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Abstract

The Cu,Zn superoxide dismutases (Cu,Zn SOD) isolated from some Gram-negative bacteria
possess a His-rich N-terminal metal binding extension. The N-terminal domain of
Haemophilus ducreyi Cu,Zn SOD has been previously proposed to play a copper(ll)-, and
may be a zinc(11)- chaperoning role under metal ion starvation, and to behave as a temporary
(low activity) superoxide dismutating center if copper(ll) is available. The N-terminal
extension of Cu,Zn SOD from Actinobacillus pleuropneumoniae starts with an analogous
sequence (HXDHxH), but contains considerably fewer metal binding sites. In order to study
the possibility of the generalization of the above mentioned functions over all Gram-negative
bacteria possessing His-rich N-terminal extension, here we report thermodynamic and
solution structural analysis of the copper(l1) and zinc(ll) complexes of a peptide
corresponding to the first eight amino acids (HADHDHKK-NH,, L) of the enzyme isolated
from A. pleuropneumoniae. In equimolar solutions of Cu(l1)/Zn(1l) and the peptide the MH,L
complexes are dominant in the neutral pH-range. L has extraordinary copper(ll) sequestering
capacity (Kpcy = 7.4x107*3 M at pH 7.4), which is provided only by non-amide (side chain)
donors. The central ion in CuH,L is coordinated by four nitrogens {NH2,3Nin} in the
equatorial plane. In ZnH,L the peptide binds to zinc(Il) through a {NH2,2N;,,COQO } donor
set, and its zinc binding affinity is relatively modest (Kp zn = 4.8x10~ M at pH 7.4).
Consequently, the presented data do support a general chaperoning role of the N-terminal His-
rich region of Gram-negative bacteria in copper(ll) uptake, but do not confirm similar
function for zinc(I1). Interestingly, the complex CuH,L has very high SOD-like activity,
which may further support the multifunctional role of the copper(Il)-bound N-terminal His-
rich domain of Cu,Zn SODs of Gram-negative bacteria. The proposed structure for the MH,L

complexes have been verified by semiempirical quantum chemical calculations (PM6), too.
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Introduction

Cu,Zn superoxide dismutases (Cu,Zn SODs) are important components of the
antioxidant defence of aerobic organisms since they catalyze the disproportionation of
superoxide anion into oxygen and hydrogen peroxide [1]. These enzymes can be found in all
eukaryotic cells and in the periplasm of several bacteria, where they play a role in protection
against superoxide generated outside the cytoplasm, for example by phagocytic cells [2]. The
increasing number of structurally characterized prokaryotic Cu,Zn superoxide dismutases
show a considerable structural variability between proteins from different bacteria, therefore
individual enzyme variants may exhibit unique properties [3-8]. Such species-specific
differences include alteration in the quaternary structure [3,4], mutations in the active site
ligands [5-7], deletion or insertion in the major enzyme loops [6,7], or the introduction of
additional domains at the N- or C-terminus of the enzyme [8]. The Cu,Zn SODs from a few
Gram-negative bacteria possess histidine-rich N-terminal extensions, which show typical
features of high affinity divalent metal binding domains [8].

The ability of bacteria to grow in different environments and, in particular, within the
infected host is critically dependent on their ability to obtain sufficient amounts of transition
metals [9] to activate their protective enzymes against the oxidative burst of the host
phagocytes. Therefore, the identification of N-terminal metal binding domains exclusively in
Cu,Zn SODs isolated from bacterial pathogens (e.g. Haemophilus spp, Actinobacillus
pleuropneumoniae, Neisseria meningitidis, Yersina pestis) strongly suggest that their function
is to promote metal recruitment in an environment which is poor of free metal ions. The
Cu,Zn SODs of certain bacteria (e.g. H. parainfluenzae, H. influenzae, N. meningitidis)
possess an N-terminal HxH sequence [8], a well-known high affinity copper(Il) binding site
(ATCUN motif) found in the N-terminus of several naturally occurring copper-binding

proteins, such as human serum albumin [10]. Further interesting examples of such metal



binding regions are present in the enzymes isolated from Haemophilus ducreyi and
Actinobacillus pleuropneumoniae. The former is the pathogen responsible of a genital
ulcerative disease (chancroid), the latter causes the contagious porcine pneumonia, a
veterinary pathogen of major economic significance. The N-terminal domain of H. ducreyi
Cu,Zn SOD is constituted by the juxtaposition of a histidine- and a methionine-rich sequence
(HGDHMHNHDTKMDTMSKDMMSME....) [7,8]. Both subdomains are able to bind
copper, but the histidine-rich region has a marked preference for Cu(ll) binding, while the
methionine-rich region preferentially binds Cu(l) [11]. Copper bound to the above peptide can
be transferred to the active site of the N-terminal deleted apo-SOD, suggesting that this
sequence facilitates the metal transfer to the active site [11]. Recently, we studied the metal
binding ability of the N-terminal histidine-rich fragment (H,.N-HGDHMHNHDTK-OH) of
this enzyme [12]. As a consequence of its highly versatile multidentate nature, this peptide
binds zinc(11) and copper(I1) with very high affinity (Kp zn = 1.6x10"° M and Kp ¢y = 5.0x10
12 M at pH 7.4) and appears to be the strongest non-amide utilizing copper(11) and zinc(I1)
chelator among the His-rich peptides so far investigated, which supports the proposed
copper(1l) chaperoning role of the N-terminal His-rich region of H. ducreyi Cu,Zn SOD, and
indicates similar function in the zinc(Il) uptake, too [12].

Although, the first six amino acids has analogous sequence (HXxDHxH), the Cu,Zn
SOD from Actinobacillus pleuropneumoniae has different N-terminal extension
(HADHDHKKADNSSVE..., [8]), the methionine-rich sequence is completely absent and
contains only three histidine units (instead of four in H. ducreyi Cu,Zn SOD). If the above
mentioned chaperoning role of the N-terminal His-rich region of Gram-negative bacteria can
be generalized, the N-terminal fragment of Cu,Zn SOD from A. pleuropneumoniae should
have comparable metal binding ability with the corresponding H. ducreyi peptide, in spite of

the reduced number of the available donor sites.



In order to study the possibility of this generalization, here we report thermodynamic
and solution structural analysis of the copper(Il) and zinc(11) complexes of a peptide
corresponding to the first eight amino acids (HADHDHKK-NH,, L) of the enzyme isolated
from A. pleuropneumoniae. Since the copper(ll) complex of the H. ducreyi peptide formed in
the neutral pH range has significant SOD-like activity [12], which may suggest
multifunctional role of the copper(ll)-bound N-terminal His-rich domain, this behavior has

been studied for the presently studied complexes, too.

2. Materials and methods

Copper(Il) and zinc(11) chloride (Fluka) solutions were standardized complexometrically. pH-
metric titrations were performed by NaOH (Fluka) standard solution. Fmoc-amino acids, 2-
(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and N-
hydroxybenzotriazole (HOBt) were Novabiochem products. N,N-diisopropylethylamine,
diethylether (Sigma), triisopropylsilane, piperidine (Aldrich), pyridine (Merck),
aceticanhydride (Fluka), trifluoroacetic acid (Riedel-de Haén), 1-methyl-2-pyrrolidone
(NMP), N,N-dimethyl-formamide, dichloromethane, methanol (Molar Chemicals), and

acetonitrile (Scharlau) were used without further purification.

2.1 Synthesis of HADHDHKK-NH, peptide (L)

The peptide was prepared by solid phase peptide synthesis using the Fmoc methodology
(Fmoc = 9-fluorenylmethoxycarbonyl). Rink Amide AM (Novabiochem) was used as a solid
support. The amino acid building blocks were applied in 4-fold excess over the capacity of the
resin. The amino acid residues were coupled to each other (and to the resin) by applying
HBTU (4 eq./building block), HOBLt (4 eq./building block) and N,N-diisopropylethylamine (8

eg./building block) in NMP. The Fmoc-protecting groups were removed by using a solution



of 20% piperidine in NMP. The usual coupling reaction time was 1 h. The attachment of each
amino acid residues was monitored by Kaiser-test [13] and by the detection of the cleaved
Fmoc group at 290 nm in DMF. In the case of successful coupling the free residual amino
nitrogens were acetylated with the mixture of acetic anhydride, dichloromethane and pyridine
(10-80-10%). After the last coupling step the resin was rinsed by dichloromethane and
methanol, and then it has been dried. Cleavage of the peptide from the resin was performed in
the mixture of TFA, H,0 and triisopropylsilane (95-2.5-2.5%). The peptide was preciptated
in diethyl ether, re-dissolved in water and freeze-dried. The crude product was purified by
RP-HPLC (Shimadzu LC-20) using a Supelco Discovery BIO Wide Pore C18 (250%10 mm, 5
um) semi preparative column. The compound was eluted by using the mixtures of water
containing 0.1% TFA and acetonitrile (Eluent A: 100% H,0, 0.1% TFA, Eluent B: 100%
CHs3CN) with a 3mL/min flow rate and applying the following gradient program: 0-1 min 0 %
B; 1-11 min 1 % B; 11-21 min 1-2 % B (linear gradient); 21-23 min 2-10 % B (linear
gradient); 23-24 min 10 % B; 24-25 min 10-0 % B (linear gradient); 25-33 min 0 % B (R; =
20.2 min). After purification the yield was 45.0%.

The peptide was identified by ESI-MS. The mass spectrometric measurements were obtained
on a FinniganTSQ-7000 triple quadrupole mass spectrometer (Finnigan-MAT, San Jose, CA)
equipped with a Finnigan electrospray ionization (ESI) source. The instrument was operated
in positive ion mode, the ESI needle was adjusted to 4.5 kV and N, was used as a carrier gas.
Analytical data: m/z = 986.5 [M + H]*, m/z = 493.8 [M + 2H]*" and m/z = 329.3 [M + 3H]*".
The calculated monoisotopic molecular mass is: 985.48 Da. The ligand was obtained after
purification as a trifluoroacetate salt. The HPLC chromatogram of the purified peptide is
depicted in Fig. S1 (supporting information). The concentration of its stock solution was
determined by potentiometric titrations. The purity was also confirmed by potentiometry and

NMR.



'H NMR in D,0, pH* = 7.0, & (in ppm): 1.26 (doublet (d), 3H, Ala—CHs), 1.30 (multiplet
(m), 2x2H, "®Lys y—CH,), 1.63 (m, 2x2H, "®Lys §-CH,), 1.75 (m, 2x2H, "SLys p-CH,), 2.54
(m, 2x2H, 3>*Asp B-CH,), 2.93 (m, 2x2H, "8Lys &-CH,), 3.10 (m, 3x2H, **®His B-CH,), 3.99
(triplet (t), 1H, *His a-CH), 4.20 (m, 2x1H, "8Lys a-CH), 4.28 (quartet (q), 1H, *Ala a-CH),
4.49 (m, 2x1H, **Asp a-CH), 4.51 (m, 2x1H, *®His a-CH), 6.92 and 6.99 (singlet and singlet
(s and s), 1H and 1H, *°His C°H), 7.03 (s, 1H, *His C°H), 7.81 and 7.88 (s and s, 1H and 1H,

*®His C?H), 7.84 (s, 1H, *His C*H).

2.2 Potentiometric measurements

The protonation and coordination equilibria were investigated by potentiometric titrations in
aqueous solution (1 = 0.1 M NaCl, and T = 298.0 £+ 0.1 K) under argon atmosphere, using an
automatic titration set including a PC controlled Dosimat 665 (Metrohm) autoburette and an
Orion 710A precision digital pH-meter. The Metrohm Micro pH glass electrode (125 mm)
was calibrated [14] via the modified Nernst equation:

E=E,+K-log[H"]+J, -[H*]+%

where Jy and Jon are fitting parameters in acidic and alkaline media for the correction of
experimental errors, mainly due to the liquid junction and to the alkaline and acidic errors of
the glass electrode; Ky = 10 **"> M? is the autoprotolysis constant of water [15]. The
parameters were calculated by the non-linear least squares method. The complex formation

was characterized by the following general equilibrium process:

pM+qH+rL<M>MquLr
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where M denotes the metal ion and L the non-protonated ligand molecule. Charges are
omitted for simplicity, but can be easily calculated taking into account the composition of the
fully protonated peptide (HgL®*). The corresponding formation constants (BupHgLr = Brar) Were
calculated using the PSEQUAD computer program [16].

The protonation constants were determined from 4 independent titrations (90 data points
per titration), with peptide concentration 1-1.5x10 ® M. The complex formation constants
were evaluated from 7 and 9 independent titrations (70-90 data points per titration) in case of
the zinc(I1) and copper(1l) containing systems, respectively. The metal-to-ligand ratios were
2:1,1:1 and 1:2 (in case of zinc(Il) precipitation occurred above pH 7 at twofold metal ion
excess). The metal ion concentrations varied between 0.6-2.9x10 M. The titrations were
performed between pH 2.6 and 11.4, but due to the rather low concentrations of the peptide (—
l0g Cpeptige= 2.5 — 3.2), the derived equilibrium data of the processes below pH 3.6 and above
pH 10.4 have increased uncertainties.

2.3 Electronic absorption and CD measurements

UV-Vis spectra were measured on a Unicam Helios a spectrophotometer using a cell with 1
cm optical pathlength. The CD spectra were recorded on a Jasco J-710 spectropolarimeter in
the wavelength interval from 300 to 800 nm in a cell with 1 cm optical pathlength. The metal
ion concentration was varied between 0.8-2.8x10~3 M, depending on the metal-to-ligand ratio.
For the copper(ll) containing systems the pH-dependent UV-Vis spectra were treated together
with pH-potentiometric data using the computer program PSEQUAD [16], resulting the
formation constants (/) and the individual UV-Vis spectra of the copper(if) complexes. The
individual CD spectra were also calculated by PSEQUAD.

2.4 EPR measurements

The EPR spectra were recorded at 77 K using a BRUKER EleXsys E500 spectrometer. All

recorded EPR spectra in the systems were simulated with a spectrum decomposition method



by a computer program [17]. Since the copper(Il) salt used to make the stock solution was a
natural mixture of the isotopes, the spectrum of each species was calculated as the sum of
spectra containing **Cu and ®°Cu weighted by their abundances in nature. The copper and
ligand coupling constants are given in units of gauss (G); 1 G = 10* T.

NMR experiments — *H NMR measurements were performed on a Bruker Avance DRX 500
spectrometer. The spectra were recorded at 25 °C in 100% D,O solution, at a peptide
concentration of 5x10~3 M (the tube diameter was 5 mm). The pH was adjusted to the desired
values with NaOD. 2D COSY, TOCSY and ROESY spectra were acquired with
2048(F2)x1024(F1) complex points. The TOCSY experiments employed the MLEV17
sequence with a mixing time of 75 ms. ROESY spectra were acquired with mixing times of
300 ms. The chemical shifts ¢ were measured with respect to dioxane as internal reference
and converted relative to SiMey, using dgioxane = 3.70. Data were processed using the Topspin
2.0 software package (Bruker).

2.5 Determination of the superoxide dismutase activity

The SOD-like activity of the copper(I1)-peptide complexes was studied at 298 K by using the
indirect method of nitroblue tetrazolium (NBT) reduction [18]. The superoxide anion was
generated in situ by the xanthine/xanthine oxidase reaction, and detected spectrophotomet-
rically by monitoring the reduction of NBT at 560 nm. The reactions were carried out in a
phosphate buffer (5x10 2 M), containing NBT (5x10° M) and xanthine (1x10™* M). The
reaction was initiated by adding an appropriate amount of xanthine oxidase to generate AAsgo
= 0.025-0.028 min*. The NBT reduction rate was measured in the presence and absence of
the investigated system ([Cu?*Twt = 0 — 1x10° M). In separate measurements, the activity of
xanthine oxidase was monitored following the urate production by spectrophotometry at 298

nm, to rule out any inhibition induced by the copper(ll)-L system. The SOD-like activity was



then expressed by the I1Cs, values (concentration that causes 50 % inhibition of NBT
reduction).

2.6 Semiempirical quantum chemical calculations

In the MH,L complexes the peptide may coordinate to the metal ion by six readily available
binding sites (3 imidazole, 2 carboxylate and 1 amino group). To generate a set of inputs for
the calculation, all possible coordination modes of the ligand were considered, with the
following restriction: the binding terminal amino group, as the strongest donor site, was
always included. Initial geometries of the complexes were generated and pre-optimized with
molecular mechanics (using the keywords: UFF, BFGS line search, 0.1 gradient convergence,
maximum 1000 steps) by the Arguslab computer program [19]. In the next step, a
conformational search was performed by the computer program VegaZZ [20]. The SP4 force
field and the AMMP-mom method were employed to assign charges. All flexible torsion
angles were varied randomly. Dielectric constant was set to 78.4. For each initial geometry,
10000 conformers were generated and a 300 steps fast optimization was accomplished for
each of them. For all considered coordination environment three conformers with the lowest
energy were chosen for further optimization. Full geometry optimization was carried out with
the PM6/EF/COSMO [21] semi empirical qguantum chemical method, as implemented in
MOPAC2009 [22] (with keywords PREC, NOMM, EPS=78.4 and UHF for Cu(ll) and RHF
for Zn(11)). The convergence criterion was typically a gradient norm of 1 kcal/mol (4.18
kJ/mol). We use kcal in this article, because it is conventional in theoretical chemistry. For
Cu(11)-complexes, the lowest energy structures were accepted when the relation 0,75<S? <1
was satisfied, otherwise the next best structure from the conformational search has been
optimized. From the converged MOPAC output the standard molar enthalpy of formation
(AfHm®) was extracted, from which the standard molar enthalpy of reaction was calculated

according to the following equation:
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[M(H20)s] + HoL = [MH,L] + 6H,0
(AHR° =AHR°([MH,L]) + 6xAHL°(H20) — (AtHm°(H2L) + AfHn® ([M(H20)6])), where M is
either Cu(ll) or Zn(I1). The following standard molar enthalpy of formation were used: AtHp°
(H,0) = -68.3 kcal/mol, AiHm® (Cu(H,0)6)?* = 15.5 keal/mol, AiHn® (Zn(H20)s)** = -36.6
kcal/mol [23], while AiH,° (H2L) = -627.1 kcal/mol was calculated by MOPAC?2009 for the
relaxed peptide. Since during the calculation only implicit water environment has been
considered, the calculated A\Hny° values are comparable with each other, but may differ

considerably from the experimental values.

3. Results and discussion

There is a discrepancy in the literature concerning the exact sequence of the N-terminal part
of the Cu,Zn SOD of A. pleuropneumoniae. Earlier isolation of the enzyme was based on
cloning of sodC of A. pleuropneumoniae, encoding the enzyme in question [24]. The primary
gene product was shown to have a leader peptide at the N-terminus (‘MKLTNLALAF
UTLFGASAVAF “AHADHDHKKA *DNSAVEKLVYV ...). Originally, the leader peptide
peptidase cleavage site was suggested after the 23" amino acid [24]. Later, the cleavage site
between the positions 21 and 22 has been proposed [8]. Unfortunately, the protein used to
prepare single crystals [25] lacks the whole N-terminal domain and starts only from °K.
However, the location of signal peptidase cut can be determined with very good reliability
using the SignalP 3.0 server [26], which predicts the cleavage site, with 0.889 probabilities,
between positions 21 and 22. Therefore, it is highly probable that the N-terminal eight amino
acids of A. pleuropneumoniae Cu,Zn SOD is HADHDHKK. On the other hand, from a
biological point of view, it makes sense that this enzyme has a similar HxDHxH-type N-

terminal metal binding site to those from haemophilus species [8,11].
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3.1 Protonation of the ligand. The studied octapeptide undergoes 8 (de)protonation processes
between pH 2-12. The first two deprotonation constants (pK; and pK;, Table 1) belong to the
Asp carboxylates. The pKs related to the imidazole rings and the N-terminal amino group are
in the range generally observed for His-containing peptides (pKs45=5.19 — 6.65, pKg = 7.55,
Table 1). Above pH 10 the deprotonation of the two lysine e-NH3" take place, in an
overlapping manner. Due to the relatively low peptide concentration applied in our
measurements the pK < 3.6 and pK > 10.4 values have somewhat higher uncertainties than
usual for pH-potentiometric studies (see also the experimental part).

3.2 Zinc(I1) complexes. In equimolar solutions of zinc(Il) and L seven differently protonated
complexes were detected between pH 3 and 11.4 (Fig. 1.). The peptide has six readily
available binding sites for zinc(I1) (3 imidazole, 2 carboxylate and 1 amino groups). The 1N
and 2N coordinated ZnH,L and ZnH3;L complexes formed in the acidic pH-region are most
probably present in form of binding/protonation isomers, with the possible additional
coordination of carboxylate groups. The two protons in the complex ZnH,L, being dominant
around pH 7, are very likely located on the non-coordinating lysine e-amino groups. Peptides
with an unprotected N-terminal histidine favor the histamine-like {NH,,N;n} coordination to
zinc(I1) [27-29]. However, the equilibrium constant of the process Zn** + H,L = ZnH,L (log
K =6.58) is higher than the related value for histamine itself (log B101 = 5.15[30]), or those of
some {3Nin} and {NH>,2N;} coordinated complexes (log K =5.1[31] and 5.94 [29],
respectively), indicating that additional binding sites should be taken into consideration.
Therefore *H NMR investigations have been performed to identify the metal binding sites in
ZnH,L.. The assignment of the proton signals was based on COSY and TOCSY experiments.
The differentiation of the signals related to *Asp/°Asp and Lys/®Lys was not possible under
our experimental conditions, due to their very similar and overlapping resonances. Similarly,

only the N-terminal histidine (*His) signals can be distinguished from the three histidine units.
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The changes of the *H NMR spectra upon addition of zinc(l1) are depicted in Fig. 2. The
"Lys/®Lys signals are not affected by the zinc(11) coordination confirming that the two lysine
€-amino groups are protonated in ZnH,L. In spite of that, the CH,, signal of the terminal *His
shows notable shift (~ 0.2 ppm) and broadening with increasing zinc(Il) concentration, which
supports its histamine-like coordination. However, apart from the lysine (and dioxane)
resonances, all other signals are more or less broadened upon zinc(Il) coordination, therefore
the effect is not site-selective. Nevertheless, the extent of shift and broadening is different for
the different residues, which provides some further information. Among the histidine
aromatic signals, one of the two non-terminal C2H/C5H pairs is much less affected than the
other two. Moreover, the Asp-CH, signals become asymmetric (and broadened) upon zinc
coordination. These observation suggest {NH>,2N;mn,COO a5} donor set around the metal ion
in ZnH,L, although the formation of binding isomers in lower concentrations cannot be
excluded definitely. Indeed, the twelve most stable structure resulted by the semiempirical
calculations have {NH,2Nin,COO asp} donor set, but all the three His and both Asp may
participate in the coordination (see later). It is noteworthy, that this species has more than two
log units lower stability than the corresponding complex of the N-terminal fragment of H.
ducreyi Cu,ZnSOD (log K = 8.93), where {NH2,3Nim,Smet, COO asp} donor set has been
determined [12].

Increasing the pH above 7, the complex ZnH,L releases four additional protons with pK =
8.07, 9.16, 10.25 and 11.2, respectively. Two of them are related to the deprotonation of
lysine e-NH3", while the other two belong either to the formation of mixed hydroxo
complexes or to metal promoted deprotonations of amide nitrogens. In order to determine the
metal binding sites in ZnHL, NMR investigations have been performed at pH 8.5, too. The
spectral features (Fig. S2, supporting information) are very similar to those observed at pH 7

(Fig. 2). New peaks reflecting slow exchange between the free and bound ligand, observed
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earlier for amide-coordinated zinc(I11) complexes of Gly-His, Ala-His and Gly-His-Lys
[32,33], were not detected, suggesting that zinc(1l) promoted deprotonation of amide
nitrogen(s) is unlikely at pH 8.5. Moreover, the peaks related to ‘Lys/®Lys are unchanged
upon zinc(I) binding, indicating that these residues are still protonated. Consequently, the
first (and probably the second) deprotonation(s) are related to the formation of mixed hydroxo
complexes (ZnHL=2Zn(H,L)OH and ZnL=2Zn(H,L)(OH),), similarly to many other zinc(I)-
peptide systems [12,34]. Therefore, during the last two processes the deprotonation of the Lys
residues take place. Indeed, the observed pKs (10.25, 11.2) are close to those of the lysine
residues in the absence of zinc(Il).

At two-fold excess of ligand over the metal ion bis-complexes (Zn(HsL)2, Zn(HsL)(H.L) and
Zn(H,L),) are also formed between pH 5.0 and 9.5. Such complexes of peptides with
unprotected N-terminal histidine generally have bis-histamine {2NH,,2Nin} type binding [27-
29], which provides relatively high stability (e.g. log K = 10.05 in the case of HVGD peptide
[28]) . In the present case the equilibrium constant of the analogous process Zn®* + 2H,L =
Zn(H,L); is rather similar (log K = 10.27), although considering the size difference between
the two peptide, the somewhat higher log K value may suggest additional Ni,/COO™
coordination beside the bis-histamine type binding.

3.3 Copper(I1) complexes. The copper(l1) binding ability of L has been studied by combined
pH-metric, UV-Vis, CD and EPR spectroscopic methods. The octapeptide L forms water
soluble complexes over the whole pH range studied, even at twofold metal ion excess. The
pH dependent UV-Vis and CD spectra obtained at different metal-to-ligand ratios show
continuous shift between pH 3 and 11 (Figs. 3 and 4), indicating the subsequent formation of
several complexes with different protonation states. The comparative evaluation of pH-metric,
UV-Vis and CD spectroscopic results indicated the formation of 9 mononuclear and 6

dinuclear species (Table 1, Fig. 5). Except CuH4L, under appropriate conditions the
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concentration all these species are > 0.3[Cu"]ror, which allowed us to determine their
individual UV-Vis and CD spectra (Figs. S3 and S4, supporting information). These
individual spectra, complemented by the EPR study performed at 77 K (Fig. 6), were used to
derive information on the formed complexes.

In equimolar solution of copper(ll) and L protonated CuHsL., CuH4L, CuHsL and CuH,L
complexes are formed between pH 3 and 7 (Fig. 5.A). The individual electronic absorption
spectra of these species (Fig. S3.A) show increasing number of nitrogen donors of copper(ll).
The low intensity CD spectra (Fig. S4.A) in the amide region (300-400 nm) indicate the
coordination of only side chain donors (N-terminal amino, imidazole or carboxylate groups)
creating macrochelates around the metal ion. The low pKs of the processes leading to these
species (CuHsL = CuH4L + H", pK = 3.96; CuH,L = CuHsL + H", pK = 3.6) together with
the spectral data (Table 2) suggest 1N, 2N and 3N coordination in CuHsL, CuH4L and
CuHsL, respectively. Between pH 6 and 8 CuH,L is the dominant species (Fig. 5.A), in which
the two protonated lysine g-amino groups are protonated, similarly to ZnH,L. The EPR
parameters determined for this species (Table 2) indicate the coordination of four non-amide
nitrogen to the metal ion. Indeed, the pK of its formation (CuHsL = CuH,L, + H*, pK = 5.06)
is lower than the pKs of the imidazole rings and N-terminal amino group in the absence of
metal ion (pKs45=5.2 — 6.7, pKg = 7.55, Table 1), indicating their involvement in the metal
ion binding. The thermodynamic stability of this species (Cu®* + H,L = CuH,L, log K =
12.68) is much higher than that reported for the {NH2,2Nin} coordinated Cu®*-HVH (log K =
10.53, [28]), or for the {4Nim} coordinated Cu?*-cyclo-(GH), complex (log K = 9.35, [35]).
Consequently, the metal binding sites in CuH,L involve the N-terminal amino group and the
three imidazole rings, which create two macrochelates in the equatorial plane of the metal ion.
This coordination mode has been also suggested by the semiempirical calculations (see later).

However, similar {NH,,3N;,} coordination environment, but somewhat lower stability (Cu*
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+ HL = CuHL, log K = 11.73 [12]) has been detected for the analogous copper(Il) complex of
the N-terminal peptide of H. ducreyi Cu,Zn SOD. Since the UV-Vis and EPR parameters of
the two complexes are very similar, the higher stability of the presently studied complex is
probably due to a more favorable conformation of the peptide. Interestingly, the extremely
high stability of CuH,L is achieved by side chain donors only, i.e. the coordination of
backbone amide nitrogen(s), frequently observed in the copper(Il)-peptide systems already at
pH 4-6, does not occur in CuH,L.

At higher pH two strongly overlapped deprotonations have been detected resulting in
the formation of CuL.. The electronic absorption and CD spectra (Figs. 3 and 4) are strongly
blue shifted during these processes. The spectral parameters obtained for CuL (Table 2)
indicate notably increased equatorial ligand field around the metal ion. All these facts are
compatible with the successive deprotonation and coordination of two adjoining amide
nitrogens. The octapeptide L has two major metal binding sites which involve two amide
nitrogens: the N-terminal *HAD residue with {NH,,2N",COO}, and the *HDH moiety with
{Nim,2N",Nin} type binding modes. However, strongly overlapped deprotonations are
characteristic only for the latter one [36-38], since the proton loss of the second amide
nitrogen in the first formed {Nim,N",Nin} coordinated species is a very favorable process.

Up to pH 11 two further, overlapped deprotonations have been observed. The electronic
absorption and CD spectra of CuH_;L and CuH_,L are nearly identical with those of the
former species CuL (Figs. S3 and S4), suggesting the deprotonation of a lysine e-NH3" group
in these processes (pK = 10.01 and 10.79).

Above pH 11 important changes have been observed both in the visible and CD spectra (Figs.
3 and 4), which reflects the coordination of a third amide nitrogen, since only these donor
groups may transmit strong chiral perturbation to the copper(ll). Consequently, the metal ion

possesses either {NH>,3N"} or {3N",Nin} type coordination in CuH_sL. Although, the
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spectral data clearly indicate the formation of this species, due to the high pH and the low
ligand concentration used (see also the experimental part), the corresponding log f1.3; value is
rather uncertain.

At twofold metal ion excess dinuclear complexes are formed, similarly to other multihistidine
peptides [12,39]. The UV-Vis, CD and EPR spectra recorded as a function of pH reflect again
increasing number of nitrogen donors around the metal ions with increasing pH. Although,
the extremely high stability of CuH,L resulted from the coordination of only side chain
donors, they can not provide high affinity binding for two copper ions. Therefore, the first
dinuclear complex (CuzHL) formed around pH 5-6 already contains coordinated amide
nitrogen(s), as reflected by intense CD spectra especially in the UV region (Figs. 4 and S4).
The successive formations of the complexes Cu,HL Cu,L and Cu,H_;L are strongly
overlapped (Fig. 5.B). Although the visible and CD spectra show important changes between
pH 5-7, their EPR spectra can be only described by a common broad singlet, due to the
interacting copper(l1) centers. Considering that several isomers can be expected for these
species, clear binding site assignment cannot be made. In contrast with these complexes,
CuyH ,L is a major species between pH 8-9. During its formation considerable spectral
change can be observed, indicating the deprotonation and coordination of a further amide
nitrogen. Since in this species the lysine e-amino groups are still protonated, two amide
nitrogens are bound to each metal ions, which may explain their high stability. Surprisingly,
relatively well resolved EPR spectra can be obtained between pH 8-9 at two fold metal ion
excess (Fig. 6.B). The evaluation of these spectra indicates the presence of two separated
copper(I1) centers with different coordination environments (Table 2). This is also supported
by the unusual CD spectrum of all dinuclear species, containing two positive CD bands at 500
and 610 (710) nm (Fig. S4.B). Considering the major binding sites of the ligands, the metal

ions in CuyH oL have {NH2,2N,COO } and {Nim,2N",Nin} type coordination. During the
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next two deprotonations the spectral parameters are practically unchanged, indicating
identical coordination environment around the metal ions. Consequently the deprotonations of
the lysine e-NH3" groups take place in these processes. On the other hand, the last
deprotonation observed (Cu,H_4L = CuH_sL + H*, pK = 11.34) results in an important
spectral change again, indicating the coordination of a further amide nitrogen to one of the

copper(Il) centers.

3.4 Metal sequestering properties. Considering only the non-amide bounded species (in fact
the amide coordination is very rare in biological systems), to our knowledge L is the strongest
copper(1l) chelator at pH 7.4 among the oligopeptides studied so far. Its copper(Il) binding
ability is even higher than that of the recently reported N-terminal sequence of H. ducreyi
Cu,Zn SOD [11]. This can be also demonstrated by calculating the apparent (conditional)
dissociation constant (Kp) at pH 7.4 and 1:1 metal-to-ligand ratio,
MH,L = HyL + M*tee, Kpm = [HL][M**free] [MH,L]

where HyL and MH,L denote the total concentration of the free peptide and
complexes, respectively, including all possible protonation states. Based on the equilibrium
data listed in Table 1, Kpcy = 7.4x107"* M can be calculated. This extraordinary sequestering
capacity supports copper(Il) chaperoning role of the N-terminal His-rich region of Gram-
negative bacteria, already assumed for H. ducreyi Cu,Zn SOD [11,12]. On the other hand, the
zinc(11) binding ability of this peptide is relatively modest (Kp 2z, = 4.8x10~" M), itis ~ 2.5
order of magnitudes lower than that determined for the N-terminal sequence of H. ducreyi
Cu,Zn SOD (Kpzn = 1.6x10°° M [12]). Consequently, the present data do not confirm the role
of N-terminal His-rich region in zinc(ll) sequestering over the Gram-negative bacteria, which

was originally suspected based on the high affinity zinc(ll) binding reported in [12].
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3.5 SOD-like activity of the copper(l1)-peptide system. The SOD-like activity of the
copper(1l)-L system was tested indirectly, by its ability to inhibit the reaction between the O,
radical and NBT (Fig. 7). Although this method has some drawbacks [40], it is very
commonly used, and therefore allows a comparison with a number of similar systems. The
determined ICsq values are listed in Table 3, together with those of some highly active
histidine-based SOD mimics, taken from the literature. Although the activity of the
copper(1l)-L complexes at pH 7 is c.a. 24-fold lower than that of the native Cu,Zn SOD
enzyme from bovine liver, it is one of the most active peptide complex reported so far. The
correct interpretation of the observed SOD-like activity requires the knowledge of speciation
in the rather diluted solutions used ([Cu®Jiot = [L]wt ~ 0.1 nM). Even under this condition, the
complex CuH,L is the dominant species (97%) at pH 7, while the free metal ion represents
only 0.3 % of the total copper(ll) concentration. Consequently, the observed SOD-like
activity is related to the species CuH,L. Table 3 lists the most active peptide complexes
reported so far, and a survey of the listed ligands may support the general view, that
macrochelated multiimidazole coordination around copper(Il) results in very efficient SOD-
like activity [41,42]. Such coordination is probably favored by copper(l), and thus facilitate
the redox cycling between copper(1l) and copper(l).

The observed high activity further supports our earlier speculation on the multifunctional role
of the copper(I1)-bound N-terminal His-rich domain of Cu,Zn SODs of some Gram-negative
bacteria [12], i.e. beside the chaperoning role it may also behave as a temporary (low activity)
superoxide dismutating center in the case of copper(ll) affluence of bacterial periplasm.

3.6 Semiempirical quantum chemical calculations. The results of the calculations for the
MH,L complexes (M = Zn(ll) and Cu(ll)) are summarized in the Table S1 (supporting
information). In the case of ZnH,L the first twelve most stable structures have

{NH2,2Nimn,COO asp} donor set, and the first five involve the stable histamine-like chelate
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coordination of the N-terminal His residue. These results are in excellent agreement with the
experimental data presented above. The two most stable structures are depicted in Fig. 8.A
and Fig. S6.A (supporting information), respectively.

Among the five most stable structures for CuH,L three have {NH,,3Nin} donor set (Table
S1), also suggested by the experimental data. However, the first and third most stable
structures possess {NHz,2Nim,COO asp} coordination environment with bidentate carboxylate
coordination in the equatorial plane of copper(ll), resulting in a strongly distorted seven-
coordinated geometry around the metal ion (Fig. S6.B). Since, this coordination mode is
rather unusual and is inconsistent with the experimental findings, the corresponding structures
have been rejected. The remaining three among the five most stable structures, having
{NH,,3Nim} donor set with the participation of all the three His units, are conformational
isomers. The two most stable accepted structures are depicted in Fig. 8.B and Fig. S6.C

(supporting information), respectively.

4. Conclusion

The N-terminal octapeptide of A. pleuropneumoniae Cu,ZnSOD (H,N-HADHDHKK-OH, L)
has highly versatile metal binding ability, it provides two high affinity binding sites for
copper(1l). In equimolar solutions the MH,L complexes (M = Cu(ll), Zn(ll)) are dominant in
the neutral pH-range. L has extraordinary copper(Il) sequestering capacity (Kp,c, = 7.4x107
M at pH 7.4), which is provided only by side chain donors. The central ion in CuH,L is
coordinated by four nitrogens {NH2,3Nin} in its equatorial plane. In ZnH,L the peptide binds
to zinc(Il) through a {NH2,2N;,»,COQO} donor set, providing a relatively modest zinc binding
affinity (Ko z, = 4.8x10°" M at pH 7.4). Consequently, the presented data do support a general

chaperoning role of the N-terminal His-rich region of Gram-negative bacteria in copper(ll)
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uptake, but do not confirm similar function for zinc(I1). The proposed structure for the MH,L
complexes have been verified by semiempirical quantum chemical calculations, too.
Interestingly, the CuH,L has very important SOD-like activity, which may allow to speculate
on the multifunctional role of the copper(l1)-bound N-terminal His-rich domain of Cu,Zn

SODs of Gram-negative bacteria.

5. Abbreviations:

SOD: Superoxide dismutase

ESI-MS: Electrospray ionization mass spectrometry
COSY: Correlation spectroscopy

TOCSY: Total correlation spectroscopy

ROESY: Rotational frame Overhauser effect spectroscopy
CD: Circular dicroism

DMF: Dimethylformamide
TFA: Trifluoroacetic acid.

Appendix A. Supplementary data

Supplementary data (HPLC chromatogram of the purified peptide, *H NMR spectra of L in
D,0 (T = 298 K) as a function of increasing zinc(ll) concentration at pH* 8.5, individual UV-
Vis, CD and anisotropic EPR spectra of some major copper(Il)-L complexes, and some
calculated structures) associated with this article can be found in the online version, at

doi:???.
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Table 1. Formation constants of the proton, zinc(11) and copper(ll) complexes of NH-

HADHDHKK-OH (estimated errors in parentheses (last digit)) (I =0.1 M NaCl, T = 298 K).

Hqlr par log Bpar pK

HL 011 10.8(2) 10.8

H,L 021 20.96(8) 10.16

HsL 031 28.51(1) 7.55

HiL 041 35.16(1) 6.65

HsL 051 41.18(1) 6.02

HsL 061 46.37(1) 5.19

H,L 071 49.96(8) 3.59

H,/L 071 52.7(2) 2.7

MpHqLr | par log Bpqr pK/log K 109 Bpqr pK/log K
M= Zn(”) M= Cu(ll)

MHsL | 151 — 46.29(8) pK =3.99

MH,L | 141 38.76(7) pK =5.25 42.3(1) pK =3.6

MHsL | 131 33.51(4) pK =5.97 38.71(6) pK =5.06

MH,L | 121 27.54(3) log K = 6.58, 33.66(2) log K =12.70

pK = 8.07

MHL | 111 19.47(3) pK =9.16 —

ML 101 10.31(3) pK =10.26 17.17(4) pK =10.01

MH.,L |1-11 0.05(3) pK =11.19 7.16(4) pK =10.79

MH,L |[1-21 ~11.14(4) |- —3.63(4) (pK = 12.0)

MHsL | 1-31 — [-15.6(4)] |-

MHsl, | 142 66.0(1) pK = 6.80 —

MHsL, | 132 59.2(1) pK=7.01 -

MH,L, |122 52.19(6) log K =10.27 | 57.73(6) log K = 15.81

M,HL | 211 — 30.93(1) pK =5.67

M,L 201 — 25.25(3) pK =6.71

MoHL | 2-11 — 18.54(5) pK = 7.43

MoH L | 2-21 — 11.11(1) pK =9.60

MH_sL | 2-31 — 1.51(3) pK =10.71

MoH 4L | 2-41 — —-9.20(1) pK =11.31

MyH 5L | 2-51 — —20.51(8)
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Table 2. Parameters of the d-d transitions and anisotropic EPR spectra® of the components

obtained in the Cu(ll) — L system, and the proposed coordination mode in the equatorial plane

of copper(Il)

Species

Cu(ll

CuHsL"

CuH,L®

CuHsL"

CuH,L

CuL®

CUH.]_LC

CuH.,L"®

CuH;L

CuH4L,

Cu,HL"®

Cu,L*

CupH_4L°

Cu,H_,L" comp.1
comp.2

Cu,H_sL" comp.1
comp.2

Cu,H_4L" comp.1
comp.2

Cu,H_sL

AT ax (NM)

~ 820
680

645
595
545
550
545
510
610
680
595
590
550

550
550

530

Oxx Oyy

2.081
2.063
2.063
2.063
2.050

2.045 2.034
2.045 2.034
2.045 2.034

2.118
2.118
2.118
2.050
2.045
2.050
2.045
2.050
2.045

gZZ

2.424
2.268
2.268
2.268
2.238
2.201
2.201
2.201

2.118
2.118
2.118
2.250
2.170
2.250
2.170
2.250
2.170

AxIG Ay /G Ay /G Coordination

10.8
15.0
15.0
15.0
21.4
26.7 247
26.7 247
26.7 247

63.0
63.0
63.0
21.0
30.2
21.0
30.2
21.0
30.2

110.0
164.0
164.0
164.0
181.0
195.9
195.9
195.9

63.0
63.0
63.0
183.0
185.0
183.0
185.0
183.0
185.0

mode

NH2,2Nim
NH>,3Nim
Nim,N7,N",Nim
Nim,N~,N~,Nim
Nim,N7,N",Nim
Nim,N,N",N~

e
e

e

NH,,2N",0™
Nim,2N",Nim
NH2,2N",0™
Nim,2N",Nim
NH,,2N",0”
Nim,2N",Nim
NH,,3N™

Nim,2N",Nim

“®Estimated errors of EPR parameters: Agux = Agy,= +0.002, Ag,; = +0.001, AAx = AAyy =
+0.5 G, AA;=+0.2 G

bcd These species were treated with identical EPR spectra, see text

® The EPR spectra of these species are broad singlet, therefore the number of bound nitrogens

cannot be determined (in fact, several isomers may exist in the solution).

" These species possess two separated copper(11) centers (comp.1 and comp.2) with different

coordination environments and the three differently protonated complexes were treated with

an identical EPR spectrum, see text
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Table 3. 1C5 (uM) values of the Cu(ll)-L system, the native Cu,Zn-SOD enzyme and some

of the most active histidine-based SOD-mimicking compounds reported so far.

Complex ICs0 (LM) ref.
Cu,Zn-SOD (pH = 6.8) 0.0045 31
Cu(I1)-Ac-HSaHSaHSaH-NH,; 1/1 (pH = 7.4) 0.044 41
Cu(11)-HADHDHKK-NH,; 1/1 (pH 7.0) 0.11 This work
Cu(I)-Ac-(PHGGGWGQ)s-NH,; 1/1 (pH =6.6)  [0.12 42
Cu(ll)-Ac-HHGH-OH ; 1/1 (pH 6.8) 0.13 31
Cu(11)- HGDHMHNHDTK-NH, ; 1/1 (pH 7.0) 0.19 12
Cu(I1)-Ac-HVH-NH, ; 1/1 (pH 7.4) 0.20 43
Cu(Il)—carnosine ; 1/1000 (pH 7.4) 0.80 44
Cu(HPO,) (pH = 7.4) 1.06 43

% Sarcosine (Sa) containing peptide
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Legends

Fig. 1. Speciation diagrams of the zinc(I1)-L system ([Zn®**] = [L] = 0.0015 M, T = 298 K, | =

0.1 M NaCl).

Fig. 2. 'H NMR spectra of L in D,O (T = 298 K) as a function of increasing zinc(11)

concentration at pH* = 7.0.

Fig. 3. pH-dependent UV-Vis spectra of the copper(I1)-L system. [Cu®*]wot/[L] ot = 1/1 (A)
and 2/1 (B). The inserts show the pH-A profiles at 310 (®) and 550 nm (m). ([L] = 1.5x10°®

M (A and B), 1 =0.1 M NaCl, T = 298 K,)

Fig. 4. pH-dependent CD spectra of the copper(I1)—L system. [Cu*Jw/[L]iot = 1/1 (A) and 2/1
(B). The inserts show the pH-AA profiles at 310 (m), 500 (®) and 600 (A) nm.

([L]=1.5x10°M (A and B), 1 =0.1 M NaCl, T = 298 K)

Fig. 5. Speciation diagrams of the copper(Il)-L system.

[CU? T [L]or = 1/1 (A), 2/1 (B) and 1/2 (C). ([L] = 0.001 M, T = 298 K, I = 0.1 M NaCl, the

species are denoted by their pgr numbers).

Fig. 6. pH dependence of anisotropic EPR spectra (T =77 K, I =0.1 M NaCl, [L] =1.2 mM,

[Cu*]/[L] = 1/1.2 (A), 2/1 (B)) detected in the copper(Il)-L systems (black) together with the

simulated curves (grey).
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Fig. 7. Inhibition of the Nitroblue Tetrazolium (NBT) reduction by superoxide as a function
of the concentration of copper(ll) complexes ([Cu?*] = [L], 0.05 M phosphate buffer, pH =

7.0).

Fig. 8. The most stable calculated structures for the ZnH,L (A) and accepted for CuH,L (B)

species (the axially coordinated water molecules in B are neglected for clarity)
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