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Unsymmetrical Binding Modes of the HOPNO Inhibitor of Tyrosinase:
From Model Complexes to the Enzyme

Constance Bochot,"”! Elisabeth Favre,"” Carole Dubois,'! Benoit Baptiste,*!
Luigi Bubacco,'" Pierre-Alain Carrupt,” Gisele Gellon, Renaud Hardré,'"!
Dominique Luneau,'® Yohann Moreau,""! Alessandra Nurisso,"”! Marius Réglier,!*!
Guy Serratrice,'” Catherine Belle,*™ and Hélene Jamet+!*]

Abstract: The deciphering of the bind-
ing mode of tyrosinase (Ty) inhibitors
is essential to understand how to regu-
late the tyrosinase activity. In this
paper, by combining experimental and
theoretical methods, we studied an un-
symmetrical  tyrosinase  functional
model and its interaction with 2-hy-
droxypyridine-N-oxide (HOPNO), a
new and efficient competitive inhibitor
for bacterial Ty. The tyrosinase model

was a dinuclear copper complex bridg-
ed by a chelated ring with two different
complexing arms (namely (bis(2-ethyl-
pyridyl)amino)methyl and (bis(2-meth-
ylpyridyl)amino)methyl). The geomet-
rical asymmetry of the complex induces

Keywords: bioinorganic chemistry -
copper - density functional calcula-
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an unsymmetrical binding of HOPNO.
Comparisons have been made with the
binding modes obtained on similar
symmetrical complexes. Finally, by
using quantum mechanics/molecular
mechanics (QM/MM) calculations, we
studied the binding mode in tyrosinase
from a bacterial source. A new unsym-
metrical binding mode was obtained,
which was linked to the second coordi-
nation sphere of the enzyme.
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Introduction

Tyrosinases (Tys, EC 1.14.18.1) are copper-containing en-
zymes belonging to the type-3 family or coupled binuclear
family.l'! Three distinct forms have been identified in various
stages of the catalytic cycle: a native met state (Cu"—Cu'")
bridged by aquo (hydroxo) ligands, a reduced deoxy state
(Cu' Cu"), and an oxy state with a dioxygen molecule bound
to the dicopper center (Cu'—0,>"—Cu").”! Tys are present in
almost all types of organism®® and their main function is pig-
ment biosynthesis. In mammals, Ty is responsible for the
critical steps in eumelanin production (the most protective
melanin, found particularly in the skin).! Melanin-related
disorders are known to cause serious skin lesions” and mel-
anoma,” and Parkinson’s disease has been linked to Ty,m SO
this enzyme family has considerable interest for medicinal
chemistry. In fungi and plants, Ty catalyzes the oxidation of
phenolic compounds and subsequently produces types of
melanins called allomelanins.”! In the area of food storage,
Ty is a key enzyme in the browning process that occurs
upon tissue damage or long storage. For these reasons, a
large variety of synthetic or natural compounds have been
tested as Ty inhibitors.

A large number of the Ty inhibitors described in the liter-
ature target the Ty binuclear copper active site. These inhib-
itors, named transition-state (TS) analogues, are structural
analogues of catechol but cannot be oxidized. Kojic acid®
(5-hydroxy-2-(hydroxymethyl)-4-pyrone, KA) and
HOPNO!"! (2-hydroxypyridine-N-oxide) are good para-
digms of this strategy. The binding mode of these inhibitors



on the Ty bimetallic center remains an open question. X-ray
absorption spectroscopy (XAS), paramagnetic NMR spec-
troscopy, and electron spin echo envelope modulation
(ESEEM) studies suggest direct binding to the copper ions
for KA in the adduct with bacterial Streptomyces antibioti-
cus Ty, with a p-°:5' binding mode reported.'!! On the
other hand, the X-ray crystal structure of the bacterial Bacil-
lus megaterium Ty with KA as a ligand reveals that the KA
is not bound to the dicopper(II) center but is located at a
distance of 7 A from it.” Recently, the crystal structure of
Agaricus bisporus mushroom Ty (deoxy state) in complex
with tropolone,[]z] another TS-analogue inhibitor, revealed
that tropolone binds near the binuclear copper site without
directly coordinating the copper ions. A first approach to
obtain more insight into the binding mode is to study inhibi-
tor interactions with low-molecular-weight binuclear copper
systems that mimic the dicopper(Il) center of the enzyme.
To date, few relevant structures with a coordinated inhibitor
(or inactivated substrate) have been published.'” In particu-
lar, there is no example characterized by X-ray analysis in
which the various coordination modes of the inhibitor, in-
cluding an unsymmetrical bridging mode, are described. Re-
cently, we have successfully isolated and fully characterized
two 1:1 adducts between the dinuclear copper(II) complexes
[Cuy(BPMP)(u-OH)](CIO,), (1; HBPMP: 2,6-bis[bis(2-pyri-
dylmethyl)-aminomethyl]-4-methylphenol)!land [Cu,-
(BPEP)(u-OH)](ClO,), (2; HBPEP: 2,6-bis[bis(2-pyridyle-
thyl)aminomethyl]-4-methylphenol),™ known as functional
models for Ty catecholase activity, and deprotonated
HOPNO. In the first adduct, 1-OPNO, it binds only one
copper(II) atom of the dinuclear site in a chelating mode,
but in the second adduct, 2-OPNO, the inhibitor binds the
two copper(Il) atoms in a symmetric »':5' bridging mode
(Scheme 1).

Important information provided by the recent structure
resolutions of various Ty forms is the dissymmetry of the
active-site structure. The Ty active site is not symmetric and
it is composed of two copper atoms, each coordinated by
three histidine residues. This dissymmetry is clear in the
structure of a met form of the bacterial S. castaneoglobispo-
rus Ty (Figure 1; PDB code: 2AHK),” in which the geome-
try around the CuA center is close to a square pyramid (7=
0.22), whereas the geometry around the CuB center is inter-
mediate between a square pyramid and a trigonal bipyramid
(r=0.48); (r=0 for a regular square pyramid and =1 for
the regular trigonal bipyramid geometry).!'%]

In order to mimic this dissymmetry, we pursued our inves-
tigations by generating an unsymmetrical complex, [Cu,-
(BPMEP)(u-OH)](ClO,), (3), which was obtained from the
new unsymmetrical 2-[bis(2-pyridylethyl)-aminomethyl]-6-
[bis(2-pyridylmethyl)-aminomethyl]-4-methylphenol
(HBPMEP) ligand (Scheme 2).'") The HBPMEP ligand in-
volves two different complexing arms (namely (bis(2-ethyl-
pyridyl)amino)methyl and bis(2-methylpyridyl)amino)meth-
yl) in mode to tune an unsymmetrical binding of HOPNO.
By combining experimental and theoretical studies, the dif-
ferent complexes and HOPNO binding modes are com-
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Scheme 1. Schematic representation of the relevant dicopper model com-
plexes [Cuy(BPMP)(u-OH)](ClO,), (D' and [Cu,(BPEP)(u-OH)]-
(Cl0,), (2)! and the characterized or possible binding modes for
HOPNO at the dicopper(II) centers.

H54

H63

Figure 1. Graphical representation of the met form of the bacterial Strep-
tomyces castaneoglobisporus Ty active site (PDB code: 2AHK)®! show-
ing the dissymmetry of the coordination of the two copper centers.

pared. The aim was to get insights into inhibitor binding
through variation in the side arms of the dicopper model
complexes. Finally, adducts found with model complexes
were used to study the binding mode of HOPNO on bacteri-
al Ty by computational methods. We choose bacterial Ty be-
cause crystallographic structures of the met form have only
been obtained for this tyrosinase and the met form corre-
sponds to the electronic structure of our model complexes
(Cu"™Cu"). A hybrid quantum mechanics (QM/MM)
method combining classical MM and a QM method was em-
ployed on the whole enzyme. The results obtained highlight
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Scheme 2. Synthesis of the HBPMEP ligand (9) and complex 3: i) N,N-
bis(2-ethylpyridyl)amine (5), 54 %; ii) HBF, (48% in water/MeCN),

90 %; iii) 1) SOCl,, 2) N,N-bis(2-methylpyridyl)amine (8), 67%. TEA:
triethylamine.

the importance of a serine residue that is close to the active
site in the enzyme.

Results and Discussion

Synthesis, structures and solution properties of the model di-
nuclear copper(Il) complex and the OPNO adduct

Synthesis: The unsymmetrical HBPMEP ligand (9) was syn-
thesized according the procedure outlined in Scheme 2.1
For the introduction of the different coordination sites, the
key step in the synthesis is realized by using synthon 4.1'%
Substitution of the benzylic bromine group by N,N-bis(2-
ethylpyridyl)amine (5) afforded 6. After deprotection to
form 7, the hydroxymethyl group is chlorinated for alkyla-
tion with the second amine (amine 8, which is different from
the first one) to afford the desired ligand 9.

The dibridged dinuclear copper(I) complex 3 was pre-
pared by the addition of two equivalents of Cu(ClO,),-6H,0
to a solution of the HBPMEP ligand in acetonitrile contain-
ing two equivalents of triethylamine (Scheme 2). The solid
complex [Cu,(BPMEP)(u-OH)](CIO,), (3) precipitated
upon addition of tetrahydrofuran and green crystals of the
compound suitable for X-ray single-crystal analysis were ob-
tained by slow tetrahydrofuran diffusion into an acetonitrile
solution of 3. The reaction of complex 3 with 2.5 equivalents
of HOPNO in methanol and slow vapor diffusion of diethyl
ether afforded the resulting adduct [Cu,(BPMEP)-
(OPNO)J** (10°") as a crystalline material.

Crystal structure descriptions of dications 3**and 10**: All
of the crystal structure parameters are given in the Experi-
mental Section. The crystal of [Cu,(BPMEP)(u-OH)J-
(ClO,), THF (3-THF; THF: tetrahydrofuran) contains one
associated solvent molecule. An ORTEP view of the dica-
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Figure 2. ORTEP plots of dications a) [Cu,(BPMEP)(u-OH)]** (3**) and
B) [Cu,(BPMEP)(OPNO)J** (102>7). H atoms (except for the hydroxo
group) and ClO,~ counteranions were omitted for clarity. Ellipsoids are
drawn at the 30 % probability level.

tionic complex [Cu,(BPMEP)(u-OH)J** (3°F) is shown in
Figure 2 A and selected bond lengths and angles are given in
Table S1 in the Supporting Information.

The crystal structure reveals that the two copper atoms
are doubly bridged by the phenoxo and a hydroxo group.
The pentacoordination of the Cul and Cu2 atoms is ach-
ieved by the tertiary amine and two pyridine nitrogen
atoms. However, the complex possesses geometrical unsym-
metry because the environment around the Cu2 center is
found to be intermediate between square pyramidal and
trigonal bipyramidal (z=0.53),'! unlike that around the
Cul center (7=0.06). The same dissymmetry exists in the
enzyme (Table 1). In contrast, complexes 1 and 2 present
similar coordination geometry for each copper center (two
distorted trigonal bipyramids for 1 and two square pyramids
for 2).

Table 1. 7 factors for copper sites in the met form of S. castaneoglobispo-
rus Ty (CuA, CuB) and complexes 1-3 (Cul and Cu2).

CuA/Cul CuB/Cu2
S. castaneoglobisporus Ty met form 0.22 0.48
1 0.64 0.60
2 0.05 0.09
3 0.06 0.53

The Cul—O1—Cu2 bond angle is 101.06(8) A. The pheno-
late ring is slightly tilted toward the O1—02 axis and twisted
with respect to the O1—-Cu2—02—Cul plane. The Cu—O dis-
tances in the [Cu,O,] unit are in the range of 1.8995-
1.9876 A and are slightly more asymmetric than those in 2
(1.928-1.961 A). The four Cul, Cu2, O1, and O2 atoms are
in the same plane. The Cul—0O1-Cu2, Cul-02—Cu2, O1—
Cul—02, and O1—Cu2—02 angles are 101.0°, 104.6°, 76.8°,
and 77.2°, respectively, which leads to the intermediate dis-
tance between Cul and Cu2 of 3.045 A relative to those for
1(2.966 A) and 2 (3.077 A).

The reaction of complex 3 with HOPNO in methanol and
slow vapor diffusion of diethyl ether afforded compound 10



as a crystalline material. The unit cell contains two crystallo-
graphically independent [Cu,(BPMEP)(OPNO)]-
(ClO,),"'/, solvate entities, in which solvate stands for metha-
nol and H,O. Each cationic unit, one of which (10a’") is
shown in Figure 2B (10b’* is shown in Figure S1 in the Sup-
porting Information), consists of two Cu" atoms bridged by
a phenoxo group and one deprotonated HOPNO molecule
coordinated in an unsymmetrical bridging bidentate mode.
Selected bond lengths and angles are reported in Table S2 in
the Supporting Information and show no significant differ-
ence between the two copper dimers. The coordination
sphere of each copper atom is completed by one amino and
two pyridyl nitrogen atoms. Inside each dimer, the Cu atoms
are separated by 3.242 A in 10a and 3.228 A in 10b. This
distance, which is longer than in the dibridged (phenoxo and
hydroxo) dicopper complex 3 (3.045 A), is comparable with
the one in 2-OPNO (3.271 A) but much shorter than that in
adduct 1-OPNO (3.927 A).

The coordination polyhedrons around the Cu2 (in 10a)
and Cu4 (in 10b) atoms are distorted square pyramids, the
apical positions of which are occupied by the pyridine nitro-
gen atoms N6 and N13, respectively. The square plane is de-
fined by the N2, N5, O1, and O3 atoms in 10a (N9, N12,
04, and OS5 in 10b). The OPNO ligand is coordinated to
Cul and Cu2 (or Cu3 and Cu4) in a bidentate mode. With
the weak Cul—O2 (or Cu3—05) interaction (approximately
2.69 A) taken into consideration, the coordination environ-
ment around Cul (or Cu3) forms a distorted octahedral ge-
ometry with the N1 (or N8) nitrogen atom of the tertiary
amine, the N3 (or N10) pyridine nitrogen atom of the
ligand, the O3 (or O6) oxygen atom from the OPNO ligand,
and the O1 (or O4) atom of the phenoxo moiety in the
equatorial coordination positions.

The axial coordination positions are occupied by the
second oxygen atom (O2 or OS5) from the OPNO ligand and
the N4 (or N11) pyridine nitrogen atom. Angles involving
the Cu atoms show deviation from the theoretical angles
(the largest deviations in 10a are encountered for O2—Cul—
N4 (149.0°, 31° deviation) and O1—Cul—02 (65.80°, 24.2°
deviation)), which emphasizes the irregularity of the octahe-
dron. The longer distances of the axial coordination (Cul—
02: 2.695(2) A for 10a; Cu3—05: 2.699(2) A for 10b; Cul—
N4: 2.207(2) A for 10a; Cu3—N11: 2.209(3) A for 10b) are
evidence of a strong Jahn-Teller effect.

In the 1-OPNO adduct, the OPNO ligand binds only one
copper atom of the dinuclear site in a chelating mode, in
contrast to the 2-OPNO and 3-OPNO (10) adducts, in which
the bound OPNO ligand is in a bridging mode between the
two copper(II) centers. The major difference between the 2-
OPNO and 10 adducts is the unsymmetrical coordination
geometry around the copper centers. As a result, the coordi-
nation mode of the bound OPNO ligand resembles the ex-
pected coordination mode of the diphenol substrate on its
way to product formation™® or the proposed model from
XAS studies of the Kojic acid adduct with S. antibioticus ty-
rosinase.!

Solution studies: The ESI-MS spectrum of the 3-OPNO (10)
adduct provides two signals at m/z 894 (z=1) and 396.5 (z=
2) for [Cu,(BPMEP)(OPNO)]*(ClO,) and [Cu,(BPMEP)-
(OPNO)J**, respectively (Figure S2 in the Supporting Infor-
mation). These data evidence that the dibridged dimeric
copper(II) structure remains (in part) in solution, as already
observed for adduct 2-OPNO. The general UV/Vis features
for dicopper(Il) complex 3 in H,O/dimethylsulfoxide
(DMSO; 95/5) solution buffered at pH7.0 with 50 mm
2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid
(HEPES) are reported in Table 2 and can be compared with

Table 2. UV/Vis spectral data and binding constants for 3 and for ad-
ducts 1-OPNO, 2-OPNO, and 3-OPNO (10).

UV/Vis: Ay Binding constant
[nm], (e [M~'em™]) (Kp) [M]

LMCT d-d
30 337 (1440) 645 (200)

386 (1220)
1-OPNO1] 430 (610) 700 (212) 440+70
2-OPNO™ " 429 (5200) 670 (490) 8000 +400
3-OPNOM 420 (1530) 650 (170) 2710049750

[a] Determined at 25°C from 2.7x10~*m solution in H,O/DMSO (95/5)
buffered at pH 7 (HEPES, 50 mm). [b] Determined from the electronic
spectra calculated from the refinement of absorbance data by the Specfit
program.

the UV/Vis parameters determined from the calculated elec-
tronic spectra for all of the adducts from refinement of ab-
sorbance data by the Specfit program.’” All of the com-
plexes are characterized by a ligand-to-metal charge-transfer
(LMCT) transition between the bridging phenoxo group
and the copper ions in the 300450 nm region and a d-d
transition in the 600-750 nm region (Table 2 and Figure S3a
and b in the Supporting Information).”)

The UV/Vis spectra of 3 are quite similar to those of 2
with a feature at 386 nm (£~1220m 'cm™), corresponding
to the LMCT band maximum, a shoulder at 337 nm (e
~1400M'cm™), and a d—d band at 645 nm. Despite the dif-
ference in the geometry around the copper centers of 2 and
3 that was observed in the solid state, the similar d-d transi-
tion position could indicate geometrical changes in solution.
Binding of HOPNO on complex 3 (Figure S4 in the Sup-
porting Information) occurs with a shift of the absorption
band at 386 nm up to 420 nm. The molar extinction coeffi-
cient is raised from 1220 to 1530m~'cm™". The d-d transition
band at 645 nm (¢=200m 'ecm™') of 3 is slightly shifted to
650 nm (¢=170m 'cm "), with a small decrease in the molar
extinction coefficient. These data are reported in Table 2, to-
gether with the binding constants (K,) of HOPNO to 1-3,
determined from the refinement of absorbance data versus
the HOPNO concentration by the Specfit software. The
series of curves exhibit an isosbestic point, which indicates
that one absorbing species is formed. The K, value found
with 3 is significantly higher than those obtained for com-
plexes 2 and 1, respectively,"” and the stoichiometry of the
adduct is found to be 1:1. The UV/Vis spectrum from isolat-



ed 3-OPNO (10; 2.7 10~*m) displays bands at 416 nm (e
~1629m'cm™) and 649 nm (e~191m 'cm™), values that
are consistent with those obtained from the calculated elec-
tronic spectrum (Table 2).?"

EPR spectroscopy: The EPR spectra were measured at
100 K in a frozen solution in 1 mm H,O/DMSO (1/1) buf-
fered at pH 7 with 50 mm HEPES. Complex 3 is EPR silent,
in accordance with the strong antiferromagnetic-coupling
(§=0) ground spin state between the two copper atoms.
This observation is consistent with the doubly bridged struc-
ture and the short Cu...Cu distance (3.045 A) evidenced in
the solid state. The EPR measurements for 10 in a frozen
solution of DMSO/H,O (1/1) at 100 K do not reveal the ex-
pected silent behavior for antiferromagnetic-coupled com-
pounds, as with 3 or 2-OPNO. The spectrum displays the
presence of two sets of hyperfine lines from 220-400 mT,
which suggests the overlap of two signals of uncoupled cop-
per(II) ions (Figure S5 in the Supporting Information) that
probably result from the dissociation of 10 in solution. A
comparison with the spectrum of a solution of Cu-
(C10,),,6 H20 with two equivalents of HOPNO indicates
that this corresponds to one of the signals observed in the
spectrum of 10 (Figure S5 in the Supporting Information).
These data show that some of the copper ions released from
10 in solution are complexed by HOPNO as a mononuclear
species. Integration of the signal shows that 50% of the ex-
pected signal is recovered. This indicates that a magnetically
coupled (EPR-silent) species is also present (adduct 10 in
the solid state exhibits antiferromagnetic coupling between
the copper ions; see below). Altogether, these data can be
analyzed as evidence of changes in the copper coordination
geometry after dissolution of 10 in a DMSO/H,O (1/1) solu-
tion, so the observed EPR spectrum of 10 corresponds to a
mixture of coupled and uncoupled species.

Catecholase activity: The catalytic activity of 3 in the oxida-
tion of 3,5-di-tert-butylcatechol (3,5-DTBC) was studied in
acetonitrile by monitoring the time dependence of the ab-
sorption of 3,5-di-fert-butylquinone (3,5-DTBQ) at 400 nm,
which corresponds to the absorption of the product (e=
1900m~'cm™). The reactions follow a Michaelis-Menten be-
havior. The reaction rates are determined from the slope of
the trace at 400 nm in the first 20 minutes of the reaction
and a Lineweaver-Burk treatment gives a maximum veloci-
ty (Vi) Of 1.2x107°m's™'and a Michaelis constant (Ky;) of
5 mm. After 90 min, a turnover number (TON) of 12 is ob-
served, which is near the range of the values observed with
complexes 1M and 2" (TON values of 16 and 18.3, respec-
tively). Changes in geometry around the copper centers due
to different pendant pyridine arms (with one or two carbon
atoms) and unsymmetry are not critical for the catalytic effi-
ciency of these complexes.

Magnetic properties and DFT calculations

The product of the magnetic susceptibility with temperature
(xT) versus temperature plots for polycrystalline samples of
3 and 10 are given in Figure S6 in the Supporting Informa-
tion. At room temperature, the y7 values are much lower
than the expected values for two magnetically independent
Cu" ions (S=1/2; g=2). Upon cooling, the values decrease
rapidly and vanish at 75 K and 90 K for 3 and 10, respective-
ly. These behaviors suggest the presence of strong antiferro-
magnetic interactions between the two Cu" ions and singlet
states as the ground states. For 10, this result in conjunction
with the EPR spectrum in frozen solution highlights the dif-
ference of behavior mentioned before between the solid
state and solution. Good fits of the experimental data with
the equation given in the Experimental Section are obtained
with J=—-210cm™ and g=2.4 for 3 and J=—-225cm ™' and
g=2.23 for 10. No intermolecular interactions are consid-
ered.

The electronic structures of dinuclear copper(I) com-
plexes remain a theoretical challenge due to the difficulty of
providing an accurate description of electron correlation ef-
fects for these systems.?! In this case, the size of the systems
suggests the use of density functional methods. The approxi-
mation was made that the triplet and singlet state geome-
tries are close and all geometries have been determined
from a triplet state. Selected structural parameters for com-
plex 3 are listed in Table S1 in the Supporting Information.
As for complexes 1 and 2, a good agreement between cal-
culated and experimental data is obtained and confirms that
our approximation is correct. The computed values of the J
exchange coupling for complexes 1-3, calculated by using a
broken symmetry approach,”! are —136, —636, and
—394 cm™!, respectively. These results are supported by ex-
perimental magnetic measurements. The determined J value
for 1is —112 cm L™ for 2 is < —300 cm ™ and for 3 is
—210 cm ™! in this work. Analysis of the [Cu,0,] core geome-
tries explains this order. From Table 3, it can be observed
that the values of the Cu—O—Cu angles for 3 are intermedi-
ate with those values for 1 and 2, in correlation with their J
values.

Table 3. Calculated exchange coupling constants (/ [cm']) and Cu—O—
Cu angles [°] for complexes 1-3 (B3LYP/6-311g*).l")

J Cu—O—Cu Cu—O(H)—Cu
1 —136 (—112)14 95.7 102.1
3 —394 (—210) 101.0 104.7
2 —636 (< —300)1 103.7 105.5

[a] Values in parenthesis correspond to experimental values.

Calculations were also done for the complexes formed
with HOPNO. Selected structural parameters for 10 (3-
OPNO) are listed in Table S2 in the Supporting Informa-
tion. A good agreement between the calculated and experi-
mental data is also obtained. The OPNO ligand bridges the
two copper atoms in a bidentate mode, as for 2-OPNO, but
the symmetrical coordination of 2-OPNO around the
copper atoms is lost in 10. The computed value of the J ex-



change coupling for 3-OPNO (10) is —291 cm™!, which is in
agreement with the experimental data given above
(=225 cm™). This value is slightly smaller than that of 2-
OPNO, computed to be—391 cm~".["" This can be explain by
the small decrease in the Cu—O—Cu angle if we compare 10
with 2-OPNO. The value of the Cu—O—Cu angle is 114.2°
for 10 and 115.5° for 2-OPNO. Relative to those in 2 and 3,
the two Cu atoms for the OPNO complex are less coupled.
Figure 3 represents the magnetic orbitals of 10 and 3. The
exchange interaction passes essentially through the oxygen
atom of the Cu—O—Cu bridge; the exchange path is broken
through the OPNO ligand. This is not the case for 2 and 3,
in which a path is developed on the [Cu,O,] core.

Figure 3. Magnetic orbitals for the broken-symmetry state of a) 3 and b) 10.

Binding studies on the enzyme

HOPNO has already been described as a competitive inhibi-
tor in the oxidation of L-3,4-dihydroxyphenylalanine (L-
DOPA) catalyzed by mushroom Ty (ICs, value of 1.2 um
and inhibition constant (K;) of 1.8 um)."” We confirmed that

HOPNO is also a competitive inhibitor for the bacterial Ty
from S. antibioticus. Indeed, S. antibioticus Ty inhibition by
HOPNO is concentration dependent with an ICy, value esti-
mated to be (6.4+1.1) um ([L-DOPA]=0.175 mm; Figure S7
in the Supporting Information) and it exhibits the kinetic
features of competitive inhibition (K;=(7.7+0.2) um; Fig-
ure S8 and S9 in the Supporting Information) with efficiency
comparable to the mushroom Ty form.

To calculate the binding mode of deprotonated HOPNO
in the enzyme, the optimized geometries obtained for
OPNO complexes were used as starting points for the place-
ment of the inhibitor into the active pocket of the enzyme.
The construction of the initial geometry of these complexes
is detailed in the Experimental
Section. Geometry optimiza-
tions were done on triplet
states, with the assumption that
the spin state doesn’t change
considerably the geometry of
the active state, as observed in
model complexes. The same
minimum was obtained if the
optimized geometry for 2-
OPNO or 3-OPNO was used;
thus, only two minima between
the OPNO ligand and the bac-
terial Ty were obtained. They
can be seen in Figure 4 and dis-
tances between the ligand and
the copper atoms of the active
site are listed in Table S3 in the
Supporting Information.

In the first structure (Fig-
ure 4A), the OPNO ligand
bridges the two copper atoms
as in 2-OPNO and 3-OPNO.
The intermetallic distance from
Cul...Cu2 is close to the dis-
tance obtained for the opti-
mized geometries of 2-OPNO
and 3-OPNO (3.32 A for the
bacterial Ty and 2-OPNO,
336 A for 3-OPNO). As in 3-
OPNO, the binding mode is un-
symmetrical. The distance be-
tween the oxygen atom of the
nitrosyl group and one copper
atom is 1.98 A, whereas the dis-
tance between the oxygen atom
of the hydroxy group and the
other copper atom is 2.11 A.
For bacterial Ty, this is explained by the presence of a serine
group, Ser260, close to the active site, which can form a hy-
drogen bond with the oxygen atom of the OPNO ligand
linked to Cu2 (see Figure 4 A). This interaction also explains
the structure of the second minimum obtained for the
enzyme (Figure 4B). From the chelating mode of 1-OPNO,



Figure 4. QM/MM optimized complexes between bacterial Ty and the
OPNO ligand. Two binding modes are obtained: a) a bridging mode; b) a
monodentate mode. The ligand, the copper atoms, and the hydroxo
group bridging the two copper atoms are displayed as balls and sticks.
Copper atoms are shown in orange.

the ligand shifted during the optimization geometry to give
a hydrogen bond between the oxygen atom of the hydroxy
group of the OPNO ligand and Ser260. In this case, the co-
ordination between the Cu2 atom and the oxygen atom is
broken and the binding mode becomes monodentate.

For the two binding modes in the enzyme, the aromatic
ring of the OPNO ligand is m stacked with His194 of the
enzyme. Figure 4 illustrates this interaction for the two
structures. The distances between the OPNO ligand and
His194 are similar in the two structures, which suggests an
interaction of the same strength. This interaction was al-
ready observed in the crystallographic structures of type-3
copper enzymes. For example, it was found between the in-

hibitor phenylthiourea (PTU) and a histidine residue close
to the active site of a catechol oxidase (PDB code:
1BUG).

To compare the two binding modes, we can look at the
QM/MM energy of the system. However, the monodentate
mode (Figure 4B) has an extra water molecule on the free
copper atoms of the active site. So, a single-point calculation
has been performed for the monodentate mode without the
water molecule. This mode was found to be favorable by
9.8 kcalmol ™. This comparison indicates that the OPNO
ligand prefers to be coordinated to only one copper atom,
as we found previously for the dinuclear copper(1I) complex
[Cu,(BPMP)(u-OH)](CIO,),. For the copper complex, this
coordination is explained by the rigidity of the chelate ring
that forms the complex. In the enzyme, it should be ex-
plained by the steric constraints imposed by the environ-
ment. However, different approximations are introduced in
this comparison, for example, the need to perform certain
statistical simulations to obtain average structures and ener-
gies for the enzyme. Thus, this comparison can be seen as a
first approach.

Conclusion

An understanding of the different parameters that control
the binding mode of transition-state analogue inhibitors of
Ty is an important step to unravel the structural features
that govern tyrosinase activity. HOPNO is an efficient com-
petitive inhibitor of mushroom and bacterial tyrosinases.
From a series of dicopper(IT) complexes based on different
lengths of the pyridine side arms, diverse OPNO adducts
have been described (chelating, bridging). In this article, we
present the binding mode found on a new Ty functional
model. The latter involves two different complexing arms
(namely (bis(2-ethylpyridyl)amino)methyl and (bis(2-meth-
ylpyridyl)amino)methyl) designed to tune an unsymmetrical
binding of the OPNO ligand. These variations in binding
modes were used as starting points to study the binding
mode of the OPNO ligand in the enzyme. QM/MM calcula-
tions suggest that the OPNO ligand coordinated to only one
copper atom in the enzyme, as in the most rigid complex 1.
However, one hydrogen bond between the ligand and a
serine residue close to the active site changes considerably
the binding mode in the enzyme compared to that in 1. This
result highlights the importance of the second coordination
sphere in the enzyme.

Experimental Section

General: All starting materials were commercially available and used as
purchased, unless stated. ESI mass spectra were recorded on an Esquire
300 plus Bruker Daltonis instrument. Elemental analyses were performed
at the analysis facilities of the Department of Chemistry of the University
of Grenoble, France. UV/Vis absorption spectra were obtained by using
a Varian Cary 50 spectrophotometer operating in the 200-1000 nm range
with quartz cells. The temperature was maintained at 25°C with a tem-



perature-control unit. '"H NMR data were recorded on a Bruker Advance
300 spectrometer at 323 K with the deuterated solvent as a lock. X-band
EPR spectra were recorded at 100 K with a Bruker ESP EMX Plus spec-
trometer equipped with a nitrogen-flow cryostat and operating at
9.3 GHz (X band).

Safety note: Although no problems were encountered during the prepa-
ration of the perchlorate salts, suitable care should be taken when han-
dling such potentially hazardous compounds.

Enzymatic essays: The S. antibioticus tyrosinase activity was checked
with spectroscopic methods by using L-DOPA as a substrate. HOPNO
was dissolved in a 10% DMSO stock solution. Phosphate buffer (pH 7.0)
was used to dilute the DMSO stock solution of the compounds. S. anti-
bioticus tyrosinase (1 mL; 45 UmL™") was first preincubated with the
compounds in 50 mm phosphate buffer (pH 7.0) for 5 min at 25°C. The L-
DOPA was then added to the reaction mixture and the enzyme reaction
was monitored by measuring the change in absorbance at 475 nm of the
DOPAchrome product for 5 min.

Synthesis: The binucleating ligand HBPEMP was prepared by the
method described in the Supporting Information.

Complex 3: A solution of Cu(ClO,),6H,0 (470 mg; 1.26 mmol) in
CH;CN (10 mL) was added dropwise to HBPEMP (312 mg; 0.56 mmol)
dissolved in CH;CN (15 mL). The initial yellow solution turned dark
green. Et;N (160 pL; 1.12 mmol) was then added and the solution was
stirred for 3 h at room temperature. The solvent was partially removed
under reduced pressure and a few drops of THF were added. The result-
ing solution (10 mL) was allowed to stand for 3 days at —20°C. A green
powder (256 mg) was collected by filtration (yield: 51 %). Crystals of X-
ray quality were obtained by vapor diffusion of THF in a solution of 3 in
CH;CN. The crystalline material, if crushed and exposed to air, loses
some of the noncoordinated THF; UV/Vis (in HEPES (pH 7.0, 50 mm),
DMSO (5%)): Amax (€)=390 (1380), 650 nm (180m 'cm™'); ESI-MS:
mlz: z=1, 801.1 [M+H*-ClO,]; z=2, 350.1 [M+H*-2ClO, ]; ele-
mental analysis: calcd (%) for Cs;sH3ClL,Cu,NO,,-0.5C,HO: C 47.44, H
4.62, N 8.79; found: C 47.37, H 4.07,

N 8.14.

Complex 10: A solution of HOPNO

Catechol oxidase activity and kinetics: UV/Vis spectra and kinetics were
recorded by using a quartz cuvette (1.0 cm) and a Varian Cary 50 UV/Vis
spectrophotometer equipped with a Peltier thermostating accessory. The
kinetics of the 3,5-DTBC oxidation was determined by the initial-rates
method by monitoring the increase in the product (3,5-DTBQ) at
400 nm. All of the kinetic experiments were conducted at a constant tem-
perature of 25°C, monitored with a thermostat. A 4.8x107°m solution of
the complex with 3,5-DTBC (100 equiv) was used and the solution was
saturated with dioxygen (1 atm). Under these conditions, catechol was
not oxidized without the copper complexes. The measurements were per-
formed in CH;CN. Under these conditions, no changes were observed
from the initial solutions of the complexes (UV/Vis spectrophotometry).
The kinetics parameters were determined for a 4.8x10>m solution of
complex 3 and 0.96-44.8 mm solutions of the substrate.

Crystal structure determination and refinement: Single crystals of com-
plexes 3-THF and 10-solvate were mounted on a Kappa CCD Nonius dif-
fractometer equipped with graphite-monochromated Moy, radiation (1=
0.71073 A) at 200 K. The reflections were corrected for Lorentz and po-
larization effects and for absorption by using the SADABS program.
The data were then integrated and scaled with EvalCCD software.?! The
structures were solved by direct methods and refined by full-matrix least-
square methods with the SHELXL program®®’ implemented in Olex2
software.”® For both structures, all non-hydrogen atoms were refined
with anisotropic thermal parameters. Hydrogen atoms were generated in
idealized positions, riding on the carrier atoms, with isotropic thermal pa-
rameters, except for the hydrogen atom of the hydroxy group, which was
localized on a difference Fourier map and was added. Pertinent crystallo-
graphic data and refinement details are summarized in Table 4.
CCDC 881633 (3-THF) and CCDC 881634 (10-solvate) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Magnetic measurements: Magnetic susceptibility data (2-300 K) were
collected on powdered samples by using a SQUID magnetometer from

Table 4. Crystallographic data for 3 and 10.

(15.7mg, 2.5equiv) in methanol 3 10
(2mL) was added to a solution of
complex 3 (40 mg, 0.44 mm) in meth- formula [Cuy(C35sHasNgO,)](C10,), THF 2[Cu,(C4H4N;05)](Cl10,),:0.85MeOH-0.15H,0
anol (10mL) and a small amount of My 972.80 2017.15
acetone. The brown solution was stir- color and morphology green rectangular prism brown plate
red for 30 min. A slow diffusion of di- crystal size [mm)] 0.39x0.18x0.14 0.4x0.22x0.1
ethyl ether into the methanolic solu- crystal system monoclinic triclinic
tion provided 10 as a suitable crystal space group P121/c1 P-1
for X-ray analysis. The crystalline @ [A] 12.899(2) 12.5531(16)
material, if crushed and exposed to b [fx] 30.5659(10) 18.427(4)
air, loses the noncoordinated solvent; c[A] 10.394(3) 19.109(3)
ESI-MS: miz: z=1, 894.1 al?] 90.00 99.903(11)
[M—CIO, ]; =2, 3965 Al 95.054(8) 101.645(11)
[M-2CIO,"]; UV/Vis (in HEPES v [’] 90.00 95.829(13)
(pH7, 50 mm), DMSO (5%)): Amax V[AY 4082.4(13) 4221.9(12)
(€)=420 (1530), 630nm P [gem ] 1.583 1.587
(200m~'cm™"); elemental analysis: T [K] 200.0 200.0
caled (%) for C,H, CLCuN,O0,: C Z 4 2
4834, H 4.16, N 9.87; found: C 48.70, 4 [mm™] 1.240 1.205
H 4.20, N 9.83. total 46213 57438
Determination of stability constants: ref}ns
The binding constants of the inhibitor unque 8436 16230
to the dinuclear Cu" complexes were reflns
determined by spectrophotometric ti- observed 6506 (F>20) 11882 (F>20)
tration in water/DMSO (95/5) solu- reflns
tions buffered at pH 7.0 with 50 mm Ri[:i 0.0377 0.0447
HEPES. The titrations were carried R ol 0.0356 0.0434
out by adding small aliquots of a con- R(w) 0.0763 0.0896
centrate solution of the inhibitor to GOF - 1.031 1.061

AP i/ APrax [€ A7) —0.505/0.611 —0.447/0.535

solutions of the complexes. The spec-

tral data were refined with the Spec-
fit program.!'”)

[a] Refinement based on F if w=1/[¢*(Fo)+(0.03499P)*+3.5696P] for 3-THF and w = 1/[¢*(Fo) + (0.0366P)*+
6.1205P] for 10 and with P= (Fo> 42 F)/3.



Quantum Design (model MPMS-XL) in a 0.1 T applied magnetic field.
All data were corrected for the contribution of the sample holder and di-
amagnetism of the samples estimated from Pascal’s constants.*” The
magnetic exchange interactions (J) were extracted by simulation of the
magnetic susceptibility by considering the spin Hamiltonian H = —2JS,S,
(S;="/,) and by using Equation (1) in which J is the exchange interaction
parameter, 7" the temperature, § the Bohr magneton, k the Boltzmann’s
constant, g the Landé g-factor and N the Avogadro’s number."!

Ng'p?
1T = 1B+ oxp(—2 /K T)] )

QM and QM/MM calculations: QM calculations were based on DFT and
have been performed with the Gaussian03 package.™ Full geometry op-
timizations were carried out by using the hybrid functional B3LYPF! and
the 6-31g* basis set on all atoms.”? All geometry optimizations were
done on a triplet state. The Yamagachi formula®! was used to estimate
the exchange coupling constants. For that purpose, additional single-point
high-spin (HS) and broken-symmetry (BS) calculations were done on the
previously optimized geometries with the same B3LYP functional and a
larger basis set (6-311g* for Cu and coordinating O atoms, 6-31g* for all
remaining atoms).

QM/MM calculations were performed by using the Gaussian03 package
for the QM part and Tinker 4.2 for the MM part. Both mechanical and
electrostatic embedding (direct polarization) schemes were used to de-
scribe interactions between the QM and MM part, thus ensuring a good
description of the effects of the environment on the active site. The QM
part contains the two copper atoms, the hydroxy group, the side chains of
the six histidine residues linked to the copper atoms in the met form, the
ligand, and an extra water molecule for the chelating mode. All MM
atoms belonging to residues within a distance of 4 A of the QM part
were allowed to relax during geometry optimizations and the remaining
structure was kept frozen. All QM/MM geometry optimizations were car-
ried with a triplet state. The partition between the QM and MM parts
has led to the cut of the six Ca—Cf bonds of the histidine residues in the
active site. These dangling bonds have been described as strictly localized
bonding orbitals (SLBO’s) within the local self-consistent field (SCF)&!
methodology. In this scheme, SLBO’s remain frozen during the SCF pro-
cedure. A detailed description of the SLBO’s and parameters can be
found in the Supporting Information and related references. The QM
part was treated at the B3LYP/6-31g* level of theory and the MM part
was described with the Amber 99SB force field®! for the protein and
TIP3P for the solvent. The initial structure for the enzyme is based on
the crystal structure of the bacterial tyrosinase complexed with the
ORF38 caddie protein (PDB code: 2AHK).**! The caddie protein and
the water molecules, with the exception of three water molecules close to
the active site, were removed. The addition of H atoms leads to the pro-
tonation of all histidines on the d nitrogen atom, whereas the aspartate
and glutamate residues remain deprotonated and the arginine and lysine
residues are positively charged. The system was first solvated with a trun-
cated octahedral box of TIP3PBOX water molecules (10 A radius) and
neutralized with one Na™ ion. For the first energy minimization, the Am-
ber99SB force field was used in conjunction with specific parameters de-
veloped for copper ions, histidine residues, and the hydroxy group linked
to the copper atoms in the active site. These parameters are given in the
Supporting Information and are based on the force field developed by
Comba and Remenyil® for blue copper proteins. The system was energy
minimized for 3000 steepest descent steps followed by 12000 conjugated
gradient steps. No constraints were applied in order to allow complete re-
laxation of the system. The QM optimized structures of 1-OPNO, 2-
OPNO, and 3-OPNO were then aligned with the active site of the
enzyme with the ‘fit atom’ tool of Sybyl version 8.0.5" Alignment was
done between the His Ne and Cu atoms from the enzyme and the N and
Cu atoms of the OPNO complexes. Some atoms of the complexes were
then introduced into the enzyme pocket to replace the copper atom and
hydroxy group of the met Ty form. Figure S10 in the Supporting Informa-
tion illustrates the introduction of the OPNO complexes into the enzyme
structure. Once the relaxed structure was obtained, QM/MM geometry
optimizations were performed.
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