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V.o Comprehensive Theoretical View of the [Cu,0,]
4 sjde-on-Peroxo-/Bis-u-Oxo Equilibria

Agnieszka Stanczak,™® Jakub Chalupsky,*™ Lubomir Ruli$ek,*™ and Michal Straka*"

Coupled binuclear copper (CBC) sites are employed by many
metalloenzymes to catalyze a broad set of biochemical trans-
formations. Typically, the CBC catalytic sites are activated by the
O, molecule to form various [Cu,0,] reactive species. This has
also inspired synthesis and development of various biomimetic
inorganic complexes featuring the CBC core. From theoretical
perspective, the [Cu,0,] reactivity often hinges on the side-on-
peroxo-dicopper(ll) (P) vs. bis-u-oxo-dicopper(lll) (O) isomerism -
an equilibrium that has become almost iconic in theoretical
bioinorganic chemistry. Herein, we present a comprehensive
calibration and evaluation of the performance of various
composite computational protocols available in contemporary
computational chemistry, involving coupled-cluster and multi-

Introduction

Dicopper enzymes catalyze a broad set of chemical reactions,
mostly using O, as a cofactor.” The particular course of these
reactions, i.e, the enzyme specificity, often hinges on fine-
tuned structural details of the enzyme active site."? This can be
exemplified by tyrosinase (Ty) and catechol oxidase, two
enzymes with almost identical CBC active sites, each of them
catalyzing different transformations. While both enzymes can
accept catechols and convert them to the quinones, only
tyrosinase can catalyze monohydroxylation of phenols.”*™” Still,
a single mutation of a (seemingly less important) second-sphere
residue of the catechol oxidase can lead to observing a small
monohydroxylation activity of the enzyme® To understand
such (and many other) experimental observations and explore
mechanistic details of the catalytic cycle of dicopper enzymes,
computational chemistry is used as the complementary tool
providing structure/energy correlations."*'” The direct compar-
ison between calculated and experimental data on the CBC
enzymes is not trivial, mostly because of a great number of
unknown structural details, effect of the protein bulk, etc. Such
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reference (relativistic) wave function methods, popular density
functionals and solvation models. Starting with the well-studied
reference [Cu,0,(NH,),*" system, we compared the perform-
ance of electronic structure methods and discussed the
relativistic effects. This allowed us to select several ‘calibrated’
DFT functionals that can be conveniently employed to study
ten experimentally well-characterized [Cu,0,] inorganic systems.
We mostly predicted the lowest-energy structures (P vs. O) of
the studied systems correctly. In addition, we present calibra-
tion of the used electronic structure methods for prediction of
the spectroscopic features of the [Cu,0,] core, mostly provided
by the resonance Raman (rR) spectroscopy.

comparison is more straightforward on smaller, structurally
well-characterized inorganic Cu,0, complexes, quite often
mimicking active sites of their enzymatic counterparts.'''®
Over the last two decades, more than a dozen of such
complexes have been synthesized and studied for their
reactivity towards various di-copper enzyme’s substrates and
their analogues.*''-34

Both experiments and computations have identified the
side-on-peroxo-dicopper(ll) (P) vs. bis-u-oxo-dicopper(lll) (O)
equilibrium as one of the key issues that governs the
(bio)inorganic Cu,/O, reactivity. Notably, the structurally trivial P
—0 equilibrium became one of the major challenges for
quantum chemical methods, as it seems to encompass all
problems that the wave function and DFT methods are facing:
static and dynamical correlation, relativistic effects, and solvent
effects. The accurate theoretical treatment is often too costly
for multireference wave-function (WFT) methods, especially in
case of enzymatic model systems of a realistic size. Because of
that, multireference methods were used only for very small
models, comprising the Cu,0, core and few first-sphere
coordinating atoms.**™? For bigger systems, be it synthetic
complexes or enzyme active sites, calculations have been
mostly limited to density functional theory (DFT)
methods %4348

In this work, we revisit the problem and utilize the broad set
of Cu,0, inorganic models,?1371528-293134471 qynthesized and
characterized up to date with well-defined structures, in
particular those with clearly identified “ground state” (lowest-
energy) geometry (P/O). This greatly extends previous studies
carried out for limited sets of compounds and/or for only a
limited set of properties.*>*=°*1 We thus aim to present a
comprehensive calibration work, concerning not only the
energetics of the P—O equilibrium, but also calculations of

© 2022 Wiley-VCH GmbH
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vibrational frequencies that can be compared with their
experimental counterparts, obtained mostly by the resonance
Raman technique.

Systems studied in this work are depicted in Figure 1. These
include following ligands: hydrotris(3,5-diisopropyl-
pyrazolyl)borate (1),"*" N,N'-diethyl-N,N'-dimethyl-cyclohexa-

nediamine (2)* N,N,N',N’-tetraethylethylenediamine (3),*”
complex of N, N'-di-tert-butyl N,N’-1,2-ethanediamine with 2,4-
di-tert-butylphenolate bound to copper (4),”’ N, N'-di-tert-butyl
N,N’-dimethyl-1,2-ethanediamine (5),°" N, N'-di-tert-butyl N,N'-
1,2-ethanediamine (6),2"*”" N-[2-(4-methoxy-pyridin-2-yl)-ethyl]-
N,N’,N’-trimethyl-propane-1,3-diamine (7),*® 1,4,7-triisopropyl-
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Figure 1. Biomimetic compounds 1-10 and model system 11 (both P and O forms of 11 are shown) studied in this work. Systems 1-10 are shown in their
presumable lowest-energy (P/O) isomer form, except the solvent-dependent systems (7 and 8), for which both isomers may exist.
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1,4,7-triazacyclononane (8),%% N,N’-((5-nitro-1,3-
phenylene)bis(methylene))bis(2-(pyridin-2-yl)-N-(2-(pyridin-2-
ylethyl)ethan-1-amine) (9),%*3¥ and its hydroxylated product
(1 0)'[13,34]

For compounds 2,3,4 and 5, the experimental equilibrium
geometry should correspond to the bis-u-oxo-(0) while 1, 4,
and 9 adopt peroxo- (P) structural (and electronic) arrangement.
Equilibrium geometries of systems 7 and 8 are solvent-depend-
ent. System 10 is a hydroxylated product, and we use it only for
calibration of frequencies and interatomic distances. We also
include the model system 11 (Figure1) that is the
[Cu,0,(NH;)s** complex. It does not have an experimental
counterpart but has been repeatedly studied previously by
employing correlated multireference calculations (in addition to
DFT). It represents the convenient starting point for calculations
of larger systems. To provide computed data of the “reference
quality” we attempt to include all physical and methodological
details into calculations. In particular, we include scalar
relativistic effects, solvent effects, ZPVE, enthalpic and entropic
contributions, and we assure convergence of the basis sets
while employing different DFT functionals. The answers to
following questions are sought: (1) Are we able to (always)
reproduce the experimental results in the case of the P/O
equilibrium? (2) Are we able to obtain Cu,0, vibrational modes
in agreement with experimental values? (3) What is the role and
magnitude of various physical contributions used to reproduce
the experiment properly?

To achieve these goals, we first discuss various computa-
tional approaches employed in this work and link them to
previous works of others. Next, we reinvestigate the previously
studied model system 11 and present an exhaustive DFT and
wave function treatment of its P/O equilibrium to correlate our
work with previous [Cu,0,] studies.'****24~8 Finally, we focus
on systems 1-10 where we investigate the role of the ligand
environment of the [Cu,0,] core, used DFT functional, and
analyze effects of solvation. At the same time, we compare
computed vibrational frequencies and equilibrium geometries
with their experimental counterparts. In conclusion, we attempt
to outline comprehensive computational guidelines for theoret-
ical studies of the [Cu,0,] systems, including di-copper
metalloenzymes.®

Computational Methods

Molecular Structures

The initial coordinates of 1-10 were obtained from the
literature,>13-1528-29313%471 Al structures were then re-optimized
employing density functional theory. Specifically, we used the
TURBOMOLE 7.4 program™ employing the one-component (scalar)
relativistic X2C®” approximation, the TPSS®'*¥ density functional,
x2c-TZVPall®™ basis set and the D3BJ dispersion correction,®
wherever possible (vide infra). These calculations used implicit
solvent that was modeled with conductor-like screening model
(COSMO®") as implemented in TURBOMOLE 7.4. For each O isomer,
the singlet state was considered whereas for the P isomers, both
singlet and triplet electronic states were calculated. The singlet
state was calculated using the broken-symmetry approach.”*>* All
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equilibrium structures were characterized as genuine minima with
no imaginary frequencies. These initial structures were then re-
optimized at requested computational levels (vide infra). The
preparation of 110 and 11P structures and of the interconnecting
reaction is described below (Section 3.1).

DFT Calculations and Choice of the Functionals

To evaluate the performance of various DFT functionals, the TPSS
equilibrium geometries of 1-10 were further re-optimized using
x2c-TZVPall® basis set, relativistic X2C®” approximation and a
given density functional. We have chosen the PBES5™3"
BP86,[51'53'61_63] 897D,[64] TPSSh,[51_54'65] B3LYP,[51'53'61'63'66_67] MO6,[68]
CAM-B3LYP,*” and LH14t-calPBE"® functionals to represent the
broad spectrum of DFT functionals with varying degree of exact
exchange and other physical ingredients. The BP86, B97D, and PBE
represent the pure GGA functionals, the TPSS a pure meta-GGA
functional. The hybrid functionals are represented by TPSSh, B3LYP,
and MO06 with 10%, 20%, and 27% of the exact exchange
admixture, range-separated hybrid functionals are represented by
CAM-B3LYP, and local hybrid functional by the Lh14t-calPBE.

Unless mentioned otherwise, the structure optimizations were
done using the polarized continuum model (COSMO) as imple-
mented in Turbomole 7.4. with the same solvent as in the
corresponding experiments. The experiments were done in CH,Cl,,
THF, MeTHF, DMF, and acetone solvents with & =8.93, 7.43, 6.97,
37.22,"Y and 20.49 respectively.

Most DFT calculations were performed using the Grimme's
dispersion correction (D3BJ).*® Exceptions were CAM-B3LYP, M06,
and Lh14t-calPBE functionals.

X2C-UCCSD(T)/UKS Calculations

Our initial canonical CCSD(T) calculations employing the unre-
stricted Hartree-Fock (UHF) wave functions provided results of
inferior quality (data not shown). One of the reasons was a spin
contamination of the UHF reference wave function that also led to
large D, diagnostics. Inspired by similar studies”*7* we carried out
UCCSD(T) calculations using non-canonical TPSS Kohn-Sham orbi-
tals as the reference wave function. Relativistic effects were
incorporated via the X2C approximation. TURBOMOLE 7.4 code was
used. In all CCSD(T) calculations, a small number of core orbitals
were frozen (1s, 2s, 2p on Cu, and 1s on O, C, and N, i.e. 18 in total).

Relativistic Approximations and Basis Sets

Most of the DFT calculations were performed employing the one-
component (scalar) relativistic X2C approximation. For these, the
relativistic x2c-SVPall, x2c-TZVPall, x2c-TZVPPall, x2c-QZVPall* as
implemented in the Turbomole 7.4. were used, whereas the
comparative non-relativistic DFT calculations employed Ahlrichs’
def2-SVP, def2-TZVP, def2-TZVPP, and def2-QZVP" basis sets. The
importance of relativistic effects and basis set convergence were
tested on two variants of model system 11, see Figures S1-S2 and
Tables S1-S2 in SI. The default basis set in single-reference DFT
calculations was x2c-TZVPall using the X2C approximation, unless
stated otherwise. On a model system, we ascertained the expected
finding that spin-orbit coupling effects play negligible role in the P/
O equilibrium.

© 2022 Wiley-VCH GmbH
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Multireference Calculations

In addition to DFT calculations, the multiconfiguration pair-density
functional (MC-PDFT)”® calculations were done using various
functionals.”” The active space of the reference complete active
space self-consistent field method (CASSCF)"7® comprised of the
six in-plane orbitals, which are essential for the isomerization. These
are two 3d Cu orbitals and four 2p O orbitals oriented toward
Cu—0/0-0 bonds, forming CASSCF(8,6) active space, see Figure S3
for details.

For systems 1-10 the single-point energies were calculated using
the same CASSCF(8,6) active space and various MC-PDFT func-
tionals. Multireference configuration interaction (MRC)® energy
was calculated for the smallest complex 11. All multireference
calculations employed ANO-RCC®'® basis sets (ANO-RCC-VDZP or
-VTZP for H and ANO-RCC-VTZP for other atoms). Scalar relativistic
effects were included via the DKH2 (2"-order Douglas-Kroll-Hess)
spin-less Hamiltonian.®** MC-PDFT and MRCI calculations were
performed with the Molcas 8.4%” and Molpro 2015.1% programs,
respectively.

Thermochemistry and Solvation

Thermochemical analysis was performed using Grimme’s thermo®®

program which is essentially the rigid-rotor/harmonic oscillator
(RRHO) approximation in which a free rotor (FR) model is applied
for low-lying vibrational modes under 100 cm™' with a smoothing
function between the FR and RR regimes. This is sometimes
denoted as quasi-RRHO or RRFRHO approximation. The experimen-
tal temperatures described in corresponding publications were
used in calculations. Due to the lack of implementation of analytical
frequencies, the hessians for the B97D, CAM-B3LYP, and LH14t-
calPBE were calculated numerically; other functionals afforded for
analytical frequencies.

Solvation energies (AG,,,) were obtained using Klamt's conductor-
like screening model for realistic solvation (COSMO-RS). The
COSMO-RS calculations were carried out using cosmotherm19”
software and the recommended protocol: BP86-D3(BJ)/def2-TZVPD
single point calculations in vacuo and in ideal conductor (e= )
followed by the COSMO-RS calculations in the target solvent. The
“BP_TZVPD_FINE_19.ctd” parametrization file, FINE cavities ($cos-
mo_isorad keyword) were used. Final free energies of isomers in
solvent were based on the following formula:

GS = Eeal + AGsolv + EZPVE - RTln(qtransqrotqvib) + pV (1)

where Gs is the free energy in solvent, E, is the electronic energy of
the molecule in vacuo, calculated at the geometry optimized in
CPCM (COSMO) implicit solvation model, the AG,,, is then the
presumably more accurate COSMO-RS solvation energy. The Ezpy is
the zero-point vibrational energy whereas RTIN(GyansGroiGvi) @re the
entropic terms obtained from the quasi-harmonic RRFRHO
approximation.®? Where needed, gas-phase enthalpy Hgy, of the
system is defined (trivially) as

Hgp = Eei + Ezpve (2)
keeping in mind that pV (=RT) is constant as there is no change in

the number of particles in the studied equilibria.

Occasionally, we may employ the (free) energy of the molecule in
solvent, denoted Ecpey, Which is the sum of electronic energy and
COSMO solvation energy, standardly printed out by the quantum
chemistry software.

ChemPhysChem 2022, e202200076 (4 of 15)

Vibrational Analysis of Cu,0, and C-O Modes

The vibrational analysis was performed with all atoms frozen,
except for the Cu,0, core (and C bound to oxygen Cu,0, oxygen in
10). The freezing was performed by zeroing all elements of the
vibrational Hessian containing the frozen atoms prior to its
diagonalization. The Cu,0, vibrational modes were projected from
the coupled normal modes.”"

Results and Discussion

[Cu,0,(NH;),]** Model System (compound 11): Performance
of Electronic Structure Methods

To connect this work with previous studies,*>="%>* we first
reinvestigated model system 11 (i.e, the [Cu,0,(NH;)*"
complex; cf. Figure 1). Despite its simplicity, the accurate
quantum chemical description of the 110-11P equilibrium
seems to be quite challenging. This is due to necessity to
include both static and dynamic correlation, and relativistic
effects.®>***¥ A rather small P/O energy difference and low
conversion barrier between the two isomers make this problem
even more complicated. It is, though, an ideal system for
investigating various physical effects and computational subtle-
ties. A model has been presented in the literature® along with
an approximate ‘reaction coordinate’ connecting the 110 and
11P minima. Interpolated intermediate geometries are charac-
terized by the ratio F (0-100%) where F=0 corresponds to the
110 and F=100% corresponds to the 11P minimum, respec-
tively. The intermediate structures (20%, ..., 80%) are simple
linear interpolations in Cartesian coordinates. Selected results of
previous studies on this model system, aligned with ‘our model
chemistries’ that are used later in this work, are compiled and
discussed in the SI, Figure S1 and Table S1. It must be noted,
though, that a direct comparison with the former results is not
straightforward. Different studies used slightly different basis
sets and relativistic approximations, for example, ECPs®*** that
was later shown to introduce additional errors.?**3% |n
addition, the interpolated coordinate without further geometry
optimization may lead to additional (small) errors.

Hence, we introduce a new reaction coordinate for the 110
—11P equilibrium. Instead of linear geometric interpolation
between the 110 and 11P minima, the reaction coordinate is
defined by the relaxed scan of the O—O distance (Figure 2,
Table 1 and S2), computed at the X2C-TPSS/x2c-TZVPall level.
The relaxed scan is done in steps of 0.05 A around both minima
(110 and 11P) and the transition state, and 0.1 A for the
remaining parts of the coordinate (c.f. Figure 2). Selected and
representative energy profiles computed at various levels of
theory (incl. non-relativistic calculations) are depicted in
Figures2 and 3 whereas the full set of computed data
(including variety of MC-PDFT functionals) are compiled in
Tables 1 and S2. Moreover, in Figure S2, we illustrate the role of
the relativistic effects and basis set convergence on the new
reaction coordinate.

Before discussing the computed data depicted in Figure 2,
we note that in contrast to our attempts to carry out the

© 2022 Wiley-VCH GmbH
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Figure 2. Comparison of selected computational levels for the simulated 110« 11P reaction coordinate (see also Table 1). Single-point calculations in vacuo at
0 K without ZPVE correction using X2C-TPSS/x2c-TZVPall coordinates with fixed ry o distance and optimized rest of the molecule. MR calculations used ANO-
RSC-VTZP basis set on Cu, O, N and ANO-RSC-DZVP on H, see Methods.

Table 1. .Comparison of selected levels of theory™ for the new 110+11P isomerization coordinate obtained by scanning the ro, at the X2C-TPSS/x2c-
TZVPall level. All values are in kcal.mol™".

roo 235 23 2.25 2.2 2.15 2.05 1.95 1.85 1.75 1.65 1.6 1.55 1.5 1.45 1.4
X2C-CCSD(T)/TZ 10.6 9.8 9.4 9.3 9.4 10.0 10.8 9.9 6.0 1.9 0.6 —0.3 —0.5 0.0 1.3
X2C-CCSD(T)/QZ™ 54 8.1 0.0

X2C multireference

CASSCF(8,6) 24.0 22.2 20.7 193 17.9 15.0 10.7 3.9 —-3.2 —6.6 —6.5 —55 -3.1 0.0 43
MRCI 149 13.0 11.7 10.6 9.6 8.0 6.1 23 —-23 —4.8 —49 —4.2 —2.5 0.0 37
MRCI+Q (fixed) 9.7 8.0 6.8 5.9 53 4.6 4.0 1.8 -1.9 —4.2 —44 -39 —24 0.0 35
MRCI+Q (relax) 10.1 8.3 7.1 6.2 5.6 4.8 4.2 1.9 -1.9 —4.2 —44 -39 —24 0.0 3.6
MC-tBLYP 2.6 1.6 1.0 0.8 1.0 2.6 53 6.1 2.7 -1.0 —2.0 —-2.2 -1.6 0.0 2.7
MC-tPBE 3.2 22 1.5 1.3 1.5 33 6.3 7.5 4.4 0.7 —-0.6 -1.3 —-1.1 0.0 23
MC-tLSDA -3.0 —4.2 —49 -5.0 —4.6 —-2.1 24 5.7 49 23 0.9 —0.1 —-0.5 0.0 1.6
MC-trevPBE 59 5.0 43 4.0 4.1 5.6 8.1 8.6 49 0.6 —-0.7 —-14 —-1.2 0.0 24
MC-tOPBE 12.7 11.6 10.6 9.9 9.7 105 125 125 8.4 35 1.6 0.2 —04 0.0 1.6
MC-ftPBE 4.8 3.8 3.1 29 3.0 4.6 7.1 7.7 4.4 0.7 —-0.6 —-1.2 —-1.1 0.0 22
MC-ftBLYP 4.0 3.1 24 2.2 24 3.9 6.2 6.5 29 -0.38 -1.8 -2.1 —-1.5 0.0 2.6
MC-ftLSDA -3.2 —4.4 -5.0 —5.1 —4.7 —-2.0 26 6.1 55 2.8 1.4 0.2 —-04 0.0 1.4
MC-ftrevPBE 7.8 6.9 6.1 5.8 59 7.1 9.0 8.7 4.6 0.5 —-0.8 —-14 —-1.2 0.0 23
MC-ftOPBE 14.3 13.1 12.1 114 11.2 11.8 13.2 126 8.3 35 1.6 0.3 —-04 0.0 1.5
X2C DFT

PBE 35 35 3.8 4.3 5.1 7.1 9.3 10.6 9.7 6.2 4.1 22 0.7 0 0.2
BP86 4 4 4.2 4.7 55 7.5 9.6 10.8 9.7 6.1 4 2.1 0.6 0 0.2
B97D 11.6 11.5 11.5 1.7 12.2 134 14.6 14.6 121 7.5 5 2.8 0.9 0 —0.1
TPSS 0.7 0.7 0.9 1.4 2.2 4.3 6.7 8.3 7.8 4.8 3 14 0.3 0 0.6
TPSSH 2.7 26 2.7 33 4.1 6.4 9 109 103 6.8 4.6 25 0.8 0 0
B3LYP 7.2 7.1 7.3 7.8 8.6 11 13.5 15 13.6 9 6.2 37 1.4 0 —0.6
MO06 8.8 8.5 8.8 9.3 10.2 129 15.8 17.9 16.7 11.8 8.6 54 22 0 —-14
LH14t-calPBE 79 7.8 7.9 84 9.2 1.6 14.2 159 14.6 9.9 7 4.2 1.6 0 —-0.8
CAM-B3LYP 6.8 6.5 6.6 7.1 7.9 10.5 13.7 16.2 15.8 1.4 83 5.1 2.1 0 -1.3
PBEO 7.7 7.5 7.7 8.2 9.1 11.6 14.5 16.5 15.6 109 7.8 4.8 1.9 0 -1
WB97XD 73 7 7.1 7.6 8.5 11 143 16.8 16.3 11.8 8.6 54 22 0 —1.4
[a] X2C relativity and x2c-TZVall basis set are used in single reference calculations, unless mentioned otherwise. ANO-RCC-TZP on Cu, N, O and ANO-RCC-
DZP on H was used, together with DKH approximation, in multireference calculations, see Methods. [b] x2c-QZVPall on Cu, N, O and x2c-TZVPall on H was
used.
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Figure 3. Comparison of various DFT functionals for the for the new 110 11P isomerization coordinate obtained by scanning the rq at the X2C-TPSS/x2c-
TZVPall level. Single-molecule in vacuo at 0 K without ZPVE correction. X2C relativity with x2c-TZVPall basis set used unless otherwise mentioned.

standard UCCSD(T)/UHF calculations which provided rather
unsatisfactory results due to high spin contamination of the
initial UHF wave function (data not shown), the UCCSD(T)/UKS
seemed to provide quite consistent data. To our surprise, the D,
characteristic for the ‘broken symmetry’ low-spin Ms=0 Kohn-
Sham determinant of the 11P structure is ‘only’ 0.08. The same
value was obtained for the 110 which was rather expected (the
complete list of D, diagnostics are summarized in Tables S3-54).
This suggests that the UCCSD(T)/UKS data can be considered as
an interesting alternative to MR-WFT methods. This is quite in
line with similar observations made for the heme systems by
Radon and Pierloot.*>® Because of the acceptable CC charac-
teristics and a good agreement with previous CR-CCSD(T),
calculations of Cramer et al*® (Figure S1), we tend to consider
the presented X2C-UCCSD(T)/UKS/x2c-QZVPall(TZVP on H) cal-
culations as the most solid benchmark for the Cu,0, equilibrium
up to date. In particular, we conclude that the energy difference
between the 110 and 11P isomers is AE;ccspmuks=5—
6 kcal.mol™, in favor of the 11P and the transition is
accompanied by the ‘activation energy’ of approximately
8 kcal.mol™". The AEyccspmyuks gives 11P minimum around 1.5 A,
by 1.3 kcal.mol™ lower in energy than the typical geometry
with the roo=1.4 A of the experimental peroxo- systems shown
in Figure 1.

Concerning the presented multireference wave function
theory calculations, it has previously been shown that a large
CAS active space is needed to properly describe the studied
systems and probably the best previous results have been
obtained using CASPT2(24,28), c.f. Figure S1. From our com-
puted data, it seems that the MRCI calculations employing (8,6)
active space (Figure 2; for corresponding orbitals, see Figure S3)
highlight the problem of too small active space. We can see
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that MRCI(8-in-6) calculations overestimate the P/O energy
difference and do not predict any barrier between the P and O
minima. This result is similar to the previous MRCI calculations
using the ‘original model/coordinate’ of the 110/11P equili-
brium. Therein, the barrier from the oxo- side was found be
almost negligible, for details, see Figure S1 and Ref.”® Unfortu-
nately, MR-ClI calculations with larger active spaces are still
beyond the practical limits of contemporary quantum
chemistry.

What is encouraging, though, is that some of the MC-PDFT
calculations, summarized in Table 1, notably the MC-trevPBE
and MC-ftrevPBE (Figure 2) show rather good agreement with
the benchmark UCCSD(T)/UKS calculations. Overall, the MC-
PDFT gives generally satisfactory results, except for the LDA
functionals that predict the O isomer to be more stable than
the P one (Table 1). In Figure 2, we also wanted to illustrate the
role of the scalar relativistic effects, discussed previously, and
the role of the basis-set size, both in the X2C and non-
relativistic calculations. This is quite important, since the NR-
TPSS/def2-TZVP is often used in studies of Cu,O, systems. We
may conclude that NR-TPSS/def2-TZVP performs quite well on
the model system 11 owing to the error cancellation. In fact,
more rigorous, relativistic X2C-TPSS/x2c-TZVPall calculations
seem to perform worse, yielding too low P/O energy difference.
On the other hand, smaller basis set (NR-TPSS/def2-SVP level)
leads to too high stability of the P. For a detailed comparison of
various basis sets at NR and relativistic X2C level on the new
reaction coordinate for the 110—11P equilibrium, see Fig-
ure S2.

In Figure 3, we summarize in the graphical form the bottom
part of the Table 1 and compare the UCCSD(T)/UKS results with
the variety of DFT functionals. It can be seen that the overall
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performance of DFT methods is rather satisfactory, and none of
the computed DFT results should be considered as unaccept-
ably wrong. In general, they tend to overestimate the activation
energy (typically by 5-10kcal.mol™" with respect to the
UCCSD(T)/QZ benchmark), whereas ca half of them correctly
predicts the thermodynamics of the P/O equilibrium (6-
8 kcal.mol™). Rather surprising, perhaps fortuitous, seems to be
the performance of the PBE and BP86 functionals which slightly
overstabilize the O structure, but provide quite accurate barriers
along the reaction coordinate.

Synthetic Complexes

After the in-depth analysis of the performance of quantum
chemical methods for the CBC model system (presented in the
Section 3.1), we aimed to compare computed and experimental
data for synthetically available complexes. The typical size of
these systems is around 100 atoms and therefore, high-level ab
initio approaches are not feasible. We thus mostly focused on
the performance of various DFT functionals, compared single-
vs. multireference DFT approaches and studied solvent effects.
We focused less on benchmarking of various basis sets which
has been carried out on model system 11 (cf. Figure S2 and
Table S2). We thus decided to use scalar relativistic X2C
approximation with x2c-TZVPall basis set as a default for the
single-reference  DFT whereas MC-PDFT calculations then
employed converged (see Table 1) ANO-RCC-TZP/DZP(H) basis
set and scalar-relativistic DKH2 approximations as a default. We
have also included a very cheap and practical non-relativistic
NR-TPSS/def2-SVP method for comparison, keeping in mind it
has not performed optimally for the 11 (AE~12 kcal.mol™
between the 110 and 11P endpoints). A fairly good perform-
ance of this method has been, however, mentioned in previous
studies.®”

The computed (X2C-TPSS/x2c-TZVPall//CPCM) equilibrium
structures of 1-10 are shown in Figure 4, together with selected
experimental parameters: interatomic distances and vibrational
frequencies.

Equilibrium Geometries

A relatively scarce experimental data exists concerning the
equilibrium distances of the studied [Cu,0,] complexes. They
are available for systems 1, 2, 4, and 10. The experimental and
calculated values are compared in Table 2 together with the
RMSD (root-mean-square deviation) and MSD (mean signed
deviation). Note that the negative MSD values indicate that the
experimental bond length is shorter and vice versa. The other
structural parameters, rq.o and rq. distances are provided in
Tables S5-S6.

As can be seen in Table 2, the best results are obtained
using pure DFT functionals that give RMSD consistently near
0.1 A, while larger deviations are observed for hybrid func-
tionals and B97D. Note, that geometric parameters of 1, 2, and
4 are relatively insensitive to the level of theory, all within 0.1 A
(Tables 2, Tables S5-S6) while results for 10 show rather large
variations. Interestingly, a very nice ‘structural’ agreement
between the theory and experiment is also obtained at the NR-
TPSS/def2-SVP and NR-TPSS/def2-TZVP levels of theory which
are often used in computational investigations of the Cu,0,
systems.

The results in Table 2 suggest, that the equilibrium geo-
metries are not as sensitive to relativistic effects as are the
isomerization energies (discussed below). Concerning the usage
of empirical-dispersion correction which is nowadays almost
standard in the practical applications of the density functional
theory, comparison has been made for the NR-TPSS(D3BJ)/def2-
SVP level of theory, with and without the dispersion correction.
As can be seen in the bottom of Table 2, the dispersion-
correction influences mostly Cu—Cu distances (somewhat ex-
pectedly, D3 correction lowers the Cu—Cu distance, bringing
the computed values somewhat closer to the experimental
values). Thus, we recommend its usage. We note that except for
the NR-TPSS functional, the RMSD is generally better for the rc,.
cu distance than that for the ry distances (see the discussion
above). Finally, the rc,o and rq. distances provided in
Tables S5-S6 are much less sensitive to the computational
levels, all data within ca 0.1 A for systems 1, 2, and 4. For 10,

Table 2. Theoretical results® for the rq.o and re,.c, of 1, 2, 4, and 10 with corresponding RMSD and MSD™ values.
System 1 2 4 10 RMSD MSD 1 2 4 10 RMSD MSD
o0 Feucu
X2C-PBE/x2c-TZVPall 1.46 2.38 235 2.66 0.12 —0.07 3.53 2.72 2.79 3.29 0.10 —0.04
X2C-BP86/x2c-TZVPall 1.47 239 235 2.67 0.12 —0.08 3.50 272 272 3.24 0.09 <0
X2C-B97D/x2c-TZVPall 1.45 2.38 234 3.08 0.32 —-0.17 3.54 2.74 2.78 3.18 0.05 —0.01
X2C-TPSS/x2c-TZVPall 1.48 239 235 261 0.10 —0.06 3.49 2.70 2.70 3.25 0.10 0.01
X2C-TPSSh/x2c-TZVPall 1.46 237 233 2.98 0.18 —0.08 3.30 2.69 2.68 295 0.16 0.14
X2C-B3LYP/x2c-TZVPall 1.46 2.36 233 3.09 0.33 —-0.17 3.28 2.70 271 3.05 0.15 0.11
X2C-MO06/x2c-TZVPall 1.42 234 2.31 3.05 0.31 —-0.14 3.36 2.69 2.68 3.08 0.12 0.09
X2C-LH14t-calPBE/x2c-TZVPall - 234 232 3.01 0.34 —0.17 -4 271 2.75 3.04 0.04 0.04
X2C-CAM-B3LYP/x2c-TZVPall 1.46 2.32 2.30 2.90 0.24 —0.10 3.54 2.69 2.72 3.10 0.04 0.03
NR-TPSS/def2-TZVP 1.47 240 235 2.38 0.05 —0.01 3.51 2.72 2.74 3.18 0.06 0.01
NR-TPSS/def2-SVP 1.47 241 2.36 2.37 0.05 —0.01 3.53 2.74 2.78 3.21 0.07 —0.02
NR-TPSS/def2-SVPH 1.46 240 2.36 2.37 0.05 <0 3.63 2.76 2.85 3.25 0.10 —0.08
Experiment 1.41 2.34 2.38 2.43 - - 3.56 2.74 2.79 3.08 - -
[a] All calculations were done employing the CPCM (COSMO) solvation. [b] The negative MSD values indicate that the experimental bond length is shorter
and vice versa. [c] Results for 1 could not be obtained in reasonable time. [d] Without dispersion correction.
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Figure 4. The X2C-TPSS/x2c-TZVPall/CPCM equilibrium geometries of studied systems 1-10. The distances and vibrational modes values shown summarize the
known experimental data. Computed data are compiled in Tables 2, S5, and S6.

larger errors are observed. Apparently, system 10 is problematic =~ Thermodynamics

and may deserve more investigations in the future.
In the following, we will investigate the detailed thermody-
namics of the O—P equilibrium for 1-9, defined as X(O) - X(P)
where X stands for electronic energy (E), enthalpy (H) or Gibbs
free energy (G), in vacuo or in solvent. The latter is mostly used
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Table 3. Comparison of different density functionals for the O—P isomerization energy of systems 1-9. Calculated at X2C-DFT/x2c-TZVPall/CPCM level with
ZPVE and COSMO-RS correction for solvent included. Temperature was set up according to the experimental conditions. All values are in kcal.mol™".

System 1 2 3 4 5 6 7' 8 9 Score
X2C-PBE/x2c-TZVPall -18 —264 —209 -106 -85 —62 —51/-6.8/—64 —3.1/-4.1/-38 37 0.67
X2C-BP86/x2c-TZVPall -53 M -234 -74 103 -84 —7.3/-89/-85 —5.5/—6.6/—6.4 3.7 0.67
X2C-B97D/x2c-TZVPall —-20 -253 -—206 -47 -75 —46 —05/-2.2/-1.8 —03/-12/-10 79 0.67
X2C-TPSS/x2c-TZVPall —-43 -331 241 -106 -116 -86 —87/-105/-101 —6.2/—-7.3/-71 —02 0.56
X2C-TPSSh/x2c-TZVPall 25 —28 -226 -18 —9.1 —60 —0.8/-24/-2.1 —0.8/-1.9/-1.7 49 0.78
X2C-B3LYP/x2c-TZVPall 124 —240 —184 100 1.4 —1.2  9.4/8.4/8.5 8.9/7.9/8.1 146 056
X2C-MO06/x2c-TZVPall 103 —133 -78 136 5.0 7.9 15.4/14.4/14.5 13.5/12.4/12.8 206 067
X2C-LH14t-calPBE/x2c-TZVPall - -229 -169 -62 —11 07 8.6/8.8/8.8 12.0/11.2/11.4 116  0.889
X2C-CAM-B3LYP/x2c-TZVPall“ 237 -92  -237 71 122 128 20.1/19.7/19.7 23.7/22.6/23.0 215 067
DKH-MC-ftrevPBE/ANO-RCC-TZP & DZP(H)® 154 —90 —06 144 14.5 111 12.0/10.2/10.6 20.6/19.4/19.7 24 0.67
NR-TPSS/def2-SvP 46 -204 151 -17 —-41  -10 -01/-17/-13 1.6/0.4/0.6 93 0.81
Experiment P 0o o o o P P/0/0 P/O/P P -

[a] Solvent-dependent systems in the order of CH,Cl,, THF, and acetone. [b] The P isomer could not be located, all minimizations led to 'O. [c] Results for 1
could not be obtained in a reasonable time; hence scoring was calculated over eight systems for LH14t-calPBE functional. [d] ZPVE correction for systems 1
and 3 were taken from B97D/x2c-TZVPall/CPCM results. [e] With MC-PDFT level of theory (MC-ftrevPBE//ANO-RCC-VDZP for H and ANO-RCC-VTZP for other
atoms) we calculated single-point gas phase energy for both isomers O and P based on geometries from X2C-TPSS/x2c-TZVPall/CPCM; COSMO_RS and

ZPVE correction were taken from X2C-TPSS/x2c-TZVPall/CPCM results.

when comparing calculated and experimental data in liquid
phase. The negative values indicate the greater stability of the
O (and vice versa). Since for most of the experimental systems,
the only information available is which isomer is observed (i.e.
which of the O/P is more stable under experimental conditions)
we introduce a simple ‘binary’ scoring function. This very simple
function increases its value by 1 when the corresponding
method correctly predicts the more stable isomer, and 0, if not.
Therefore, the score m/n means that m out of the total number
of n systems were correctly predicted by the given method (in
Table 3, this is then expressed as the numerical ratio m/n). In
addition, there are few systems, where the experimental
thermodynamic values are available; these are discussed
separately in more details. Moreover, for systems 7 and 8,
experimental values for different solvents are available (and
thus, an average over the solvents was then added to our
scoring function).

The results of thermochemical calculations are summarized
in Table 3. It can be seen that by employing X2C relativistic
approach, the TZ-quality basis set, and the COSMO-RS solvation
method, the general agreement (quantified by the scoring
function) is rather satisfactory, considering the complexity of
the problem and various subtleties of electronic structure
methods mentioned in the previous section. Typically, 60-70%
of the P/O equilibria are correctly predicted. TPSSh and LH14t-
calPBE are slightly outperforming other functionals with 80-
90% success rate of the prediction. Moreover, the two wrongly
predicted values of isomerization energy are close to zero (<
3 kcal.mol™" for TPSSh and also < 1 kcal.mol™ for B97D). Some-
what surprisingly, the MC-PDFT/ftrev-PBE, method that per-
formed well for model 11 (Figure 2) does not provide any
improvement over the single-reference DFT for experimental
systems. Even more surprisingly, we note that a very simple and
cheap non-relativistic NR-TPSS/def2-SVP level gives 0.81 score
which is the second best of all methods used. This is apparently
due to the cancellation of errors, where small basis set cancels
the effects of relativity (cf. Figure S2). Finally, as can be seen
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from the data presented in Table 3, we observed that pure
(GGA or meta-GGA) functionals favor the O isomer whereas
exact exchange admixture favors the P isomer. This is especially
true for M06 with 27 % of HF exchange. The same trend is seen
concerning the range-separated CAM-B3LYP.

An important question is how different levels of inclusion of
solvent effects and thermodynamics affect the calculated
results. The data in Table 4 reveal that for most of the systems,
it is not vital to include all physical corrections (mostly

Table 4. Analysis of different energy terms contributing to the O—P
isomerization (free) energy in systems 1-9. All values are computed
employing the CPCM equilibrium geometries at the corresponding X2C-
functional/x2c-TZVPall level of theory. All energy values are in Tables S7-
S10.

Functional Es®  Egpam  Ea Ecrem G
+ EZPVE[a] + EZPVE

X2C-PBE/x2c-TZVPall 0.71 0.56 0.71 0.56 0.67

X2C-BP86/x2c-TZVPall  0.71 0.56 0.71 0.56 0.67

X2C-B97D/x2c-TZVPall  0.71 0.67 0.71 0.56 0.67

X2C-TPSS/x2c-TZVPall  0.57 0.44 0.57 0.44 0.56

X2C-TPSSh/x2c- 0.86 0.67 0.71 0.67 0.78

TZVPall

X2C-B3LYP/x2c- 0.71 0.78 0.57 0.67 0.56

TZVPall

X2C-M06/x2c-TZVPall 0.71 0.78 0.71 0.78 0.67

X2C-LH14t-calPBE/ 0.679 0.75 1.00 0.88 0.88

x2c-TZVPall d d

X2C-CAM-B3LYP/ 0.71 0.78 0.71 0.78 0.67

x2c-TZVPall

DKH-MC-ftrevPBE/ 0.67 = 0.57 = 0.56

ANO-RCC-TZP &

DZP(H)¥

NR-TPSS/def2-SVP 0.86 0.67 0.86 0.78 0.81

[a] Solvent-dependent systems are not included in scoring of E, and E,+
Ezpve level of theory. [b] Numerical values given in Table 3. [c] Results for 1
could not be obtained in a reasonable time for LH14t-calPBE functional;
hence scoring was calculated over six or eight systems for LH14t-calPBE
functional [d] MC-PDFT level of theory (MC-PDFT//ftrevPBE//ANO-RCC-DZP
for H and ANO-RCC-TZP for other atoms) we calculated upon TPSS/x2c-
TZVPall/CPCM geometry. [e] We could not obtain result at MC-PDFT level
of theory with CPCM included.
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solvation) to correctly predict the ‘sign’ of the P/O equilibrium.
The computed electronic energy as such and choice of the DFT
functional seem to be the most important parameters. For
clarity, the results of Table 4 are visualized in Figure 5. It clearly
illustrates, that due to the cancellation of various effects, the
gas-phase electronic energy is rather close to G, which should
be the quantity to be compared with the liquid-phase experi-
ments.

Regarding the solvation effects, we also compared the
CPCM and COSMO-RS solvation models on systems 7 and 8 (c.f.,

Ecpcv W Ecpev + ZPVE  mam E

Table S11). The latter performs slightly better which seems to
matter when the O/P equilibrium is close to thermoneutral.

For few systems, the quantitative thermochemical data (H
values) were available from experiments. The comparison of the
experimental and computed data is shown in Table 5. For
system 2, all tested functionals correctly predicted the more
stable O isomer. However, except for the M06, the isomerization
energy is overestimated by 6-19 kcal.mol™". For the remaining
systems, the differences between computed and experimental
values of AH are smaller - typically 1-9 kcal.mol™ for GGA
functionals and larger for hybrid and local-hybrid functionals,

s E,+ZPVE Gs
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Figure 5. Analysis of different energy terms contributing to the O«—P isomerization (free) energy in systems 1-9. All values are computed employing the
CPCM equilibrium geometries obtained at the corresponding X2C-functional/x2c-TZVPall level of theory. All energy values are in Tables S7-S10.

Table 5. Comparison of the calculated and experimental AH(P/O) values. All calculations were done the CPCM (COSMO) solvation. All values in kcal.mol™.
System 2 6 7@ 8 RMSD MsD®!

Solvent CH,I, CH,C, THF THF

X2C-PBE/x2c-TZVPall —24.6 —5.8 —4.9 —-2.0 7.3 5.8
X2C-BP86/x2c-TZVPall —26.8 -7.9 -7.3 —4.9 9.2 83
X2C-B97D/x2c-TZVPall —-21.9 —3.5 —0.5 1.2 54 2.7
X2C-TPSS/x2c-TZVPall —31.2 —-87 —-87 —5.5 11.5 10.1
X2C-TPSSh/x2c-TZVPall —26.3 —6.0 -1.3 —0.2 7.8 5.0
X2C-B3LYP/x2c-TZVPall —-21.9 -1.3 9.1 9.7 8.8 —24
X2C-M06/x2c-TZVPall —-11.0 8.5 14.7 14.5 11.8 —10.2
X2C-LH14t-calPBE/x2c-TZVPall —-19.6 1.6 10.0 13.6 9.8 —-49
X2C-CAM-B3LYP/x2c-TZVPall —5.8 14.7 21.1 24.8 18.7 —17.2
NR-TPSS/def2-SVP —-19.1 -03 <0 1.9 39 0.9

Experiment —11.8 —0.6 —3.8to —0.6 -0.9

[a] For RMSD and MSD calculations for system 7 we use value of —0.6 kcal.mol™". [b] The negative MSD values indicate that the experimental enthalpy value
is smaller and vice versa.
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except for TPSSh. These methods strongly and erroneously
overstabilize the P isomer (by 10-25 kcal.mol™). In line with the
above observation, we notice that the best agreement between
theory and experiment is obtained by using NR-TPSS/def2-SVP,
due to the cancellation of errors. This is not very encouraging
observation from the theoretical point of view, but may
somehow justify usage of very cheap and simple approach(es)
in studying the reactivity of larger-size CBC systems.

A, (Cu-Cu)

S

By

Figure 6. 0-O (A;), Cu—Cu (A,), and Cu,0, (B,,) vibrational modes examined
in this study.

The analysis of the fortuitous error cancellation is available
in Table S12.

Finally, a very important qualitative observation relevant for
the CBC chemistry that can inferred from Table 2 is that, both
experimentally and theoretically, the O (bis-u-oxo) isomer is
favored when there are two coordinating ligands on each of
the two Cu whereas the peroxo (P) isomer is preferred in case
of three coordinating ligands on Cu ions. Similar observation
was previously made by Cramer and coworkers.”

Vibrational Frequencies

For most of the experimentally characterized systems (1-10),
selected Cu,0, core distances and vibrational modes were
reported in the literature. Here, we focus on three most
important Cu,0, stretching modes: Cu—Cu (A), O-O (A,), and
Cu,0, (B,,). They are illustrated in Figure 6. Available exper-
imental data are collected in Table 6.

Experimental and calculated vibrational modes for O and P
isomers of studied systems as well as for the C—O stretch of the
hydroxylated product (H) (10) are compared in Tables 7. RMSD
values are given in Table 8.

Table 6. Summary of experimentally known vibrational frequencies of the Cu,0, core. All values in cm™".

System Peroxo Oxo Hydroxo
A, v(°0) A ("0, Ay v(Cu—Cu) A, v(°0,) A (0, B,, v(Cu,'°0,) A ("®0,)° v(C-"°0)

1" 741 (698) 22

2 610 23

4® 590 (585) 20

5 294 600 —24

6 721 40

7 287 585 561

8 ~711-715 ~589-595

9 747/733 40/38 ~600

10 1320

[a] A(®0,) shift is the vibration '°0,-'20,. [b] Values in parenthesis: 1: 698 cm™' refers to '°O-"20 substitution; 4: 585 cm ™' refers to 4 with '°0,/'®OPhtBu,.

Table 7. Comparison between experimental and theoretical vibrational frequencies. All calculations were done employing the X2C relativistic
approximation, x2c-TZVPall basis set and the CPCM (COSMO) solvation model, unless mentioned otherwise. All values in cm

=i

Isomer  Vibration Sys.  PBE BP86  B97/D  TPSS  TPSSh  B3-LYP  MO6 LH14t-calPBE ~ CAM-B3LYP  NR-TPSS  Exp
o v("°0,) 2 619 624 612 635 653 650 654 659 681 614 610
v("*0,) 2 590 595 583 606 622 619 623 628 649 586 587
v("°0,) 4 599 604 587 620 639 633 649 639 669 592 590
v("*0,) 4 570 576 560 592 610 604 618 609 638 565 570
v("°0,) 5 611 617 605 627 645 643 647 649 673 607 600
v("°0,) 5 581 587 576 597 614 612 616 618 640 579 624
v(Cu,’*0,) 7 560 563 556 601 623 599 599 608 635 548 585
v(Cu,*0,) 7 535 538 531 574 596 572 573 581 607 524 561
v(°0,) 8 588 595 588 607 625 624 629 631 658 597 592
v("°0,) 9 582 587 583 599 621 622 638 625 654 584 600
P v("°0,) 1 843 830 853 811 870 872 937 - - 839 741
v("0,) 1 796 783 804 766 821 823 884 - - 792 719
v(Cu-Cu) 5 289 286 306 285 306 340 331 314 334 302 294
v("°0,) 6 754 729 788 716 797 853 882 908 868 766 721
v("%0,) 6 712 689 744 678 753 806 832 857 819 723 681
v(Cu-Cu) 7 270 273 277 274 300 291 301 301 318 286 287
v("%0,) 8 818 799 832 786 818 832 891 892 885 806 713
v("°0,) 9 929 918 942 892 904 902 969 959 952 944 747
v("*0,) 9 876 865 889 841 852 851 913 204 897 891 707
H v(C-"°0) 10 1417 1409 1454 1399 1443 1500 1546 - 1527 1385 1320
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Table 8. RMSD and MSD values for vibrational modes (theory vs. experiment).

(o] P both

RMSD MSD RMSD MSD RMSD MSD
X2C-PBE/x2c-TZVPall 194 8.5 100.6 —75.1 70.7 —31.1
X2C-BP86/x2c-TZVPall 18.2 3.1 90.7 —62.5 63.8 —28.0
X2C-B97D/x2c-TZVPall 213 13.8 1124 —91.5 78.9 —36.1
X2C-TPSS/x2c¢-TZVPall 21.2 —13.9 75.7 —48.7 54.3 —30.4
X2C-TPSSh/x2c-TZVPall 36.6 —32.8 102.6 —89.9 75.4 —59.9
X2C-B3LYP/x2c-TZVPall 30.8 —25.9 116.5 —106.6 83.2 —64.1
X2C-M06/x2c-TZVPall 38.0 —32.7 163.0 —147.7 115.5 —87.2
X2C-LH14t-calPBE/x2c-TZVPall® 36.9 —329 161.6 —140.8 107.5 —77.3
X2C-CAM-B3LYP/x2c-TZVPall® 60.9 —58.4 146.8 —-131.8 105.1 —88.6
NR-TPSS/def2-SVP 22.7 123 105.4 —82.0 74.4 —324
[a] RMSD was calculated only for all O and P isomer except system

Non-hybrid functionals in Table 7 perform somewhat better
than hybrids. For the P isomer, all DFT functionals overestimate
the v(O-0) stretch (by ~100 cm™', with the exception of 6 for
which the agreement is better). On the contrary, the v(Cu—Cu)
stretch is predicted quite satisfactorily. Pure functionals (PBE,
PB86 and TPSS) perform better. Overestimated O—O stretches
seem to be in accordance with the observed underestimating
of the O—0 bond length in the model systems (too strong O—O
bond). This trend of overestimation of the O—O stretching
frequency in side-on peroxo Cu(ll), species has been reported
previously."” The best agreement (the smallest deviation from
experimental value) is observed for the meta-GGA TPSS func-
tional.

To quantify the performance of various functionals, we have
calculated RMSD and MSD values for modes available exper-
imentally. They are shown in Table 8. This has been done
separately for the O and P isomers, and also for both of them.
We can clearly see that better agreement is indeed achieved for
the O isomer. Pure functionals give RMSD around ~20cm™,
whereas hybrid functional have an error of ~30-40 cm™'. For
the P, the discrepancies are much higher (RMSD values range
between 75 cm™ and 163 cm™' for TPSS and MO6, respectively).
Considering vibrational modes for both isomers (overall
performance), the lowest deviation from experimental values
were obtained using TPSS functional. We also compared
calculated C—O vibrational mode for the system 10, which is a
hydroxylated product. We obtained values in range 1385-
1546 cm™'. Again, hybrid functionals overestimate the exper-
imental values. The best agreement with experiment was
obtained with the NR-TPSS and TPSS with relativity and in
bigger basis set, the difference between the two computed
values is only 14 cm™".

It can be mentioned that calculated vibrational frequencies
are almost the same in the gas phase and in solvent (PCM). In
case of NR-TPSS/def2-SVP, we calculated frequencies in CPCM
model and in gas phase (Table S13). The difference for the
computed vibrational modes, across all systems studied (all
isomers: '0, 'P, 3P) varies from —5.4 to 5.4 cm™, with an average
difference from 0.4 to 1.7 cm™". Usually frequencies obtained
from CPCM model are slightly lower than from gas phase
calculations. Thus, the largest errors in frequency calculations

ChemPhysChem 2022, e202200076 (12 of 15)

are originating from the DFT functional whereas solvent effects
are of minor importance.

Discussion and Conclusions
Model System 11

In this work, we first took a fresh look at the model 110-11P
isomerization coordinate. Unlike the older works, we refrained
from using ECP’s on Cu and used scalar relativistic X2C and
DKH2 approximations in CCSD(T), DFT, MC-PDFT and MRCI+Q
calculations. Also we used slightly refined reaction coordinate
which is based on the relaxed scan of the O—O distance, instead
of interpolated ‘Cartesian geometries’. We tend to believe that
the relativistic X2C-CCSD(T)/UKS/QZ calculations on a refined
coordinate provide a new benchmark for system 11, with the
predicted P/O energy difference of 5-6 kcal.mol™' (in favor of P)
and a barrier of ~8 kcal.mol™".

On the other hand, we do not recommend to use small-
active space MR wave function methods. It seems that the
correlation treatment does not cure the insufficiency of too
small active space. This can be demonstrated on the MR-
Cl(8,6)+Q results where the barrier between 110 and 11P
disappears and the local minimum for 110 is not found. At the
same time MRCI+Q calculations predict large dip of
~5 kcal.mol™ on the reaction coordinate around ryo=1.6 A).
Most of this is attributed to the insufficient active space, since
much smaller (shallower) dip of ~1 kcal.mol™" at roo~1.5-1.6 A
is obtained in the UCCSD(T)/UKS, as well as in the previous
DKH-CASPT2(24,28) and CR-CCSD(T), calculations (Figure S1).
Most of the DFT functionals then predict the roo~1.40-1.45 A
(c.f. Figures 2 and S1-S2).

The MC-PDFT, in particular the MC-trevPBE and MC-t-
revPBE, provide much better agreement with the “reference”
UCCSD(T)/UKS/QZ energy profile. The same holds true for many
single-reference DFT methods with the relativistic X2C approx-
imation and a TZ-quality basis set (Figure 3.) The barrier seems
to be a bit overestimated, but most of the functionals give
reasonable energy difference between 11P and 110, 2-
10 kcal.mol™ (Figure 3), whereas the best theoretical value is
estimated to be 5-6 kcal.mol™" (see above). The same result is

© 2022 Wiley-VCH GmbH



ChemPhysChem

Research Article

doi.org/10.1002/cphc.202200076

Chemistry

Europe

obtained with, for example BP86 and TPSSh functionals. Much
‘wilder’ data were observed using ECPs on Cu and Yamaguchi
correction for energy in previous works, often spanning several
tens of kcal.mol .5

The tested MC-PDFT functionals provide qualitatively similar
110-11P isomerization curves (Figure 2, Table 1) when using
converged ANO-RCC-TZP basis set and relativistic DKH2 approx-
imation, with P/O energy difference from 1-6 kcal.mol™", except
for the MC-LSDA based approximations that (likely incorrectly)
predict the 110 isomer to be more stable.

Experimental Systems

The most important question addressed in this work was,
whether we can properly describe the experimental O—P
equilibrium in [Cu,0,] systems, presumably with cost-effective
DFT methods. To do so, we need to fully understand how
different physical effects contribute to the computed thermody-
namic data. We have shown that for systems with small P/O
energy gap which might be, moreover, solvent dependent, all
terms matter. On the other hand, systems where the energy
difference between O and P is larger, the contributions other
than the electronic energy will be less important.

Geometries

To assess the accuracy of the computed equilibrium geometries,
only scarce experimental data were available. Most of the
functionals perform very well on systems 1, 2, 4, while occasion-
ally (for 10) hybrid functionals seem to fail. Notably, the (very)
cheap NR-TPSS/def2-SVP level gives excellent agreement
between theory and experiment and offers probably the most
favourable price/performance ratio. Of the other functionals, we
mention that the local-hybrid, LH14t-calPBE, and meta-GGA
TPSS, also give quite good agreement between theory and
experiment.

Thermodynamics of the O—P Equilibrium

Using converged basis set of x2c-TZVPall quality (Figure S2) and
X2C relativistic approximation, we concentrated on role of the
DFT functional as well as the role of different thermodynamic
and solvation corrections on the P/O energy difference. The
short (and expected) answer is that DFT functional matters
most, while ZPVE, PCM, and AG,,, corrections become only
important when the P/O energy gap is small, which may lead to
the solvent dependence (sometimes observed in the experi-
ment). Importantly, the effects of ZPVE and solvation tend to
cancel each other (Figure5). Thus, paradoxically, the best
results that include all of these corrections are similar to the
gas-phase electronic energies, E; calculated at the PCM
equilibrium geometries. Again, the cheap NR-TPSS/def2-SVP
approach gives surprisingly good results.

ChemPhysChem 2022, e202200076 (13 of 15)

Solvation model. For solvation purposes we examined
CPCM and COSMO-RS models. The latter perform slightly better
which matters when the O/P equilibrium is close to zero.

Vibrational Frequencies

In general, better agreement between calculated and exper-
imental vibrational frequencies is observed for the O isomer
rather than for P isomer. Pure functionals give better agreement
with the experimental frequencies than the hybrid ones.
Interestingly, the local-hybrid LH14t-calPBE was found to be
quite good for geometries and energies but its performance
was found to be poor for vibrational frequencies.

We may summarize the results of our extensive computa-
tions as follows: (1) To correctly account for all physics involved
in the coupled-binuclear systems, one-component relativistic
approximation, e.g. X2C, or DKH2, should be used, together
with basis sets of at least triple-zeta quality. (2) To obtain good
geometries of the [Cu,0,] core, pure DFT functionals and also
local-hybrid LH14t-calPBE, are recommended. (3) For energetics,
pure DFT functionals perform quite well. (4) The same holds
true for vibrational frequencies, pure (computationally cheaper)
DFT functionals also perform quite satisfactorily, both for the O
and P isomers. Hybrid functional have tendency to overestimate
the frequencies. Finally, the NR-TPSS/def2-SVP approach that
gains from error cancellations (Figure S1) presents a cheap and
fast alternative way for calculations of larger [Cu,0,] enzymatic
systems. It performs reasonably well for geometries, energetics,
and also vibrational frequencies.

Associated Content

All equilibrium geometries and primary energetic data. Ta-
bles S1-S13, Figures S1-S5. This material is available free of
charge via the Internet at XX.
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The factors that control the diverse reactivity of the p-n%n2-peroxo
dicopper(i) oxy-intermediates in the coupled binuclear copper
proteins remain elusive. Here, spectroscopic and computational
methods reveal H-bonding interactions between active-site waters
and the p-n?m-peroxide of oxy-tyrosinase, and define their effects
on the Cu(i),0, electronic structure and O, activation.

The broad family of coupled binuclear copper (CBC) metallo-
proteins includes hemocyanins (Hc), catechol oxidases (CaOx),
tyrosinases (Ty), and NspF, all of which contain two copper
centers, each coordinated by three histidine residues, and held
in close proximity to each other (3.5-4.0 A)." In their reduced
bicuprous deoxy state, these active sites bind dioxygen rever-
sibly and with great affinity (K; < 16-40 uM) to form a p-n>:
n*peroxo dicopper(n) oxy-intermediate.”> Crystallographic
and X-ray spectroscopic investigations into the structure of
these oxy-intermediates in different CBC members reveal a
broadly conserved p-n*mn>-peroxo dicopper(n) active site.*®
Similarly, all oxy-CBC proteins exhibit equivalent spectroscopic
features, including (i) two distinct electronic absorption bands
(¢345nm ~ 14000-20000 M~ ' em™?, &gponm ~ 1000 M~ ' em ™
corresponding to two peroxide — Cu(u) charge-transfer (CT) tran-
sitions, (ii) a set of characteristic resonance Raman (rR) features
corresponding to vibrational modes of the [Cu(i),0,]*" cofactor
(Fig. 1), and (iii) the absence of an electron paramagnetic
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resonance (EPR) signal due to the strong antiferromagnetic
coupling between the two Cu(n) centers facilitated by the p-n*
n>-peroxo superexchange pathway."”® Despite these apparent
similarities in the geometric and electronic structure of their
[Cu(u),0,]" active sites, oxy-CBC proteins exhibit distinct reactivi-
ties that facilitate diverse physiological functions. The extra-
cellular O,-carrier protein Hc contains an extended terminal
domain that prevents phenolic substrates from accessing its
Cu(m),0, active site, thus lacking any enzymatic reactivity.” Unlike
Hc, CaOx catalyze the oxidation of catechols to o-quinones, and
are found predominantly as part of natural product biosynthesis
pathways and defense mechanisms in plants. The ubiquitous Ty
possesses both catechol oxidation and monophenol monooxy-
genation reactivities, and catalyzes the conversion of i-tyrosine to
1-DOPAquinone, which constitutes the rate-limiting step in mel-
anin biosynthesis in a variety of organisms from soil bacteria to
humans. Finally, in addition to catechol oxidation and mono-
phenol monooxygenation, NspF also catalyzes the monooxy-
genation of o-aminophenols to o-nitrosophenols in bacterial
siderophore biosynthesis."®

Given the major implications of CBC proteins in both
human diseases'" and critical applications in agriculture (fruit
browning’?) and biotechnology (protein bioconjugation'?),
obtaining a mechanistic understanding of their diverse reactivi-
ties has been a major goal with broad scientific interest.
However, putative differences in the electronic/geometric struc-
tures of their Cu(u),0, active sites as well as the molecular-level
factors that control their reactivity are not fully understood
despite extensive research efforts.®'*'® Second-sphere interac-
tions involving active-site residues and/or solvent molecules
with the Cu(u),0, core could have important mechanistic
implications, but have been challenging to define experimen-
tally, in part, due to the fact that most of the structural insights
for catalytic oxy-CBC enzymes have derived from crystallo-
graphic studies on their latent pro-forms (PDB:6JUA-D)" or
binary complexes with their caddie proteins (PDB:1WX2,
1WX4-5),* where in all cases the Ty active sites are occupied
by additional residues, paralleling oxy-He (Fig. S4, ESIT). Here,

Chem. Commun., 2022, 58, 3913-3916 | 3913
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Fig. 1 Resonance Raman (351 nm laser excitation) spectral regions for the key [Cu(i),0,]?* vibrational modes of oxy-Ty from S. Glaucescens (0.75 mM,
0.1 M CHES, pH/D 9.0) in H,O (red) and D,O (blue) corrected for background contributions, with Gaussian fits (in regions with multiple peaks, fits without
the baseline components are also shown), and each region scaled for clarity (reference normalized peak intensity ratios are ~16:1:2:6 for Cu-Cu:
Cu-0 fundamental: O-O: Cu-0O overtone), (A) the Cu—Cu (indicated with solid line) and Cu—N stretches (dashed lines), the negative feature (asterisk) at
the solvent ice peak region results from background correction; the insert expands the region of the two higher-energy isotope-sensitive Cu—-N
stretches, (B) the Cu—-O (Bs,) fundamental stretch (the black Gaussian indicates a non-isotope sensitive peak present in both solvents), (C) the O-O
stretch, and (D) the Cu-O (Bs,) overtone stretch. For entire rR spectra before and after background corrections and for band-shape discussion see

Fig. S5 (ESIf).

we have been able to directly probe and define previously
unknown interactions between active-site water molecules
and the p-n’m’peroxide of the [Cu(u),0,]*" active-site in
the monomeric and fully-catalytic oxy-Ty from Streptomyces
glaucescens by employing rR spectroscopy in tandem with
solvent isotopic (H,0/D,0) perturbations, and correlating these
experimental results to molecular dynamics (MD) simulations
coupled with quantum-mechanics/molecular-mechanics (QM/
MM) calculations. Comparison of the active sites of different
CBC enzymes reveals variations in the key second-sphere
residues that facilitate these H-bonding interactions in oxy-Ty,
and correlate with the monooxygenation reactivity within this
protein family.

By generating the oxy-Ty intermediate at high concentration
and high purity in both H,0 and D,O solvents (ESI,1 Methods
1.1.5) we were able to obtain high-quality spectroscopic data.
Upon laser excitation of the intense peroxide - Cu(u) CT
transition at 351 nm, the rR spectrum of oxy-Ty in H,O exhibits
the characteristic resonance-enhanced vibrational modes of the
p-n?:m>-peroxo dicopper(n) core, previously defined for oxy-CBC
proteins.'®'® These include (i) the intense Cu-Cu (A) stretch at
~280 cm ', (ii) the O-O (A,) stretch at ~740 cm ', (iii) the
weak Cu-O (Bs,) stretch, which is non-totally symmetric, for-
mally forbidden in rR, at ~540 cm™ ' along with its intense
symmetry-allowed first-overtone at ~1075 ecm ™', and (iv) four
of the six Cu-N(His) modes in the 200-350 cm ™" region (Fig. 1).
Upon solvent deuteration, the Cu-O (B;,) overtone frequency
increases by 6 + 2 cm ™, with its corresponding fundamental
mode increasing by 4 & 2 em " (Fig. 1D and B, respectively), the
two higher-energy Cu-N(His) stretches decrease by 2 + 1 cm™*
and 4 £ 2 cm™ ', respectively (Fig. 1A inset), while the remaining
modes, including the Cu-Cu and O-O stretches, are not
perturbed (Fig. 1A and C). Paralleling the two higher-energy
Cu-N(His) stretches in oxy-Ty, the H,0 — D,O perturbations of
the rR spectrum of oxy-Hc also exhibit a 1-2 em ™" decrease in
these two modes, which was attributed to the mass increase of

3914 | Chem. Commun., 2022, 58, 3913-3916

the deuterated imidazole rings of the histidine ligands.** How-
ever, unlike oxy-Ty, no solvent isotopic (H,O/D,0) perturba-
tions were observed for the Cu-O (B3,) fundamental or overtone
modes in the rR spectrum of oxy-Hc.”® Since solvent accessi-
bility is among the most prominent active-site differences
between oxy-Hc and the monomeric active oxy-Ty,">' the
presence of direct interactions between the [Cu(u),0,]** core
and water molecules is likely responsible for the observed
H,0 — D,0 upshift of the Cu-O (Bjz,) frequency. Such rR
H,0 — D,O upshifts of metal-oxo stretches have been observed
in binuclear iron metalloenzymes, including oxy-hemerythrin
and met-ribonucleotide reductase.’®?* In both cases, the
frequency increase of the symmetric Fe-O-Fe stretch upon
solvent deuteration was attributed to H-bonding interactions
between the oxo-bridge and the respective metal-coordinated
hydroperoxo or water-derived hydroxyl ligands. However, these
correlations between the presence of H-bonding interactions
and the H,0 — D,O0 frequency increase of metal-oxo stretches
remain empirical, lacking an analysis of their molecular origin.

To fully define these H-bonding interactions between the
[Cu(u),0,]*" core and water molecule(s), as well as to elucidate
the origin of the Cu-O (B3,) H,O — D,O upshift, our spectro-
scopic results were correlated with a combination of computa-
tional methods. First, from the crystal structure of oxy-Ty from
Streptomyces castaneoglobisporous (PDB:1WX2) we generated
a fully solvated protein model of the monomeric oxy-Ty
(Fig. 2A and ESI{ Fig. S6 and Methods 1.2.1-1.2.3) and per-
formed 0.5 us MD simulations (ESIL, Video S1, and Methods
1.2.4). Our MD simulations clearly demonstrate three distinct
positions in the active site of oxy-Ty that are occupied by water
molecules (Fig. S7B, ESIt). One of these waters (W3) has been
previously observed crystallographically and was proposed to
act as the acceptor of the monophenolic proton during the
monooxygenation reaction.”® The other two water molecules
(W1, W2), which have not been previously observed, reside
above the Cu,0, plane and each of them forms an H-bond with

This journal is © The Royal Society of Chemistry 2022



Published on 23 February 2022. Downloaded by I0OCB Prague on 3/23/2022 3:11:49 PM.

ChemComm

View Article Online

Communication

" < B Asn191 C _ Ser/Ala
LS ‘ -\
D D Gly/Phe
w2 w3
Cuph %
2 oxy_48 Glu182 Ty/CaOx

Fig. 2 (A) The full-length QM/MM-optimized structure for the experimentally-calibrated oxy-Ty active site from Streptomyces castaneoglobisporous
(oxy_48, blue), (B) its active site, and (C) its alignment with the met-CaOx from Ipomoea batatas (PDB : 1BT1, red). Key second-sphere residues and the
u-n2:n?-peroxide ligand and waters (W1-3) in oxy-Ty are shown as solid sticks, the water (W3) and p-hydroxide ligand in CaOx as red spheres, the
first-sphere histidines as transparent sticks, the copper centers as brown spheres, and H-bonds as dashed yellow lines.

one of the O atoms of the p-n*n>peroxide. H-bonding to the
p-n’m>-peroxide represents a new type of interaction, not
previously defined in other CBC enzymes or synthetic
[Cu(u),0,]*" model complexes.

We next generated 64 distinct QM/MM-optimized oxy-Ty
structures with different numbers (2-8) and conformations of
active-site waters (initial structures were obtained from MD
simulations or generated manually; ESI,i Methods 1.2.5-1.2.10
and Table S2). The optimal number of active-site waters in oxy-
Ty was determined by systematically evaluating the thermody-
namic stability of oxy-Ty at different hydration levels (ESI,T
Methods 1.2.11, 1.2.12 and Table S1). Our calculations indicate
that the most thermodynamically favorable QM/MM-optimized
oxy-Ty structure (oxy_48) has four water molecules occupying
its active site, including W1-3, with W1 and W2 H-bonding to
the p-n*mn’-peroxide (Fig. 2B).

To evaluate the contributions of these H-bonding interactions to
the H,O — D,0 frequency changes in the vibrational modes in oxy-
Ty, we calculated the vibrational frequencies for oxy_48 and corre-
lated them to our rR data (ESLi Methods 1.2.13-1.2.15). Our
calculations show that oxy_48 closely reproduces the H,0O — D,0O
frequency perturbations (A1{Cu-Cu] = —1 em ™, AYfCu-O (Bs,)] =
+10 em ™!, AfO-O] = +1 cm ), observed by rR (AYCu-Cu]
< 42 ecm ™Y, AYCu-O (By,)] =+4 £+ 2 em ™}, AfO-0O] < +2 em™
Fig. 1). As a control, a less thermodynamically stable QM/MM-
optimized structure (oxy_59 in Fig. S9, ESIt) that lacks W1 and

ﬂl\m f@w1

W1 twisting (H,0) + Cu-O (B3,) W1 rocking (D,0) + Cu-O (B,,)

Fig. 3 Vibrational coupling of the Cu-0O (Bs,) mode of the Cu(i),0O, active
site with two key W1 modes (twisting in H,O and rocking in D,0O).

This journal is © The Royal Society of Chemistry 2022

W2, does not reproduce our rR results, as it does not exhibit any
isotopic perturbation of its Cu-O (Bs,) mode (Table S1, ESIY).

Our QM frequency calculations also reveal the underlying
molecular mechanism for the Cu-O (Bs,) H,O — D,O upshift.
Both W1 and W2 have two related vibrational modes, a twisting
and a higher-energy rocking mode, which are present in the
450-650 cm™ ' region in H,0, above the Cu-O (B;,,) mode energy
calculated at 425 cm™',§ while upon solvent deuteration, both of
these water modes decrease in energy by ~150-200 cm™ " and are
now below the Cu-O (B;,) mode (ESL} Methods 1.2.16). Conse-
quently, in H,O, the energy of the Cu-O (Bs,) mode is decreased
due to its mixing with the nearby higher-energy water twisting
mode (Fig. 3, left), while in D,O, the Cu-O (Bs,) energy is now
increased due to its mixing with the nearby lower-energy water
rocking mode (Fig. 3, right). Thus, the combined effect of the Cu-O
(Bsy) frequency decrease in H,O and increase in D,O via this mode-
mixing mechanism results to the experimentally observed and
computationally reproduced Cu-O (B,) H,O — D,0 upshift.q This
mode mixing mechanism establishes a molecular-level foundation
for this solvent isotope-dependent rR v(metal-oxygen) increase,
which has been routinely employed to identify H-bonds to metal/
oxygen active sites in other enzymes,”*** and extends it beyond
empirical identification and towards obtaining insights into elec-
tronic structure changes induced by H-bonding.

Previous structure/function investigations into the CBC family
indicated that unlike plant CaOx, Ty lacks a bulky gatekeeper
phenylalanine and contains a conserved Asn/Glu cluster (Fig. 2C),
however the functional significance of these second-sphere correla-
tions remains a subject of debate.'*'®*"**2” Inspection of our
experimentally-calibrated structure of the oxy-Ty active site reveals
that these key second-sphere residues are critical in allowing solvent
access to the active site and stabilizing W2, and thus enable the
H-bonding to the p-n*m>peroxide (Fig. 2B). Although further
experimental studies are required to establish the catalytic signifi-
cance of these second-sphere residues, our QM/MM calculations on
oxy-Ty reveal that H-bonding of W1 and W2 to the p-n*n>peroxide
weakens its O-O bond strength (Fig. S11, ESI). Indeed, H-bonds to
the pu-n*m>peroxide are expected to stabilize its o* lowest unoccu-
pied molecular orbital, which would increase the back-bonding

Chem. Commun., 2022, 58, 3913-3916 | 3915
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donation from the Cu(u) d orbitals, resulting in weakening of the
0-0 bond.”® This H-bonding perturbation of the O-O bond further
correlates to previous reports where introduction of H-bond donor
groups into the ligand scaffold of a p-n*m>peroxo dicopper(n)
complex promotes O-O bond cleavage and conversion to its bis-u-
oxo dicopper(m) isomer.”® While such intramolecular H-bonding
has been found to enhance both the H-atom abstraction reactivity of
n’-superoxo monocupric model complexes,® and the ammine
oxidation reactivity of the m’-hydroperoxo monocupric active site
of an artificial metalloenzyme,* the relevance of intra- or intermo-
lecular H-bonding on the monophenol monooxygenation and cate-
chol oxidation reactivities of p-n*n>peroxo dicopper(n) complexes
has not been investigated.

In conclusion, our spectroscopic and computational inves-
tigations define a previously elusive H-bonding network within
the oxy-Ty active site, where water molecules (W1-3) form
H-bonds with the p-n*n’-peroxide and conserved second-
sphere residues (Fig. 2B). These key second-sphere residues
vary within the CBC protein family, and likely affect the
H-bonding interactions to the p-n*mn>-peroxide in their respec-
tive oxy-intermediates. This study opens the way for further
investigations into H-bonding interactions to the p-n?
n>-peroxide of [Cu(i),0,]*" biological active sites and their
model complexes, as well as determination of their mechanistic
implications on O, activation, mono/diphenol substrate bind-
ing, and their subsequent reactivity.

Acknowledgements are made to the U. S. National Institutes
of Health (DK31450 to E. I. S.) and to MSMT CR (LTAUSA19148
to L. R.) for financial support, the IT41 supercomputer center
(project LM2015070 of the MSMT CR) for computational
resources, and Brian Omara for the cloning vectors.

Conflicts of interest

There are no conflicts to declare.

Notes and references

§ The unmixed frequency of the Cu-O (B;,) mode was calculated from
structure oxy_59 (Fig. S9, ESIT) which lacks both W1 and W2.

€ While the Cu-O (B;,) mode is generally calculated to be functional
dependent,*” and lower in energy than experimentally observed, the
above model only requires that the Cu-O (B;,) mode remains between
the energies of the water modes in H,O versus D,O. Note also, that
although the extent of vibrational coupling between the twisting/rock-
ing modes and the Cu-O (Bj;,) stretch varies among our oxy-Ty struc-
tures due to small differences in the strength and directionality of their
corresponding H-bonds between W1/W2 and the p-n*mn’-peroxide,
this mode mixing mechanism operates throughout to generate the
H,0 — D,0 Cu-O (B3,) energy upshifts (Fig. S8, ESIt).
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Melanins are highly conjugated biopolymer pigments that provide photoprotection in a
wide array of organisms, from bacteria to humans. The rate-limiting step in melanin
biosynthesis, which is the ortho-hydroxylation of the amino acid L-tyrosine to
L-DOPA, is catalyzed by the ubiquitous enzyme tyrosinase (Ty). Ty contains a coupled
binuclear copper active site that binds O, to form a p:m*m*-peroxide dicopper(Il)
intermediate (oxy-Ty), capable of performing the regioselective monooxygenation of
para-substituted monophenols to catechols. The mechanism of this critical monooxyge-
nation reaction remains poorly understood despite extensive efforts. In this study, we
have employed a combination of spectroscopic, kinetic, and computational methods to
trap and characterize the elusive catalytic ternary intermediate (Ty/O,/monophenol)
under single-turnover conditions and obtain molecular-level mechanistic insights into
its monooxygenation reactivity. Our experimental results, coupled with quantum-
mechanics/molecular-mechanics calculations, reveal that the monophenol substrate
docks in the active-site pocket of oxy-Ty fully protonated, without coordination to a
copper or cleavage of the p:m*m? -peroxide O-O bond. Formation of this ternary inter-
mediate involves the displacement of active-site water molecules by the substrate and
replacement of their H bonds to the p:n*m -peroxide by a single H bond from the sub-
strate hydroxyl group. This H-bonding interaction in the ternary intermediate enables
the unprecedented monooxygenation mechanism, where the p-n’n’-peroxide O-O
bond is cleaved to accept the phenolic proton, followed by substrate phenolate coordi-
nation to a copper site concomitant with its aromatic ortho-hydroxylation by the non-
protonated p-oxo. This study provides insights into O, activation and reactivity by
coupled binuclear copper active sites with fundamental implications in biocatalysis.

tyrosinase | binuclear copper | monooxygenase | oxygen activation | melanin biosynthesis

Biological pigmentation via the biosynthesis of small molecules and polymers is a wide-
spread evolutionary adaptation found in a range of different environments (1). Melanins, a
major class of highly conjugated biopolymer pigments, are essential for a diverse group of
organisms, from soil bacteria to humans, due to their photoprotective, antioxidant, and
metal-sequestering properties (2). The initial and rate-limiting step (RLS) in the biosynthe-
sis of most melanins during melanogenesis, which is the O,-dependent orzho-hydroxylation
of the amino acid L-tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA), as well as the
subsequent two-electron oxidation of L-DOPA to L-DOPAquinone (Fig. 1A4), are both
catalyzed by the same ubiquitous enzyme tyrosinase (Ty) (3). Due to its key catalytic role
in both microbial and mammalian melanogenesis, Ty has become an emerging therapeutic
target for the treatment of bacterial and fungal infections (4), as well as for the early detec-
tion, prevention, and treatment of complex human diseases, including skin cancer (5, 6)
and Parkinson’s disease (7, 8). The direct link between melanogenesis and fruit browning
has also made plant Ty, as well as the phylogenetically related catechol oxidases (CaOxs),
critical agrotechnological targets toward improving food quality and extending produce
shelf life (9). Beyond its role in melanin biosynthesis, the high regioselectivity and broad
substrate promiscuity toward the aromatic monooxygenation of a range of para-substituted
monophenols has made Ty a promising enzymatic tool for a number of challenging chemi-
cal transformations and biotechnological applications, including protein bioconjugation
(10), bioorthogonal chemistry (11), metabolite biosensors (12, 13), and bioremediation
(14). However, advancements in these key areas and a fundamental molecular-level under-
standing of melanogenesis are limited by the lack of detailed mechanistic insights into the
enzymatic monooxygenation reaction.

Previous crystallographic and spectroscopic studies have shown that the reactivity of
Ty is afforded by its coupled binuclear copper (CBC) active site, where a conserved
four-alpha-helix bundle brings two Cu ions, each coordinated by three histidine
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Fig. 1. (A) The rate-limiting monooxygenation step of L-tyrosine to L-DOPA and the subsequent oxidation of L-DOPA to L-DOPAquinone in melanin biosyn-
thesis are both catalyzed by Ty. (B) Structure of oxy-Ty from S. castaneoglobisporous (PDB: 1WX2) (15), with the four-alpha-helix bundle shown in blue and
red and each color corresponding to their respective coordination of Cus and Cug (Cu, brown spheres; p—nzznz-peroxide, red spheres). (C) Kinetic scheme for
the catalytic cycle (monophenol monooxygenation and catechol oxidation reactions) of Ty toward para-substituted monophenols, with the effect of borate
trapping the catechol product shown in the shaded region. The elusive ternary intermediate is shown in brackets. For the extended kinetic scheme, see

SI Appendix, Scheme S1.

residues, in close proximity to each other (<5 A; Fig. 1B) (3).
During the catalytic cycle, the p-hydroxo dicopper(ll) active
site of the resting enzyme (met-Ty) oxidizes catechols to ortho-
quinones and is reduced to its dicopper(l) state (deoxy-Ty),
which then reversibly binds molecular dioxygen to form a
p-n’n’-peroxide dicopper(Il) intermediate (oxy-Ty) that pos-
sesses both monophenol monooxygenation and catechol oxida-
tion reactivities (Fig. 1C, unshaded region) (3). All catalytic
forms of Ty are diamagnetic, which in the cases of met-Ty and
oxy-Ty is due to the strong antiferromagnetic coupling of
their two Cu(Il) centers afforded by their bridging ligands (3).
Similar to the oxy-intermediates of other CBC proteins,
oxy-Ty exhibits distinct electronic absorption bands (€3450m
~16,000 cm™" M™', €650nm ~1,000 cm™' M™') and reso-
nance Raman (rR) features (section 2.3), reflecting its unique
electronic structure, where the strong donor interactions of the
side-on peroxide with both Cu(Il) centers result in its intense
high-energy charge-transfer (CT) band (16), while the back-
bonding interaction with the p-n*mn’-peroxide is responsible for
its relatively low O-O stretching frequency (~740 cm ) (17).
While oxy-Ty unambiguously has a p-n*n*-peroxide dicop-
per(I) active site (3), model complex studies have demon-
strated that such species can be in an equilibrium with their
bis-p-oxo dicopper(IIl) electronic isomers (18), both of which
are able to monooxygenate phenolates to their corresponding
catechol products. In some reported cases, p-n’n’-peroxide
Cu",0, model complexes can directly monooxygenate aro-
matic substrates without substrate coordination (19), while in
others, phenolate coordination to one of the Cu centers pro-
motes the cleavaﬁe of the p-n*:n*-peroxide O-O bond to form
a bis-p-oxo Cu'™,0, core before substrate monooxygenation
(20). The enzymatic monooxygenation reaction mechanism is
similarly expected to be dictated by the geometric and elec-
tronic structure of the Cu,O, core in the ternary (Ty/O,/
monophenol) intermediate, which is formed upon the binding
of the monophenol or monophenolate substrate to the oxy-Ty
active site. However, this ternary intermediate remains elusive,
despite previous efforts (21). In addition, given that under the
typical range of physiological conditions for melanin biosynthesis

20f 10 https://doi.org/10.1073/pnas.2205619119

(pH 4 to 7), the native substrate, L-tyrosine (pK, = 10), is pre-
dominantly in its fully protonated monophenolic form (3), the
protonation state of the substrate during its binding to oxy-Ty
and the identity of the putative phenolic proton acceptor site in
the ternary intermediate remain subjects of debate (22-26). Con-
sequently, the lack of critical experimental evidence on the nature
of the catalytic ternary intermediate of Ty significantly limits our
mechanistic understanding of its monooxygenation reactivity
toward monophenols.

In this study, we use a para-substituted monophenol sub-
strate that exhibits both sufficient binding to oxy-Ty and slow
subsequent monooxygenation to trap and spectroscopically
(optical absorption and rR) characterize the catalytic ternary
intermediate of Ty from Streptomyces glaucescens under single-
turnover conditions and obtain key mechanistic insights into
its subsequent monooxygenation reaction. Our experimental
data, coupled with quantum-mechanics/molecular-mechanics
(QM/MM) calculations, indicate that the monophenolic sub-
strate binds to the active-site pocket of oxy-Ty fully protonated,
without cleavage of the p-n*:n*peroxide O-O bond and with-
out direct coordination to a Cu center. Formation of this ter-
nary intermediate involves the displacement of the recently
reported active-site water molecules (27), and replacement of
their H-bonding interactions with the p-n’n’-peroxide by a
single H bond from the hydroxyl group of the docked full-
protonated monophenol substrate. This unprecedented sub-
strate binding mode to a p-n*m’-peroxide dicopper(Il) active
site has direct mechanistic implications. Indeed, further investi-
gations into the reactivity of this ternary intermediate reveal the
key steps of the monooxygenation mechanism of Ty, where
enabled by its H-bonding interaction with the substrate, the
p-n’m’-peroxide O-O bond breaks to accept the phenolic
H™*. This step is followed by monophenolate substrate coordi-
nation to a Cu center concomitant with its aromatic ortho-
hydroxylation by the nonprotonated p-oxo. Overall, this study
defines the mechanism of the critical monooxygenation reac-
tion in melanin biosynthesis and provides a unifying mechanis-
tic framework for the diverse Cu,O, chemistry of model
complexes and biological active sites.
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2. Results and Analysis

2.1. Uncoupling the monophenol monooxygenation and catechol
oxidation reactions. In order to directly probe the monophenol
monooxygenation reaction of oxy-Ty, we proceeded to uncou-
ple it from its subsequent catechol oxidation reaction that com-
pletes the catalytic cycle. To this end, we employed a previously
reported borate system (28), where the catechol product of the
monooxygenation reaction dissociates from the met-Ty active
site before its further oxidation to ortho-quinone and is trapped
by its condensation-driven complexation with borate (Fig. 1C,
shaded region). Under these conditions, and in the absence of
any external reductants, the monooxygenation of monophenols
by oxy-Ty would be converted into a single-turnover reaction.
This approach was evaluated by monitoring the time course for
the reaction of oxy-Ty with a series of para-substituted monophe-
nols via measuring O, consumption (S/ Appendix, section 2.1.1)
and product formation (87 Appendix, section 2.1.2). The reactions
of oxy-Ty with monophenols containing electron-donating para
groups result in the consumption of multiple O, equivalents (S
Appendix, Fig. S2 A-D) and the generation of their respective
quinone products (SI Appendix, Fig. S4 A-D), indicating that
these are in fact multiple turnover reactions. However, the reac-
tions of oxy-Ty with the two monophenols containing electron-
withdrawing para groups, 4-hydroxybenzamide (4-CONH,) and
methyl 4-hydroxybenzoate (4-COOCH;), result in neither the
consumption of additional O, equivalents (S/ Appendix, Fig. S2
E and F) nor the generation of their chromophoric quinone and
further oxidation products, indicating that these are indeed
single-turnover reactions (S Appendix, Fig. S4E and Fig. 24).

The above results indicate that the single-turnover efficiency
of the borate-based kinetic scheme (Fig. 1C) is substrate depen-
dent and can be rationalized in terms of distinct para-group
effects. First, the inductive and resonance para-group effects
dictate the two-electron reduction potential of the para-
substituted quinone products, with more electron-withdrawing
para groups slowing down the rate of catechol oxidation to
ortho-quinone by met-Ty (43). Second, the binding affinity of
the catechol product to the met-Ty active site is expected to vary
with different para groups and thus affect the extent of catechol
dissociation (K3). Finally, the competitive inhibition of the gener-
ated met-Ty by the high excess of the para-substituted monophe-
nolic substrate (Ki; in SI Appendix, Scheme S1) (29) is similarly
expected to vary with para group and thus suppress multiple turn-
overs to different extents. Importantly, the reactions of oxy-Ty
with the monophenols 4-CONH, and 4-COOCH; exhibit
complete uncoupling of the timescales for their monooxygena-
tion and catechol oxidation reactions, providing the opportunity
to study the monooxygenation reaction of Ty under single-
turnover conditions.

2.2. Formation and reactivity of the ternary intermediate.
To investigate the possible formation of the elusive ternary interme-
diate (Ty/O,/monophenol), the single-turnover reaction of oxy-Ty
with the 4-COOCHj; substrate was monitored by stopped-flow
absorption (SF-Abs) spectroscopy after mixing deoxy-Ty with
increasing substrate concentrations in O,-saturated borate buffer
(parallel kinetic investigations for the 4-CONH, substrate
yielded equivalent results; SI Appendix, section 2.2.1). For all
4-COOCH; concentrations, the instantaneous appearance of
the two absorption bands at 345 and 650 nm, corresponding
to the two characteristic peroxide—Cu(ll) CT transitions of
the p-n*n*-peroxide dicopper(Il) active site, indicates fast and

PNAS 2022 Vol.119 No.33 2205619119

exergonic O, binding in deoxy-Ty to form oxy-Ty. These
absorption bands subsequently undergo first-order exponential
decay at a rate accelerated with increasing substrate concentra-
tion and notably without the prior or concomitant formation of
anyabsorption features (Fig. 2A). The rate constants (k)
obtained by fitting the decay of the 350-nm traces (Fig. 24,
insert) exhibit linear dependence at lower substrate concentra-
tions and progressive saturation at increasing substrate concen-
trations (Fig. 2B). Under our single-turnover conditions, this
nonlinear dependence of the £, values over increasing substrate
concentration requires our kinetic scheme to include the ternary
intermediate (Ty/O,/4-COOCH;) that forms via the fast and
reversible binding of the monophenolic substrate to oxy-Ty
(Ky; =13 mM; Fig. 10) and decays via the slow and irreversible
monooxygenation reaction to form the catechol product (4 =
0.56 s~ ; Fig. 10). The fast and reversible binding (#4,,) and
dissociation (k,z of the monophenolic substrate to oxy-Ty is
supported by the substrate concentration-dependent saturation
of k,,, which requires #,, > k, and is confirmed by spectro-
scopic characterization of an early-time (100 ms) reaction mix-
ture by R spectroscopy (section 2.3). Note also that binding of
the monophenol substrate to deoxy-Ty (29), which can slow or
prevent subsequent binding of O, is found not to be significant
for the 4-COOCH; substrate under the high postmixing O,
concentrations (>1 mM) employed in our experiments (S/
Appendix, Fig. S8).

Based on the obtained kinetic parameters for the formation
(K and decay (k) of the ternary intermediate, at early times
(100 ms) and at the highest 4-COOCH; concentrations
(10 mM postmixing, solubility limited), the ternary intermedi-
ate accumulates at ~43% of the total enzyme concentration.
Using this early-time speciation, the UV-vis absorption spec-
trum of the ternary intermediate can be obtained from the
100-ms SF-Abs spectrum for the reaction of deoxy-Ty with an
O,-saturated solution of 4-COOCH; (10 mM), after correc-
tion for the spectral contributions from oxy-Ty and intensity
renormalization. The resulting ultraviolet-to-visible (UV-vis)
absorption spectrum for the ternary intermediate exhibits two
absorption bands with energies and intensities similar to those
corresponding to the two peroxide—Cu(Il) CT transitions in
oxy-Ty (Fig. 20), indicating that the ternary intermediate also
contains a similar p-n*n*-peroxide dicopper(Il) active site.
Note that unlike previous proposals from model complex stud-
ies (20), our results do not support the possibility of a
substrate-coordinated bis-pi-oxo dicopper(IIl) active site in the
ternary intermediate of Ty, as none of the characteristic absorp-
tion features for the oxo—Cu(IIl) and phenolate—Cu(IlI) CT
transitions in the 350- to 550-nm region are observed (21, 30).

To determine the protonation state of the 4-COOCH; sub-
strate (i.e., monophenol versus monophenolate) during the for-
mation of the ternary intermediate, the pH dependence of its
reaction with oxy-Ty was evaluated by SF-Abs kinetic experi-
ments. Our results show that while 4, is pH independent, the
apparent K, decreases with decreasing pH (S/ Appendix, Fig.
§74), indicating that the monophenolic form of 4-COOCH;
binds to oxy-Ty more favorably than its monophenolate form.
Together, our above results clearly demonstrate that the ternary
intermediate contains a p-n’m’-peroxide dicopper(Il) core with
the substrate bound at the active site as either 1) a monophenol
or 2) a monophenolate with its phenolic proton accepted by an
active-site base. Further insights into the identity of the proton
acceptor site and the interactions between the bound substrate
and the Cu(Il),O; core in the ternary intermediate were obtained
by higher-resolution spectroscopic investigations (section 2.3).

https://doi.org/10.1073/pnas.2205619119 3 of 10
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Fig. 2. Kinetic and spectroscopic definition of the ternary intermediate (Ty/O,/4-COOCHs). (A) SF-Abs spectra of the reaction of oxy-Ty (20 pM) with
4-COOCH;3 (1 mM) in O,-saturated borate buffer (pH 9.0, 4°C, 10% ethylene glycol). Insert: 350 nm absorption (abs) trace with first-order decay fit (AU; absor-
bance units). (B) Dependence of ks on 4-COOCH3 concentration in H,O (blue) and D,0 (red) with saturation fits for a fast equilibrium, followed by a slow
irreversible step (equation shown as insert, complete model fits shown as solid lines, and linear fits for low substrate concentrations shown as dashed lines;
error bars denote standard deviations for n = 3). (C) UV-vis absorption spectra for the ternary intermediate (red), oxy-Ty (blue), and 4-COOCHj5 (black), with
the excitation wavelength for rR (351 nm) indicated as a dashed gray line. (D) The main vibrational modes of the Cu",0, core (D) that are resonance
enhanced with excitation of the peroxide(n*U)HCu” CT. (E and F) rR spectra (351-nm laser excitation) of oxy-Ty and the ternary intermediate (Ty/O/4-
COOCHs3) in () '°0, and (F) 1802, with the relative intensity of each region scaled as indicated. Solid vertical lines indicate the energies of the main vibrational
modes and dashed gray lines the Cu-N(His) modes. The oxy-Ty and the ternary intermediate samples were obtained by RFQ (100 ms) after 1:1 mixing of
deoxy-Ty (0.8 mM) and an Oj-saturated solution of borate buffer (pH 9.0, 4°C, 10% ethylene glycol) without or with 4-COOCH5 (20 mM), respectively. The rR
spectra were obtained after correction for background contributions, with the spectrum of the pure ternary intermediate obtained by further correcting for
the oxy-Ty contributions in the RFQ reaction mixture and subsequent intensity renormalization. Due to experimental limitations resulting in lower '®0, con-
centrations in F (S/ Appendix, Materials and Methods, section 1.1.9), additional first- and second-order polynomial baseline corrections were applied for the
680- to 720- and 950- to 1,100-cm~" regions, respectively, with a smoothened spectrum also included in the 680- to 720-cm™~" region. The '®'80, rR spectra,
without smoothening, are shown in S/ Appendix, Fig. S11.

Our single-turnover SF-Abs experiments also allowed investi-
gations of the reactivity of the ternary intermediate by probing
the monooxygenation step (k) following the binding of the
monophenol substrate to oxy-Ty. First, upon solvent iso-
topic substitution (H,O/D,0), the reaction of deoxy-Ty with
4-COOCH;3; in Oj-saturated borate buffer exhibits a small nor-
mal solvent kinetic isotope effect (KIE) of 1.5 + 0.1 on 4, (Fig.
2B). Since the geometric structure of the oxy-Ty active site is
not perturbed upon solvent deuteration (27), the observed sol-
vent KIE likely reflects the participation of one or more
exchangeable protons in the transition state (TS) of the RLS,
clearly implicating the phenolic substrate proton in the monoox-
ygenation reaction mechanism. This is fully consistent with our

pH dependence results (SI Appendix, Fig. S7A), demonstrating
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that the substrate binds to oxy-Ty as a monophenol, and further
suggests that the bound substrate remains fully protonated in
the ternary intermediate. Second, the reaction of oxy-Ty with
the dideuterated (in both or#ho positions to the hydroxy group)
4-COOCHS3; substrate does not exhibit an inverse secondary
KIE on k; (or an equilibrium isotope effect on K SI Appendix,
Fig. §70) indicating that in the TS of the RLS, the or#h0-C cen-
ter (to be hydroxylated) retains a significant amount of its sp”
character, since a small inverse KIE is expected for a fully C(sp?)
TS (30). Third, the Eyring plot for the temperature dependence
of 4, in the reaction of oxy-Ty with 4-COOCHj; provides the
enthalpic (AH* = +10.3 + 0.7 kcal/mol) and entropic (AS* =
—0.023 + 0.003 kcal/mol*K) components of the RLS in the
monooxygenation reaction (S/ Appendix, Fig. S7B).
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2.3. Spectroscopic definition of the ternary intermediate. Both
oxy-Ty and the ternary intermediate (Ty/O,/4-COOCH;)
were trapped at ~100 ms by rapid-freeze quench (RFQ) after
1:1 mixing of deoxy-Ty (0.8 mM) with an O,-saturated buffer
solution (0.5 M borate, pH 9.0, 4°C) without and with
4-COOCH; (10 mM), respectively, and their rR spectra were
collected with 351-nm laser excitation into their high-energy
peroxide(n*c)—>CuII CT band (Fig. 20). The rR spectrum of
oxy-Ty exhibited the characteristic resonance-enhanced peaks
associated with the p-n’n’-peroxide dicopper(Il) vibrational
modes (Fig. 2 D; blue/purple spectra in Fig. 2 F and F and
Figs. S9A4 and S11) (31). These modes include 1) the Cu-Cu
(Ag) stretch at 280 cm ' (A0, < =2 em ™), 2) the weak
Cu-N(His) modes in the 290- to 360-cm ™" region (A0, <
—2 cm™ Y, 3) the peroxide O-O (Ap) stretch at 739 cm™!
(A0, = —40 cm™ '), and 4) the intense first overtone of the
Cu-O (Bs,) mode at 1,078 cm™ ' (A0, = =51 cm ™ '), which
is allowed and present at double the frequency of its corre-
sponding weak fundamental mode, which is nontotally sym-
metric and thus rR forbidden.

The rR spectrum for the RFQ 100-ms reaction mixture of
oxy-Ty (57%) and the ternary intermediate (43%) also exhibits
the characteristic peaks for a p-n“n’*-peroxide dicopper(Il)
active site (S Appendix, Fig. S9A). Importantly, the normalized
peak intensity of the O-O (A,) stretch (using the nearby borate
peak at 920 cm ™! as an internal standard) in the oxy-Ty (57%)/
ternary intermediate (43%) mixture is equivalent to that of
oxy-Ty (100%), further confirming our SF-Abs results that the

ternary intermediate contains a p-1°m°-peroxide dicopper(Il)
active site (S7 Appendix, Fig. S94, insert). Comparison between
the corrected (for baseline, buffer, and speciation) and intensity-
renormalized rR spectra of oxy-Ty and the ternary intermediate
reveals the spectral changes due to interactions between the p-n’:
n°-peroxide dicopper(Il) core and the bound substrate (Fig. 2 £
and Fand S7 Appendix, Fig. §9). These include 1) a 3 + 2 cm ™!
increase of the O-O (A,) stretch; 2) a 24 + 6 cm™ ! increase of the
first overtone of the Cu-O (Bs,) stretch, indicating a 12 + 3 cm ™'
increase in the corresponding fundamental mode; and 3) no sig-
nificant change (<2 cm ') in the Cu-Cu and Cu-N(His)
modes. Note that upon solvent deuteration and within our sig-
nal-to-noise ratio, no significant perturbations (>+6 cm™') in
the rR mode frequencies for the ternary intermediate were
resolved (SI Appendix, Fig. S12). Together, our spectroscopic
results demonstrate that the electronic/geometric structure of the
p-n”m*-peroxide dicopper(Il) site in oxy-Ty is only moderately
perturbed upon binding of the monophenol substrate to form
the ternary intermediate.

2.4. Correlation of spectroscopic data to QM/MM models:
Geometric and electronic structure of the ternary intermediate.
To elucidate the geometric and electronic structure of the ternary
intermediate, our spectroscopic results (sections 2.2 and 2.3) were
correlated to QM/MM calculations. We have recently reported
the experimentally calibrated, QM/MM-optimized structure of
oxy-Ty from Swreptomyces castaneoglobisporous (Fig. 1B; 100%
active-site homology with S. glaucescens), which contains H-bonding

Ser206 1 P Ser206

oxy-Ty

W1("(

— Glu182

Q/\; % Sf/ e

4-COOCH,

His194

Ser206

Glu182

W \=

His63 / \
5 \=

4-COOCH,
His194

Glu182

Fig. 3. The active sites of the QM/MM-optimized structures of oxy-Ty in S. castaneoglobisporous and its possible ternary intermediates (Ty/O,/4-COOCH5; 1P
to 5P). Key active-site residues and the bound substrate (4-COOCHj3) are shown as sticks, the Cu sites and the p—nzznz-peroxide atoms are shown as spheres,
the Cu coordination bonds are shown as solid gray lines, and H-bonding interactions are shown as dashed yellow lines. The label of the phenolic proton site
in each ternary structure is highlighted in yellow. Equivalent structures for the possible ternary intermediates with the native substrate, L-tyrosine, are

shown in S/ Appendix, Fig. S15.
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interactions between conserved active-site water molecules (W1
and W2) and the p-n>n’-peroxide (oxy-Ty in Fig. 3) (27). This
oxy-Ty structure was employed as both the reference for the
oxy-Ty active site and the starting point to generate a series of
distinct QM/MM- optlmlzed structures for possible ternary inter-
mediates containing a p-n>mn*-peroxide dicopper(Il) active site
(1P to 5P in Fig. 3). These ternary structures include, to the best
of our knowledge, all those proposed in previous enzymatic and
model complex studies (21, 24, 32) and were generated by sys-
tematically evaluating all reasonable possibilities involving the
phenolic proton acceptor site, including the nearby Glu182/
Asn191/W3 site (3P to 4P in Fig. 3) and the axial His63 ligand
(5P in Fig. 3), as well as the possibility that the phenolic proton
remains on the bound substrate (1P to 2P in Fig. 3 and 6P in S/
Appendix, Fig. S17). For each of these possibilities, we also con-
sidered whether or not the substrate coordinates to Cu, (i.e., the
Cu coordinated by His residues closer to the N terminus; 3P
versus 4P to 5P and 1P to 2P versus 6P in Fig. 3 and S/
Appendix, Fig. S16; note that 6P requires fixed Ogypseracc-Cua
coordination to obtain an optimized structure and relaxes to 1P
when the constraint is removed). Finally, in the case where the
substrate binds protonated as a monophenol, we further consid-
ered the possibility that it can H bond to the p-n*n*-peroxide
via its hydroxyl group (1P versus 2P in Fig. 3). This approach
allowed us to compile a comprehensive set of all reasonable
structures for the ternary intermediate. Common in all of our
QM/MM-optimized ternary structures is that the substrate is
docked in the active-site pocket via m-m stacking interactions
with His194 of Cug (i.e., the Cu coordinated by His residues
closer to the C terminus), consistent with the previously reported
Ty crystal structures with L-tyrosine bound to Zn-substituted
and caddie-bound Ty crystal structures (15, 22).

The calculated changes in the electronic absorption and
vibrational frequencies for the possible ternary intermediates
(1P to 5P) relative to the oxy-Ty reference are summarized in
Table 1. First, QM-frequency calculations for the ternary inter-
mediate structures with the bound monophenolate substrate
coordinated to Cuy or the substrate phenolic proton transferred
to either the nearby conserved Glul82 (4P in Fig. 3) or the
now-dissociated axial His63 ligand of Cus (5P in Fig. 3),
respectively, show either a large increase in the Cu-O stretch
(+81 cm_l; 4P) or a large decrease in the O-O stretch
(=50 cm™"; 5P), both inconsistent with our rR results. In
addition, time-dependent density functional theory (TD-DFT)
calculations show that the absorption spectra for both 4P and
5P would exhibit significant differences from that of oxy-Ty

(ST Appendix, Fig. S14). Similarly, for the ternary intermediate
structure with the bound monophenolate substrate not coordi-
nated to a metal site and with its phenolic proton transferred to
Glul82 (3P in Fig. 3), QM-frequency calculatrons predict a
large increase of the O-O frequency (+24 cm™') and TD-DFT
calculations indicate a decrease in the energy of the intense
high-energy absorption band (+30 nm), both inconsistent with
our experimental results. However, formation of the ternary
intermediate by docking of the substrate protonated noncoor-
dinated to Cuy, and H-bonded to the p-n*n? peroxrde (1P)
most closely reproduces both the observed UV-vis absorption
(SI Appendix, Fig. S14) and the rR spectra (along with their '*/
80, and H,0/D,0 perturbations; Table 1) and is the most
thermodynamically stable structure among the possible ternary
intermediates in Table 1. Note that removal of the H-bonding
interaction between the hydroxyl group of the bound substrate
and the p-n*n’*-peroxide in 1P (resulting in 2P in Fig. 3)
results in QM-frequency changes that no longer reproduce our rR
(Table 1) and UV-vis absorption results (S/ Appendix, Fig. S14),
while the thermodynamic energy increases by +5 kcal/mol. In
addition, even when considering each of the 63 distinct struc-
tures for the oxy-Ty active site (with various active-site hydratron
levels, number/strength of water H bonds to the p-n*n*-perox-
ide, and thermodynamic stabilities) that we had previously evalu-
ated toward defining the oxy-Ty structure shown in Fig. 3 (27),
none of the 2P to 5P ternary structures can reproduce the
observed O-O (A,) and Cu-O (Bj,) vibrational perturbations (S/
Appendix, Fig. S13).

Overall, our experimentally supported QM/MM model
defines the electronic and geometric structure of the elusive cat-
alytic ternary intermediate of Ty (1P in Fig. 3). Importantly,
upon substrate binding to the oxy-Ty active site, the two con-
served water molecules (W1 and W2 in oxy-Ty in Fig. 3) are
drsplaced and their direct H-bonding interactions with the
p-nZm’-peroxide (r[Ow1-O;] = 3.1 A, r[Oy,-0,] = 2.8 A)
are replaced by a single moderate H bond from the hydroxyl
group (r[Ogpseracc-O1] = 2.7 A). The mechanistic implications
to the monooxygenation reaction that arise from this unprece-
dented substrate brndrng mode in 1P and its H-bonding inter-
action to the p-n*:n*-peroxide are explored below.

2.5. Mechanistic insights into the monooxygenation reaction
from experimentally supported QM/MM calculations. While
the complete reaction coordinate of Ty will be the subject of a
future study, here we provide mechanistic insights into the two
key steps of the monooxygenation reaction. To this end, we

Table 1. Summary for the correlation of experimental with computational results for the possible ternary (Ty/0,/

4-COOCH;3) intermediates from Fig. 3.

Frequency changes for key Cu,0, vibrational modes (cm~") Same
18~ 16 UV-vis abs.
A(ternary-oxy-Ty) Ternary A("°05-""0,)/A(D,0-H,0) spectra for Relative
ternary and energy'
Cu-Cu (Ag) Cu-0O (B3y) 0-0 (Ag) Cu-Cu (Ag) Cu-O (Bsy) 0-0 (Ag) oxy-Ty* (kcal/mol)
Exp. 0+2 +12 +3 +3+2 0+2/0+2 -29+6/0+x6 —-40+2/0+2 yes —
1P +11 +18 -3 -2/0 —-20/-2 -50/-1 yes 0.0
2P +24 +69 -5 —-1/0 —15/+6 —49/-1 no +5.1
3P +21 -2 +24 -5/0 —19/0 —50/0 no +21.4
4p +18 +81 -13 —4/0 -21/0 —49/0 no +22.5
5P +21 +25 =50 —6/0 -21/-3 —43/+1 no +8.1
Exp, denotes experimental values and abs, UV-Vis absorption.
*For 1P to 5P, the TD-DFT spectra are shown in S/ Appendix, Fig. S14.
TQM-only energy upon QM/MM-optimized geometries using the TPSS/def2-TZVPD level of theory in the homogeneous dielectric continuum with ¢, = 8.
6 of 10 https://doi.org/10.1073/pnas.2205619119 pnas.org
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correlated our experimental data on the monooxygenation reac-
tion to QM/MM and QM-only (i.e., QM-cluster calculations
on top of the QM/MM-optimized structures) calculations to
evaluate the reaction steps following the formation of the ter-
nary intermediate (Ty/O,/4-COOCH;) and toward the aro-
matic ortho-hydroxylation of the bound substrate. Starting
from the newly defined structure of 1P (Fig. 3), we systemati-
cally assessed reaction steps by obtaining intermediates and
thelr correspondmg TSs along 1) O-O bond cleavage of the
p-n’m’-peroxide, 2) substrate deprotonanon via cleavage of its
O-H bond, 3) substrate monooxygenation via C,,;,-O bond
formation, and 4) substrate coordination via Cua-Ojgypserate
bond formation.

Direct ortbo—hydroxylatlon of the protonated substrate in 1P
by the p-n’n’-peroxide or bis-p-oxo (after O-O cleavage)
exhibit high-energy barriers (>25 kcal/mol, SI Appendix, Fig.
§16), indicating that the hydroxylation step must be preceded
by deprotonation of the bound substrate. While in section 2.4
(and SI Appendix, section 2.5.2) we determined that the previ-
ously proposed proton-acceptor active-site residues show low
basicity (Glu182/Asn191/W3 for 3P and His63 for 4P in Fig.
3, Table 1, and ST Appendix, section 2.5.2), the Cu,O, core is

a plausible H-acceptor site, particularly in its bis-p-oxo form.
Indeed, a two-dimensional (2D) scan along the cleavage of
both the peroxide O-O and the substrate O-H bonds (Fig. 4B)
shows a low TS barrier (+7.0 kcal/mol) for O-O cleavage,
enabling fast H" transfer (along with 0.6 electron spin density;
SI Appendix, Table S2) to form a p-oxo-p-hydroxo dicopper
intermediate (20 in Fig. 44) of reasonable thermodynamic sta-
bility (+1.5 kcal/mol). Comparison of the QM/MM reaction
coordinates between 1P and 2P reveals that the H-bonding inter-
action between the substrate hydroxyl group and the p-n’n’-
peroxide in 1P stabilizes not only the reactant state (by +5.1
kcal/mol) but also the resulting 20 intermediate (by +7 kcal/
mol; SI Appendix, Fig. S18). Thus, in the ternary intermediate,
the H- bondmg interaction between the protonated substrate and
the p-n’m>-peroxide enables the efficient cleavage of the p-n*:
n*-peroxide O-O bond and enhances H*'* transfer to the
Cu,0, core, making the resulting 20 intermediate thermody-
namically accessible.

In 20, the substrate orth0-C is oriented toward the nonproto-
nated pi-oxo of the Cu,™(O)(OH) intermediate, while its phe-
nolate O-atom is oriented toward Cu, (Fig. 54). From 20, a 2D
scan for the concerted formation of the C-O and Cup-Oppenolate

A
20 -
= J
£ 90 4 TS1
® . —
e‘?’ | 1P ____-—-“ (7.0)
> 0 —
> (0.0)
m -
[=
w .10
-20 -
B
Energy Energy
[kealimol] [kcalimol]
20 20
15 10
10 0
5 -10
0 |20

Fig. 4. Experimentally supported QM/MM mechanism of the key steps in the monooxygenase reaction of Ty. (A) The calculated reaction coordinate with
energies and structures for the key intermediates and TSs. The Cu,0, core and the bound 4-COOCHj; substrate are shown as sticks, the first-coordination
His residues are shown as lines, and all other atoms are omitted for clarity. Energies are calculated as single points upon the QM/MM-optimized geometries
at the TPSS/def2-TZVPD level of theory in a homogeneous dielectric continuum with e, = 8. (B and C) The 2D scans for the two steps in the monooxygenation
mechanism shown in A (reaction coordinates in B are Operoxide-Hphenolic aNd O-Operoxide and in C are Cphenol-Op-oxo @Nd CUA-Ophenolate) Performed at the

QM/MM/TPSS/def2-SVP level of theory.
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Fig. 5. Overview of the Cu,0, chemistry in (A) Ty (from this study) and (B) model complexes.

bonds (Fig. 4C) shows a TS barrier of +14.1 kcal/mol to generate
the thermodynamically favorable intermediate 30 (—18.7 kcal/mol),
where the ortho-hydroxylated substrate is bridging the
Cu,"(OH) core (Fig. 44). In this QM/MM-calculated mecha-
nism, the TS (+14.1 kcal/mol) of the RLS is along the hydroxyl-
ation step, where the flexible Cu,"™™(0)(OH) core moves toward
the bound substrate to initiate the nonprotonated p-oxo attack
on the 07th0-C concomitant with phenolate coordination to Cua.
It should be noted that unlike previous proposals (24), the phenolic
proton remains on the Cu,O, core, as transfer to the nearby
dissociated axial histidine of Cuy, is thermodynamically unfavorable
along the entire monooxygenation reaction (S/ Appendix, section 2.
5.2). Our calculations also indicate that the native substrate,
L-tyrosine, follows a very similar (kinetically and thermodynami-
cally) monooxygenation reaction coordinate (S7 Appendix, Fig. S19)
to the one for the slow 4-COOCHj substrate (Fig. 54).

The reaction coordinate in Fig. 54 was further evaluated by
correlating the QM/MM-derived TS for the RLS with the experi-
mental kinetic parameters obtained from the single-turnover
monooxygenation reaction of oxy-Ty with 4-COOCHj3; from sec-
tion 2.2. First, the experimental TS barrier of the RLS (AH]IECXP =
+10.3 +0.7 kcal/mol) is in reasonable agreement with the reac-
tion coordinate in Fig. 4 (AE* . = +14.1 keal/mol, AH* . =
+11.4 keal/mol) and is significantly lower than the corresponding
barriers of other possible reaction coordinates (SI Appendix,
section 2.5.1). Second, the experimentally observed small normal
solvent KIE on 4, (1.5 + 0.1) is closely reproduced by QM-
frequency calculations (calculated solvent KIE = 1.3; ST Appendix,
Materials and Methods, section 1.2.7). Third, the lack of an experi-
mentally observed inverse secondary KIE upon ortho-C-H/D
substitution (1.05 + 0.05) is in agreement with QM-frequency
calculations (calculated secondary KIE = 1.0; SI Appendix,
Materials and Methods, section 1.2.7) and is consistent with the
small amount of sp> character of the 077h0-C center in the struc-
ture of the TS of the RLS (TS2 in Fig. 44). Together, our experi-
mentally supported QM/MM calculations provide critical insights
into the two key steps in the monooxygenation reaction mecha-
nism of Ty, where the p-n’n’-peroxide O-O bond cleaves to
accept the phenolic proton from the substrate, followed by coordi-
nation of the substrate phenolate to Cua concomitant with the
ortho-hydroxylation of its aromatic ring by the nonprotonated

p-oxo of the Cu,(O)(OH) core.

8 of 10 https://doi.org/10.1073/pnas.2205619119

3. Discussion

In this study, we have trapped and spectroscopically characterized
the elusive catalytic ternary intermediate (Ty/O,/monophenol) in
the monooxygenation reaction of Ty. Correlation of our spectro-
scopic results to QM/MM calculations reveals the geometric and
electronic structure of this ternary intermediate (1P in Fig. 3).
The preservation of the p-n*n’-peroxide Cu',0, core in this
intermediate disproves previous proposals for conversion to a
bis-p-oxo Cu'™,0, isomer upon substrate binding (20, 33).
Importantly, the substrate binds fully protonated (i.e., as a
monophenol) and forms an H bond to the p-n*n*-peroxide of
the Cu',O, core. Note that comparison of the active-site struc-
ture of 1P with that of the caddie protein bound to oxy-Ty
(Protein Data Bank [PDB]: 1WX2) (34) reveals that the caddie
residue Y98 is positioned similarly to the bound monophenol in
1P, and while not previously defined, it is likely to also be pro-
tonated and H-bonded to the p-n*n*-peroxide.

The substrate binding mode in 1P revises previous mechanistic
proposals (21, 24, 35), all invoking a deprotonated monopheno-
late substrate directly coordinated to a Cu site, and thus, our
study opens a framework for understanding the monooxygenation
reactivity of Ty. First, our results provide an answer to the highly
debated question regarding the identity of the proton acceptor
site, where the candidates previously considered include 1) a
second-sphere residue cluster (H,O/Glul182/Asn191) (22), 2)
one of the first-coordination sphere His residues (24), and 3) the
Cu",0, core to form a hydroperoxide (25, 36-38). Our results
indicate that H* transfer to any of these active-site residues is
not thermodynamically favorable (Table 1 and S/ Appendix,
section 2.5.2), and it is, in fact, the p-n*n*-peroxide that cleaves
its O-O bond to accept the H'® from the bound substrate. This
H*'* transfer is facilitated by the direct H-bonding interaction
between the p-n’n’-peroxide and the substrate hydroxyl group
in 1P and is enabled by the attack of the Cu,O, peroxide c*
unoccupied fronter molecular orbital on the highest occupied
molecular orbital of the phenolic substrate (SI Appendix, Fig.
§20). Second, the RLS of the monooxygenation reaction involves
the concerted coordination of the monophenolate substrate to
Cu, with the formation of the C-O bond via the attack of the
nonprotonated p-oxo of the Cu,y(O)(OH) core on the ortho-C
of the substrate (Fig. 44). During this step, Cuy moves by
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1.6 A, dissociating from its axial histidine and coordinating the
monophenolate substrate that is bound in the protein pocket,
consistent with the plasticity of Cua observed in previous crystal-
lographic studies (15, 24, 39).

The monooxygenation reaction mechanism defined in this
study (Fig. 5A4) accounts for the results of previous mechanistic
studies of Ty and integrates the diverse reactivities of Cu,O,
model complexes toward monophenols or monophenolates
within the blologlcal context of the CBC enzymes. Thls study
extends the facile i 1nterconver510n between the p-n*:n*-peroxide
Cu",0, and bis-p-oxo Cu™,0, isomers (Flg 5B, Top) (18)
beyond model complexes to the Ty active site, where in the
enzyme, this interconversion is coupled to H*'* transfer from
the bound substrate to the Cu202 core (Fig. 54, red arrow).
Note that H® transfer to the p-n*:n*-peroxide/bis-p-oxo is also
observed in the reaction of monophenols with [Cu,O,]**
model complexes (Fig. 5B, red box), which also exhibit small
normal solvent KIE values (40). However, unlike model com-
plexes, Ty provides protein pocket interactions that stabilize
and orient the bound monophenolic substrate (Fig. 3) toward
productive monooxygenation, rather than cage escape and phe-
noxyl radical coupling. The monophenolate coordination of
the Cu center coupled to C-O bond formation in the RLS of
the enzymatic monooxygenation reaction (Fig. 54, blue arrow)
is also observed in the reaction of Cu,O, model complexes
with monophenolate substrates (Fig. 5B, blue box) (20). How-
ever, in model complexes, this reaction step involves a Cu,O,
core with or without substrate coordination, while in Ty, it
involves a protonated Cu,(O)(OH) species (Fig. 4).

An interesting consideration in the above reaction steps is
the degree of concerted versus sequential two-electron transfer
(ET) from the monophenolic substrate to the Cu,O, core,
leading to an electrophilic aromatic substitution (EAS) versus
radical-coupling description, respectively. Our QM/MM calcu-
lations describe the monooxygenation mechanism as more
sequential, where proton-coupled ET is followed by partial rad-
ical coupling (Fig. 4). Previous studies have argued for an EAS
mechanism (28) based on the similarity of the Hammett linear
free-energy dependence of the steady-state kinetic parameters
for the reaction of Ty with monophenols (p = —2 4) with
those for the EAS of monophenolates by p-n*n’-peroxide
Cu',0, model complexes (p = —1.8). However, we find that
the Hammett plot for the steady-state kinetics is different from
that for the pre—steady—state/stngle turnover monooxygenatton
(S[Appendzx, Fig. S21), which is up to %10 faster. Additional
investigations are under way to determine the RLS step under
steady-state conditions, as well as the concertedness of ET.
Importantly, the insights from this study define the key reac-
tion steps of the monooxygenatlon mechanism of Ty, where
the O-O bond of the p-n*n’-peroxide Cu,O, breaks to accept
the phenolic H*'®, followed by attack of the nonprotonated
p-oxo on the 0rtbo—C(sp ) of the substrate, leading to formation
of the Cuxs-O (phenolate) and C-O bonds via EAS/radical cou-
pling (Fig. 5A4).

Overall, by trapping the elusive catalytic ternary (Ty/O,/
monophenol) intermediate and defining its geometric and elec-
tronic structure, this study elucidates the key steps in the mono-
oxygenation reaction of Ty. This mechanism unifies the diverse
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Cu,0, model complex chemistry with the CBC enzymatic reac-
tivity in biology. The mechanistic insights from this study are
of broad fundamental interest in catalysis for controlled O, acti-
vation via incorporation of CBC sites into the ligand scaffolds
of small model complexes or extended solids, such as the highly
reactive Cu zeolites (41) and the highly modular metal-organic
frameworks (42). Furthermore, the molecular-level description of
the substrate-enzyme interactions for the RLS in melanin biosyn-
thesis presents critical information for ongoing synthetic efforts
toward designing effective Ty inhibitors (43) and Ty-activated
prodrugs (44). More broadly, defining the mechanistic require-
ments of enzymatic monooxygenation serves as the key reference
for correlating the diverse reactivities among other members of
the CBC protein family, including CaOxs, which can oxidize
o-catechols to o-quinones but lack monooxygenase reactivity, and
the recenty discovered o-aminophenol oxidases, which are able
to monooxygenate both monophenols to catechols and ¢-amino-
phenols to ¢-nitrosophenols (3, 45, 46). Further mechanistic and
spectroscopic investigations into the CaOx and hydroxyanilase
reactions are under way to elucidate how nature controls O,
activation and reactivity in CBC active sites.

Materials and Methods

The protein expression, purification, and redox-sensitive anaerobic preparation
of Ty from S. glaucescens, as well as the computational protein model setup,
were performed following the methodology we previously reported (26). SF-Abs
spectra were collected using a SX.19 Applied Photophysics instrument placed in
an anaerobic glovebox, and rR spectra were collected using 351-nm excitation
(Innova Sabre Ar+ laser, 20 mW, 77 K). In the QM/MM calculations, the QM
part employed density functional theory (mostly TPSS-D3 functional, recently cali-
brated in CBC model complexes) (47), the MM part employed the Amber ff14SB
force field, and the standard hydrogen link-atom approach (subtractive scheme)
with the electrostatic embedding was employed as the QM/MM coupling.
Detailed information on reagents and instrumentation, experimental setups,
sample preparations, and spectroscopic and computational QM/MM methods
are provided in S/ Appendix, Materials and Methods.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information, with cartesian coordinates for all com-
putational models provided in Dataset S1.
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ABSTRACT: Tyrosinase is a ubiquitous coupled binuclear copper enzyme that activates O, toward the regioselective
monooxygenation of monophenols to catechols via a mechanism that remains only partially defined. Here, we present new
mechanistic insights into the initial steps of this monooxygenation reaction by employing a pre-steady-state, stopped-flow kinetics
approach that allows for the direct measurement of the monooxygenation rates for a series of para-substituted monophenols by oxy-
tyrosinase. The obtained biphasic Hammett plot and the associated solvent kinetic isotope effect values provide direct evidence for
an initial H-transfer from the protonated phenolic substrate to the Cu,O, core of oxy-tyrosinase. The correlation of these
experimental results to quantum mechanics/molecular mechanics calculations provides a detailed mechanistic description of this H-
transfer step. These new mechanistic insights revise and expand our fundamental understanding of Cu,O, active sites in biology.

C oupled binuclear copper (CBC) active sites are found in
a diverse set of catalysts, ranging from native and artificial
metalloenzymes to heterogeneous materials, including zeolites
and metal—organic frameworks.'™* These CBC sites have
attracted significant interest, as they activate O, to catalyze a
wide array of challenging oxidative transformations. In biology,
the prototypical O,-activating CBC enzyme tyrosinase (Ty)
catalyzes the regioselective hydroxylation of para-substituted
monophenols to catechols, including the conversion of L-
tyrosine to L-3,4-dihydroxyphenylalanine (L.-DOPA), which
constitutes the initial step in melanin biosynthesis across a
wide range of organisms from soil bacteria to humans."” In its
fully reduced form (deoxy-Ty; center panel in Figure 1), its
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Figure 1. Catalytic cycle of Ty with the proposed mechanisms for
monophenol monooxygenation by oxy-Ty (outlined with a gray box)
from previous studies (left side) and our recent work (right side)."”
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dicopper(I) active site binds and activates O, to form a well-
characterized pu-n*:n*-peroxide dicopper(Il) intermediate (oxy-
Ty; Figure 1)°7'" that regioselective hydroxylates para-
substituted monophenols to catechols. Then, it returns to its
resting bicupric form (met-Ty), which can further oxidize
catechols to quinone, thus completing the catalytic cycle
(Figure 1)." Despite extensive investigations,"' " key aspects
of this monooxygenation mechanism remain a subject of
debate. ¢!

The most commonly invoked mechanism for Ty involves Cu
coordination of the monophenolate substrate, followed by
electrophilic aromatic substitution (EAS) by the pu-n%:7*-
peroxide dicopper(II) or its bis--oxo dicopper(Ill) isomer
(Figure 1, left). This was based on the similar Hammett plot
parameters (p ~ —2.0) between the steady-state monophenol
monooxygenation rates of Ty'"** and the observed rates for
monophenolate monooxygenation by synthetic p-n*:#>-per-
oxide dicopper(II) model complexes.”>** Under physiological
conditions (pH ~ 7), the enzymatic monooxygenation
mechanism requires an initial deprotonation step for the
monophenol substrate (pK, ~ 10); however, the identity of
such a proton acceptor site (labeled as “B” in Figure 1, left) has
remained elusive and a subject of debate.””™"” We recently
cryo-trapped and spectroscopically characterized the catalytic
ternary intermediate (enzyme/O,/monophenol; 1P in Figure
1, right) of Ty from Streptomyces glaucescens, where the
substrate bound to oxy-Ty protonated as a monophenol H-
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Figure 2. (A) Time-dependent stopped-flow absorption spectra for the reaction of deoxy-Ty (15 uM) with an O,-containing solution of 4-
bromophenol (0.4 mM) in a borate buffer (0.5 M, pH = 9.0, 4 °C); inset shows the 345 and 500 nm traces associated with oxy-Ty/ternary decay
and the quinone product formation, respectively. (B) Dependence of kg, from the decay of the 345 nm feature shown in (A) with increasing 4-
bromophenol concentration and fit (solid line; fit is based on the kinetic model shown on top). (C) Hammett plot for the monooxygenation
reaction. The linear fits for the two regions (¢,* < 0 and 6,* > 0)*° are shown as dashed lines, with the primary (purple circles) vs secondary

P

(yellow circles) SKIE values for five substrates included (rates and SKIE values are given in Table S1; an extended Hammett analysis is shown in

Figure S2).

bonded to the u-n*n*peroxide'” by displacing active-site
waters and replacing their H-bonds to the p-n*:>-peroxide
(Figure 1).® The structure of this catalytic ternary intermediate
opens a new mechanistic possibility, where the O—O bond of
the p-n*:n*-peroxide cleaves to accept the phenolic H* (with
some electron transfer), followed by phenolate coordination to
Cu concomitant with C—O bond formation (Figure 1, right)."”
A key experimental finding from our previous study'” was that
the monophenol monooxygenation rate of Ty measured in pre-
steady-state conditions was ~2—3 orders of magnitude faster
than its steady-state turnover rate; this result indicates that
previous studies based on steady-state rate Hammett plots
likely reflect a different rate-limiting step and are thus not
relevant to the monooxygenation mechanism of Ty.'"'?**

As we previously demonstrated, the stopped-flow mixing of
deoxy-Ty with an O,-containing solution of monophenol
results in the fast formation of an intense 345 nm absorption
feature corresponding to the p-n’:#p*-peroxide dicopper(Il)
active site that is present in both oxy-Ty and the ternary
intermediate, which are in a rapid equilibrium.'” This 345 nm
feature subsequently decays at a first-order rate (ky,, Figure 2A
inset) with the concomitant and near stoichiometric formation
of the monooxygenation product(s) (ie, catechol and/or
quinone, with their ratio determined by the difference between
the rates for catechol dissociation versus oxidation by met-Ty
for a given substrate; see Scheme S1). In this study, the kg,
values were obtained for a series of monophenol substrates
with different para-groups at increasing substrate concen-
trations. The k_,, values for all monophenols exhibit saturation
with increasing substrate concentration (Figure 2B), which
allows for the determination of their respective substrate
dissociation constant (K;) and the monooxygenation rate
constant (k,). The dependence of the k, values on the
electron-donating ability of the monophenol para-groups
(reflected in their o," values)™ is presented in the Hammett
plot (Figure 2C). For monophenols with electron-withdrawing
groups (EWGs), their log;o(k,) values increase linearly with
increasing electron density on the aromatic ring (p6p+>0 =
—7.94). However, for monophenols with electron-donating
groups (EDGs), their log;o(k,) values are only weakly
dependent on the para-group (p,,'<o = —0.25). This biphasic
substrate dependence of log;y(k,) is further reflected in their
strikingly different solvent kinetic isotope effect (SKIE) values
for k,. We previously reported that the monooxygenation rates
for monophenols with EWGs (4-hydroxybenzamide, 4-

22867

CONH,; methyl 4-hydroxybenzoate, 4-COOCH;) exhibit
small secondary SKIE values (1.5—1.6; Figure 2C, yellow
circles) that are associated with the C—O bond formation step
(20 - 30 in Figure 1, right).12 In this study, we report that,
unlike monophenols with EWGs, the monooxygenation rates
for monophenols with EDGs (4-bromophenol, 4-methyl, 4-
methoxyphenol) exhibit large primary SKIE values (>S.0;
Figure 2C, purple circles; Table S1). Note that, (i) as found in
our previous study for 4-COOCH;,'> monophenols with
EDGs (4-H and 4-OCH;) did not exhibit a C—H/D KIE on k,
(Table S1), and (ii) the Eyring plots for 4-Br and 4-COOCHj,
show that AG* and AH* decrease with increasing electron
donation, consistent with their measured k, values, while a
similar decrease in AS" is observed for both substrates (Figure
S4).

Taken together, this biphasic substrate para-group depend-
ence of both the rate constants (Hammett plot) and the SKIE
values of the monooxygenation reaction suggests a significant
change in the nature of the rate-limiting transition state (TS)
of the monooxygenation reaction upon tuning the electron-
donating ability of the substrate para-group. In the
monooxygenation of monophenols with EWGs, the secondary
SKIE values suggest that their rate-limiting TS is after the H-
transfer and O—O cleavage step, while their strong k,
dependence on o," suggests that this involves the aromatic
hydroxylation step (since a positive charge builds up on the
substrate). Conversely, in the monooxygenation of mono-
phenols with EDGs, the large primary SKIE values combined
with the weak dependence of their k, values on 6," indicate
that their rate-limiting TS involves the transfer of the phenolic
H atom. The detailed mechanistic description of this H-
transfer with respect to whether this is a fully concerted H
atom transfer (HAT; the electron (e”) and H* transfer
together as a H atom in a single elementary step) or a more
sequential proton-coupled electron transfer (PCET; the e~ and
H" transfer, at least in part, at separate steps) process is
investigated below by correlating our experimental results to
electronic structure calculations.

Quantum mechanics/molecular mechanics (QM/MM) reac-
tion coordinate calculations for the monooxygenation of a
series of monophenols with different para-groups (from EWG
to EDG) by oxy-Ty were performed to generate the two-
dimensional (2D) potential energy surfaces (PESs) for the two
steps in our proposed monooxygenation mechanism (the 1P
— 20 and 20 — 30 steps shown on the right side of Figure 1,

https://doi.org/10.1021/jacs.3c07450
J. Am. Chem. Soc. 2023, 145, 22866—22870
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Figure 3. (A) Monooxygenation reaction coordinates for monophenols with different para-groups calculated from 2D PESs and performed at the
QM(TPSS-D3BJ/def2-SVP)/MM level of theory. Energies of the intermediates and transition states were calculated using single-point calculations
(TPSS-D3BJ/def2-TZVPD, ¢, = 8) of their QM/MM.-optimized geometries (see Figure S8 and Table S2 for additional functionals and free energy
corrections). (B) The 2D PESs for H-transfer and O—O cleavage for methyl 4-hydroxybenzoate (4-COOCHj;), 4-bromophenol (4-Br), and 4-
methoxyphenol (4-OCH;). The lowest-energy (more sequential) 1P — 20 path via TS1 is shown as a solid black line, and the fully concerted path
via TS1c (defined as the midpoint of the 1P — 20 path at O—O = 1.85 A and O—H = 1.25 A) is shown as a dashed black line. The electron spin
density on the monophenol substrate is reflected on the greyscale shading in the projection of the 2D scans.

with their 2D PESs shown in Figures 3B and S5). From these
2D PESs, we obtained the calculated energies for the key
reaction intermediates and TS barriers along the monooxyge-
nation reaction coordinates of different monophenols (Figure
3A). These computational reaction coordinates show that 20,
TS2, and 30 become increasingly stabilized with more EDGs,
while TS1 remains mostly unaffected. The different depend-
encies of TS1 and TS2 on the substrate para-group predict a
change in the rate-limiting step as the monophenol substrate
changes from having more EWGs (TS2 is rate-limiting) to
having more EDGs (TS1 is rate-limiting). This computation-
ally predicted trend is consistent with our experimental results
for the biphasic Hammett plot (Figure 2C).

An inspection of the calculated 2D PES plots shows that,
even though the TS1 energies are similar for different
substrates (Figure 3A), the H-transfer and O—O cleavage
reaction paths become increasingly more concerted for
monophenols with EDGs (see the trend for 1P — 20 (solid
black lines) from 4-COOCHj; to 4-OCH; in Figure 3B). In
fact, for the monophenol with the most EDG, 4-methox-
yphenol (4-OCH,, Figure 3B), attempts to optimize its bis-y-
oxo dicopper(Ill) intermediate (10) upon peroxide O—O
cleavage from the ternary intermediate (1P), result in
spontaneous H-transfer from the substrate to form 20 (e,
no stable 10 intermediate in Figure 3B). To evaluate whether
a more concerted reaction path would reproduce our
experimental results (and, in particular, the large primary
SKIE values for EDGs in Figure 2C), structures from the PES
corresponding to the TS for the fully concerted O—O cleavage
and H-transfer reaction were examined (labeled TS1c in Figure
3B). These structures were subjected to a constrained search to
obtain approximations of the TS for the fully concerted path
with respect to H-transfer and O—O cleavage (dashed lines in
Figure 3B). These concerted TS1c exhibited the following: (i)
weak energy stabilization with more EDGs (by 1.1 kcal/mol
over the EDG range), (ii) predominant proton transfer with
only 20—40% concomitant electron transfer (Table S4), (iii)
large predicted SKIE values (>5.0, Table S3), and (iv) free
energies in reasonable agreement with their respective
experimental barriers from k, (see Table S2 and Figure S8
for AE and AG for different functionals). This concerted
description of the O—O cleavage and H-transfer step is fully
consistent with our experimental results for EDGs (see the

Hammett plot and substrate dependence of SKIE in Figure
2C), and in fact, their large SKIE values are consistent with a
more synchronous PCET process.”’ This analysis reveals that,
although our computational approach reproduces the general
trend of energy barriers with increasing EDGs, it appears to
underestimate the concertedness at TS1, which more broadly
underscores the importance for the experimental evaluation of
computational reaction coordinate predictions.

The results of this study provide direct evidence of a H-transfer
step from the monophenol to the p-1*:n*peroxide of oxy-Ty.
In fact, the monooxygenation rates of monophenols with
EDGs are strongly dependent on the phenolic proton isotope
(SKIE values >5) but are only weakly dependent on the
electron-donating ability of the para-group (o,"). Consistently,
their TS1c barriers correlate linearly with their corresponding
O-H bond dissociation free energies (R* = 1.0, Figure S3).°

Importantly, this newly established H-transfer step initiates a
monooxygenation mechanism (Figure 1, right) that is
fundamentally different from previous proposals, which invoke
coordination of a deprotonated monophenolate substrate to a
Cu(II) or Cu(III) site (Figure 1, left).”**

Unlike Ty, the reactions of the u-i*:n*-peroxide dicopper(II)
and bis-p-oxo dicopper(Ill) model complexes with mono-
phenols do not lead to productive monooxygenation; instead,
they lead to the generation of phenoxyl radicals that C—C
couple due to the absence of the protein pocket substrate cage
effect on the phenoxyl radical.’ Despite the difference in the
reaction outcome, phenolic H-transfer to the Cu,O, site is
observed in both Ty (from this study) and these model
complexes.”” However, the former is described as varying from
PCET to HAT with increasing EDGs (Figure 3B), while the
latter is described as a sequential electron-transfer/proton-
transfer (ETPT) process. In addition to the differences in the
solvation and [Cu,0,]** one-electron reduction potentials
between Ty and these model complexes,™ their mechanistic
difference in H-transfer likely reflects the different interactions
between the monophenol substrate and their Cu,O, sites.
Indeed, in Ty the monophenol substrate forms a well-defined
ternary intermediate with a specific H-bond between the
monophenol and the u-n*n’-peroxide (Figure 1, right),
offering a favorable path for H-transfer,'”” while the model
complexes follow a bimolecular reaction with monophenols
that lacks any preorganized interaction for facile H-transfer.
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In summary, this study (i) shows that the rate-limiting TS of
monophenol monooxygenation in Ty is tuned by the substrate
para-group (TSI for EDGs versus TS2 for EWGs; see Figure
3A) and (ii) provides direct experimental evidence and a
detailed mechanistic description of the phenolic H-transfer to
the peroxide of the u-7*:7*-Cu(Il),(0,*”) site of oxy-Ty.
Together with our 1previous study on the subsequent aromatic
hydroxylation step, ~ our results define a complete mechanistic
framework for the monophenol monooxygenation reactivity of
oxy-Ty, which is fundamentally different from previous
proposals and revises our understanding of O, activation and
reactivity in biological CBC sites."””'” These new mechanistic
insights into the monooxygenation reaction of oxy-Ty provide
the basis for understanding the elusive structure—function
correlations between the different families of CBC en-
zymes,'®'”*° as well as for engineering CBC active sites in
de novo enzymes® and homogeneous and heterogeneous
catalysts, >3
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