration 1-415> M. The complex formation constants
were evaluated from 7 and 9 independent titrat{@3s90 data points per titration) in case of
the zinc(Il) and copper(ll) containing systems pegively. The metal-to-ligand ratios were
2:1, 1:1 and 1:2 (in case of zinc(ll) precipitatioocurred above pH 7 at twofold metal ion
excess). The metal ion concentrations varied betve6-2.%10° M. The titrations were
performed between pH 2.6 and 11.4, but due todtier low concentrations of the peptide (-

|09 Gyepiide 2.5 — 3.2), the derived equilibrium data of thiegesses below pH 3.6 and above

pH 10.4 have increased uncertainties.

2.3 Electronic absorption and CD measurement



UV-Vis spectra were measured on a Unicam Helie@pectrophotometer using a cell with 1
cm optical pathlength. The CD spectra were recooted Jasco J-710 spectropolarimeter in
the wavelength interval from 300 to 800 nm in d w&th 1 cm optical pathlength. The metal
ion concentration was varied between 0.8<2@° M, depending on the metal-to-ligand ratio.
For the copper(ll) containing systems the pH-depahtV-Vis spectra were treated together
with pH-potentiometric data using the computer paog PSEQUAD [27], resulting the
formation constants,,) and the individual UV-Vis spectra of the coppgromplexes. The

individual CD spectra were also calculated by PSBEQU

2.4 EPR and NMR measurements

The EPR spectra were recorded at 77 K using a BRRIEEEXsys E500 spectrometer. All
recorded EPR spectra in the systems were simwgtbda spectrum decomposition method
by a computer program [28]. Since the copper(Il) ssed to make the stock solution was a
natural mixture of the isotopes, the spectrum ahespecies was calculated as the sum of
spectra containin§®Cu and®*Cu weighted by their abundances in nature. The eoppd
ligand coupling constants are given in units ofsgafl G = 10 T).

'H NMR measurements were performed on a Bruker AwdDBRX 500 spectrometer. The
spectra were recorded at 25 °C in 100¥0OD3solution, at a peptide concentration of 3.0—
6.0x10° M (the tube diameter was 5 mm). The pH was adjusiethe desired values with
NaOD. 2D COSY, TOCSY and ROESY spectra were aeduwith 2048(F2)x1024(F1)
complex points. The TOCSY experiments employedMhé&V17 sequence with a mixing
time of 75 ms. ROESY spectra were acquired withimgiximes of 300 ms. The chemical
shifts o were measured with respect to dioxane as inteefi@tence and converted relative to
SiMey, usingdgioxane = 3.70. Data were processed using the Topspirs@ffivare package

(Bruker).



2.5 Mass spectrometric measurements

Mass spectrometry was performed on a Waters MicsdMaQ-TOF Premier mass
spectrometer operating in negative and positive anaging electrospray source (ESI). The
samples were dissolved in methanol(90%)-water(106%kfure and transferred into a mass
spectrometer by direct infusion at a flow rate 6fpl/min. The capillary and cone voltages
were set to (+,-) 3.3 kV and (+,-) 26 V. The desatitn temperature was set to 1%Dand the
source temperature to 8&. The cone gas was at a flow rate of 50 L/h, wherthe
desolvation gas flow was maintained at 200 L/h. draalitative analysis the identified copper
complex ions were detected in an MS survey scah ©from an m/z of 50 to 1990 using 5
eV collision energy. The TOF was calibrated onydbasis using sodium-formate solution in
negative and positive mode and subsequently ogketdigh accuracy (<5 ppm) without
utilizing reference masses. All data were acquiaed theoretical isotope patterns were

determined by MassLynx V4.1 software (Waters Inc.).

2.6 Kinetic study

The hydrolysis op-nitrophenyl acetate (pNPA) was followed in a btdgfit aqueous solution
containing 10 % CECN (I = 0.1 M NaCl, T = 298 K) by detecting the iaase in absorption
maximum at 400 nm of the-nitrophenolate aniore€18900, pK=6.98(2)). In all cases 0.04
M buffer (MES, HEPES, CHES) was used to maintam pil. The initial concentration of
NPA varied from 0.9 to 12 mM. The reported kined@ta, determined by the initial slope
method € 3 % conversion) are averages of duplicate measme(reproducibility better
than £ 5%). In a typical experiment, the pH of fwdution containing 0.5 mM ligand zinc(ll)
was adjusted to the desired pH value. 1.8 mL af $biution was equilibrated at 298 K in the

spectrophotometer, then 0.2 mL foéshly prepared.02 M pNPA in CHCN was injected



into the solution with efficient mixing. The incisa of the absorbance at 400 nm was

immediately followed. The pH of the mixture was cked after every kinetic run.

3. Resultsand Discussion

The studied pentadecapeptiddias seven groups able to (de)protonate between 1 (2
Lys, 3 His, 1-1 Glu and Asp). The protonation canst and the corresponding pK values are
listed in Table 1. pKand pk belong to the carboxylate groups. The pKs reldatedhe
imidazole rings (pK4s5= 5.86 — 6.99, Table 1) are in the range generlserved for His-
containing peptides. Since these deprotonationstewagly overlapped, the values in Table 1
are macroscopic constants and cannot be relaieditadual histidine residues. Above pH 10
the deprotonations of the two lysiadNHs" take place, also in an overlapping manner. Due to
the relatively low peptide concentration appliecour measurements the pK < 3.6 and pK >
10.4 values have somewhat higher uncertaintiesubaal for pH-potentiometric studies (see

also the experimental part).

3.1 Zinc(I1) complexes

In equimolar solution of zinc(ll) and, a series of differently protonated complexes were
detected between pH 4 and 11. As a consequenbe pbsitively charged N- and C-terminal
lysine residues, precipitate formation, which isy&equent in presence of zinc(ll) and N-
protected peptides [29,30], was not observed. Adquid 7 the diprotonated complex ZsiH

is dominant in the solution (Figure 1). This isrotworated with the ESI-MS results (Figure
2), which indicated the formation of water addudt these species at m/z 601.3
([ZnHsL +2H,0]*") and at m/z 901.4 ([Zr4t +2H,0]?"). 'H NMR investigations have been
performed to identify the metal binding sites ie formed complexes. The assignment of the

proton signals was based on COSY, TOCSY and ROE®¥renents. The pH dependence



of the signals in equimolar solution of zinc(ll)dapeptide is shown in Figure 3. The shift of
C2-H and C5-H signals of the imidazole rings upomplex formation, especially at pH 6,
indicates that the three imidazole rings are comtdid in ZnHL. The changes of thtH
NMR spectra of the peptide at pH 7 upon additiorziat(ll) are depicted in Figure 4. The
signals of the two terminal lysines do not shiéimain sharp and well resolved, suggesting
that they are protonated in ZpiH However, unexpectedly strong broadening has been
observed for most amino acid residues, includingséhcontaining non-coordinating side
chains, such as Phe and Gly. This indicates intdiate exchange between the free and
bound peptide. In addition, the fact that all cahtresidues of the pentadecapeptide are
affected upon zinc(ll) binding, i.e. no freely ritgy part of the molecule is present apart the
terminal lysines, indirectly suggests the coordorabf the three histidine side chains, too. On
the other hand, besides the broadening, the sigelaled to the two leucine residues are also
shifted upon complex formation, and their methybups become inequivalent in the
complexes (Figs. 3 and 4). This indicates confoionat changes of the peptide during the
formation of the two macrochelates between thestbomrdinated imidazole rings.

The stability constant of Zri (Zn** + H,L = ZnH,L, log K; = 4.46) is somewhat
lower than those of some {3N coordinated zinc-peptide complexes (log K = 5f60 Ac-
HVHAH-NH, [31], log K = 4.64 for Ac-HAAHVVH-NH [30]), due to the larger
macrochelate rings formed between the imidazolgsrim the present case. The lower
stability also suggests that additional coordimatad carboxylate groups can be neglected.
The unsaturated coordination sphere in AnHesults in the formation obis-complex
(Zn(H.L)2) in the presence of ligand excess. The value gf (K/K;) = 0.88 indicates
identical binding of the two ligands in thes-complex.

Increasing the pH above 7, the complex ZnHeleases four additional protons with

pK = 7.59, 8.60, 10.06 and 10.66, respectively ([@4ah Figure 1). New peaks reflecting slow



exchange between the free and bound ligand, olseadier for amide-coordinated zinc(ll)
complexes of Gly-His, Ala-His and Gly-His-Lys [33]3 were not detected on the NMR
spectra up to pH 8.8 (Figure 3), suggesting that(#) promoted deprotonation of amide
nitrogen(s) is unlikely. Moreover, the peaks redaie'Lys/°Lys are unchanged upon zinc(Il)
binding, indicating that these residues are stilbtgnated. Consequently, the first two
deprotonations are related to the formation of whixehydroxo complexes
(ZnHL=Zn(H,L)(OH) and Zm.=Zn(H,L)(OH),), similarly to many other zinc(ll)-peptide
systems [11,16,34]. During the last two proceskesdeprotonation of the Lys residues take
place. Indeed, the observed pKs are close to tbhbsee lysine residues in the absence of
zinc(ll) (Table 1).

Since hydroxamic acids are well known inhibitors MMPs, operating by
coordination to the catalytic zinc, we also studikd complex formation in the zinc(ID)-
benzohydroxamic acidB| ternary system. The formation constants deterdhfoethe binary
zinc(l)-B complexes (Table 2) are close to those deternmeaédder [35,36]. Only two ternary
species can be detected (Zgl(hB and Zn(HL)B), and their sum is slightly higher than those
of the binary species around the physiological plgure 5). Indeed, the values fiogK =
log BznHyLe — 109 Bznm,. — 10gBzne = 0.16 (x = 3) and —-0.42 (x = 2) indicate enharstedbility
of the ternary complexes [37], especially consiugrihne crowded environment of zinc(Il)
caused by the large peptide molecule.

Consequently, the complex ZglH mimics some specific features of MMPs’ active
centers: the peptide is coordinated to zinc(ll)thmge imidazole nitrogens, the deprotonation
of the zinc-bound water takes place near to thdralepH-range (pK = 7.6 and 8.6), and it
forms relatively stable ternary complexes with loy@gmic acids. Nevertheless, the zinc
binding affinity of the peptide, probably accorditwits flexible structure, is very modest in

comparison with the apo-enzymes.



3.2 Copper(I1) complexes

The presence of separated histidines in a peptigencallow the formation of
oligonuclear copper(ll) complexes, since the imalazing is an efficient anchoring group
for copper(ll) promoted amide deprotonation [38hnSequently, in the copper(ll)-system
mono-, di- and trinuclear complexes may form. TWiss confirmed by our ESI-MS data
(Figure 6), which indicated the formation of monolear €.g. [CuHsL]** at m/z = 588.9,
[CuH_,L]* at m/z = 880.9), dinucleae.§. [CH_4L]* at m/z = 911.3) and trinuclead.
[CusH_eL]?" at m/z = 941.8) species. Therefore, the coppasitiding ability ofL has been
studied by combined pH-metric, UV-Vis, CEH NMR and EPR spectroscopic methods at
3/1, 2/1, 1/1, and 1/2 [Glwd[L ]t ratios. Since the complexes with different nudtganay
have several protonation states, the coppdr(l§ystem presents a complicated, but rather
obvious speciation behavior. The comparative evianaf the experimental data indicated
the formation of 7 mononuclear, 6 dinuclear andriitlear species (Table 1, Figure 7).
Below pH 5 two mononuclear complexes GuHand CuHL are formed in a strongly
overlapping manner (Figure 7), therefore only thecsroscopic parameters of the latter can
be determined with certainth{%nax~ 695 nm, g = 2.285, A = 160 G, low intensity CD
spectrum). These data indicate {&N coordination in CuHL, with the possibility of
additional carboxylate coordination. Between pH && complex CubL dominates in the
solution. Its spectroscopic paramete¥$%.x~ 630 nm, g = 2.260, A = 173 G, low intensity
CD spectrum) suggest {3N coordination. This is confirmed by tHél NMR spectra of the
peptide detected with increasing concentrationapiper(ll) (Figure 8). At [CE]/[L] = 0.01
ratio, only the C2-H and C5-H protons of the thm&dazole rings are strongly broadened.
On the other hand, at [EW[L] = 0.09 ratio, only the lysine signals remaineldtieely well

resolved (Figure 8). These facts indicate that teatral metal ion has {3N} type



coordination in CubL, and the two protons are located on the termipsiné e-amino
groups. The log K value for the reaction®Cti Ho.L = CukbL (log K = 7.77) agrees well with
the constants available for {3)y coordinated copper(ll)-peptide complexes withfeliént
size of macrochelate rings (log K = 8.08 for Ac-H¥H-NH, [31], log K = 7.80 for Ac-
HAAHVVH-NH ;, [30], log K = 7.48 Ac-(HNPGYR}NH, [39]). These data also indicate that
the consideration of additional carboxylate cocatiom is not necessary to account for the
observed stability.

Between pH 6-10 four successive deprotonations baea observed, which result in
characteristic changes on the UV-Vis, CD and EP&tsp, indicating the increase of the
ligand-field strength around the metal ion. At pk2 &nd 9.5 Cu and CuHjL are the
dominant species (Figure 7). Their spectroscopiamaters X*%,.x~ 585 and 525 nm,,g¢
2.225 and 2.195, A= 172 and 190 G, intense CD spectra) indicatg,@W } and {Ni,3N}
type coordination, respectively. The UV-Vis (Tali)e CD (Fig. S2, see Supplementary Data)
and EPR (Fig. S6) spectra of CyH and CuH,L are nearly identical, indicating that the last
detected deprotonation do not affect the coordinasphere of copper(ll). Indeed, the
observed pK value (10.27) is close to one of tkely pK in the free peptide (Table 1).

Although CuHL has much higher thermodynamic stability than AnHhe amide
coordination ceases the analogy between the cdpperfding of L and the recently
identified copper(ll) containing variants of MMPiseady at pH 7.

The side chains of peptide can not provide high affinity binding for two dnree
copper ions, consequently the oligonuclear complete formed by the deprotonation and
coordination of amide nitrogens. Indeed, in preseoc metal ion excess the spectroscopic
data, especially the intense CD band detected drd@280 nm, corresponding to the
copper(ll)-amide charge transfer transition, intBcthe coordination of amide nitrogens at

nearly two units lower pH than observed in the egar system (Figure 9). The successive



formation of the complexes are strongly overlapffedure S3), and the presence of several
binding isomers can be expected in most of thesgase clear binding site assignment cannot
be made, although {N,N}, {Nim,2N}, and {Nin,3N} coordination environment can be
expected around the copper(ll) ions. All oligonaclecomplexes have detectable, but
unresolved EPR spectra (Figs. S4. and S5), indgatveakly interacting metal ions, as

expected based on the well separated His unitsnititle peptide chain.

3.3 Kinetic study

As stated above, the complex ZihHmimics some specific features of MMPs’ active eesit
e.g. the formation of zinc-bound hydroxide ion in theutral pH-range, which is the key
feature of zinc promoted hydrolytic processes. &ftee we performed kinetic study to screen
the hydrolytic activity of the zinc(ll)- system, by using-nitrophenyl acetate (pNPA), a
generally used activated substrate. The presenieetidk data were corrected with the
autohydrolysis of pNPA. The pH - rate constant igoffFigure 1) indicates that important
hydrolytic activity developed between pH 7 and %ick can be related to the mono- and
dihydroxo complexes (ZnHand Zn.). Indeed, between pH 7.4 and 9.2 the obseryed &
values can be well reproduced by the equatig@gck—= Kznn X[ZNHL] + kzn % [ZnL] (dashed
line in Figure 1), where the individual second-ardge constants are. = 0.24 M's* and
kzoo = 1.44 M's™. This is also confirmed by the linear dependerfde, cor0n the sum of
ZnHL and Zn. concentrations at pH 9.19 (Figure S7). Sinceddé@otonation of Zin above
pH 9.2 do not affect the coordination environmehtzioc(ll), the complexes ZnHL and
ZnH_,L are probably also active, but their formation ig of the biologically relevant pH-
range.

In order to have better insight into the mechanitm initial rate of hydrolysis was

measured as the function of substrate concentratigid 8.7. As shown in Figure 10, above



40-fold excess of substrate, saturation was obderVkis indicates a fast pre-equilibrium
related to the formation of the catalytically aetifcatalyst-substrate) adduct, followed by the
rate determining transformation of the substratiniwithis adduct. The treatment of the data
in Figure 9, using the Michaelis-Menten model, gl ks = 0.0090 " and Ky = 0.0077 M.

The zinc-bound hydroxide ion may operate both esctinucleophile or general base
catalyst. Although, we are not able to differemiitese processes, in the present case general
base catalysis seems to be more probable. It i€laat, what is the reason of the six-fold
lower activity of ZnH. as compared to Zn since they may operate in the same way. May be
the first hydroxide is engaged in a hydrogen bond.

Despite the frugality of the present peptide motted,observed hydrolytic activity for
ZnHL and Zn. is somewhat higher then those of other simple miezynimicks (Table 2),
especially considering the pKs of zinc-bound wateprotonation. However, thde novo
designed hydrolytic metalloenzyme with similar {3MOH} coordinated catalytic centre [43]

possesses higher activity, probably due to thedrigheorganization of the active site.

4. Conclusions
The presently studied hexadecapeptide (Ac-KAHEFGEHMSDHSK-NH,, L) is

identical with the catalytic zinc(ll) binding sequee (197-213) of human MMP-13. This part
of the protein is tightly engaged within the temyisstructure, while the model peptide is
virtually unstructured in aqueous solution. As aiseguence, its zinc(ll) and copper(ll)
binding affinity is rather modest in comparison twithe apo-enzymes. Nevertheless, the
zinc(ll)-L system mimics some basic features of the MMP acsives: the main species
around pH 7 (ZnklL) possesses {3N,H.O} coordination environment, the deprotonation of

the zinc-bound water takes place near to the plogaal pH, it forms relatively stable



ternary complexes with hydroxamic acids, and thecgs ZnHL(OH) and ZnHL (OH),

have notable hydrolytic activity between pH 7-9.
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Table 1. Formation constants of the proton, zinc(ll) andper(ll) complexes of (estimated
errors in parentheses referring to the last digit,0.1 M NaCl,T = 298 K) and the\®%a

value of the copper(ll) complexes

Hol« 109 Boar pK Hol« 109 Boar pK
HL 10.9(2) 10.9 HL 40.20(1) 5.86
H,L 20.95(8) 10.05 HL 44.28(4) 4.08
Hal 27.94(1) 6.99 HL 47 5(1) 3.2
HjL 34.34(1) 6.40

MpHal 109 Boar MpHal 109 Boar MpHal 109 Boar
ZnHsL | 31.59(4) ZnL 9.22(3) ZnH,L “11.5(1)
ZnH,L 25.41(3) ZnH L -0.84(3) ZnHL, 49.94(2)
ZnHL | 17.82(3)

MpHal 109 Boar A" max (NM) 109 Boar MpHal A" max (NM)
CuH,L 38.40(2) - CuH_4L -11.61(3) 535
CuHsL 33.94(1) 695 CaH_sL -21.95(10) 525
CuH,L 28.72(1) 630 CaH_gL -32.9(2) 525
CuHL 21.36(3) 595 CsH_oL 10.51(3) 610

CuL 13.87(3) 585 CsH_sL 4.06(2) 610

CuH,L 5.02(3) 525 CyH_4L -2.91(2) 595
CuHLL | -5.25(4) 525 CeH_sL —10.49(2) 570

CuL 19.88(2) - CuH_¢L -19.37(2) 550

CwpH_,L 6.12(2) 590 CgH_7L —29.63(3) 540

CwHsL | -2.25(3) 545 CeH_sL —39.47(2) 530




Table 2. Formation constants of the proton and zinc(Ibnptexes of benzohydroxamic acid

(B) and its ternary complexes with (estimated errors in parentheses referring tolake
digit, | = 0.1 M NaClI,T = 298 K).

MpHqLBs |  log Bpgre pK/log K
HB 8.71(1) pK = 8.71
MB 4.97(3) log K = 4.97
MB; 9.20(4) log K = 4.23
M(HsL)B | 36.72(6) | log K+ =4.78
M(H-L)B | 29.96(3) | log K+ = 4.55




Table 3. Kinetic data of selected catalysts fenitrophenyl acetate hydrolysis at 25 °C.

Catalyst PKio" kealKm (M7'S™) | Keomplex (M™'S™) Ref.
Zn(H,L )(OH) 7.59 0.24 this work
Zn(H,L )(OH), 8.60 ~1.2 (at pH 8.7 1.44 this wor

Zn[12]aneN(OH) 7.20 0.041 [40]

Zn[12]aneN(OH) 7.90 0.11 [41]
Zn,A(OH)? 7.80 0.07 [42]
Zn,A(OH),* 9.80 2.2 [42]

Zn(Hg(B)3)(OH)® 8.80 17.6 (at pH 9.0 [43]

! pK of zinc-bound water deprotonation
’A = 2,6,9,12,16-pentaaza-[17](2,9)(1,10)phenanthroliaoe
3B = Ac-GLKALEEKCKALEEKLKALEEKHKALEEKG-NH 2




L egend

Figure 1. Speciation diagram of the zinc(ll)system ([ZA] = [L] = 0.001 M, T = 298 K|
= 0.1 M NaCl) and the pH -k conprofile (@) of the pNPA hydrolysis ([Z7i] = [L]= 0.00053
M, [PNPA] = 0.001 M). The dashed line represenésdalculated dgs corrValues (see text).

Figure 2: Calculated (upper) and measured (lower) ESI-MS tsped the [ZnHL +2H,0]*"
(A) and [ZnHL +2H,0]*" (B) complexes.

Figure 3: The pH-dependence of tfie-NMR spectra ol in the presence and absence of
equimolar zinc(ll) ([ZA] = [L] = 0.0028 M).

Figure 4: The change ofH-NMR spectra of. at pH=7.4 upon zinc(ll) additionl(] =
0.0057 M).

Figureb5. Calculated competition plot between the zinc(dinplexes ot , B and their
ternary species|(]] = [Zn**] = 0.001 M, B] = 0.002 M)

Figure 6: Calculated (upper) and measured (lower) ESI-MStsped [CubL]** (A), [CuH
,L]% (B), [CwH.4L]* (C) and [CuH.6L]*(D) complexes

Figure 7. Speciation diagram of the copper(ll)system ([C& = [L]= 0.001 M, T = 298 K,
| =0.1 M NaCl).

Figure 8: The change ofH-NMR spectra of. at pH = 6.7 upon copper(ll) additior_{[=
0.0057 M).

Figure 9: pH dependence of the CD intensities at 280 nrhetbpper(ll) + systems at 1:1
(black squardL] = [Cu®] = 0.0012 M), 1:2 (grey squarg[L] = [Cu®] = 0.0018 M) and 1:3
(open square3[L] = [Cu®"] = 0.0018 M) [CE*]/L ratios (T = 298 K).

Figure 10: The initial rate of the catalyzed hydrolysis of pAN&s a function of pNPA
concentration ([] = [Zn®'] = 0.00014 M, pH = 8.7, T = 298 K).



Zn(ll) %

80 A

60 -

40 A

20 A

ZnHaL

Zn(HzL)z\
L/

T T
» o oo
4 o 1 o o
10 *kobs,corr (S )

T
N
o

Figure 1.

o
o



Relative abundance (%)

Relative abundance (%)

901.402 902.402

100 901.902

902.902 903.402

903.902

904.402 905.910

904.902
905.402

100 902.406
901.398

901.907
902.912

903.414 904.400

903.913 905.387
904.888
905.875
201 902 903 904 205 9206
m/z
601.273 601.937
100
601.601 602273
602.601
602.937
603273 604.273
603.609 603.937
0!
1007 g01.261 601.939
601.596

602.265

602.600 603.270

602.935 603.596 604.266
603.931
§ | ‘ M
602 603 604

m/z

Figure 2



H-C’H F-HAr

H-C°H

pH=5.0 0% Zn?"

pH=5.0 100% Zn?*

pH=6.2 0% Zn?*

;
\ M pH=6.2 100% Zn®*

pH=7.0 0% Zn**

A /&\_ﬁ/\ pH=7.0 100% Zn?*
LB P
JL il

2
N‘L pH=82 0% Zn*

AN

pH=8.2 100% Zn?*

MpH:S.Q 0% Zn*

8.6 . 8.4 8.2 8.0 7.8 7.6 7.4 7.2

Figure 3

H=8.9 100% Zn**
A J\j\ M N

7.0 6.8 6.6
[ppm]



dioxane

H K E A L
\

L o e o gad
L R e AL L

A AL SO%ZHUUMJ\}L WL

e Wbl : : puiesichm N el
3.0 7.5 7.0 4.5 4.0 3.0 25 2.0 1.5 1.0
[ppm]

Figure 4



Figure 5



Relative abundance (%) Relative abundance (%) Relative abundance (%)

Relative abundance (%)

100

100

588.933 589.261 589.597

589.933

590.269
590.597 590.933 591.269

588.975 589.306 589.638

589.978

590.309

590.641
590.972 591.304

0
589 590 591
m/z
100, 880876 881376 881.876
882.376
882.876
883376 gg3884 884.384
i
100, 880.903 881.406 881.876
882.391
882.883
883.398 883858 884.362
0 ; ; -
881 882 883 884
m/z
912.333
100
911.333 911.833 912.833
913.333
913.833
914,333
5 914.833 915341

100 912.354

100

100

911.325 911.853
913.378

913.879

914.369
914.859 915372

m/z

942.790

943.290
943.790

941.790 942.290
944.290

944.790
945.290

942.762 943273

941.789 943 275 943.769

944.267

944.799  945.320

942 943 944 945

m/z

Figure 6



Figure 7



dioxane

HDF g L

Iy GV I PRt
I Man AL L L
P T L L R R Y
U TN PN S B e
TNV 2 B R Y
e L b L
I N, 9%CU<H>M WL

—
[ wz 390 axu 370

vvvvv

Figure 8.



Ae (M 'em™)
o
o
o
H
(6)]

Figure 9.



8.E-07 ~

]

6.E-07 u
rI'(/)
=
< 4E-07 -
=

2.E-07

|
0.E+00 T T T T T T
0 0.002 0.004 0006 0.008 001 0.012
[PNPA] (M)

Figure 10



