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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: n’m —peromde 0O-O bond. Formation of this ternary inter-
mediate involves the displacement of actlve-snte water molecules by the substrate and
replacement of their H bonds to the p:m*m —per0x1de by a single H bond from the sub-
strate hydroxyl group. This H- bondlng interaction in the ternary 1ntermed1ate enables
the unprecedented monooxygenation mechanism, where the p-n*m*-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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Significance

Melanins are ubiquitous
photoprotective biopolymer
pigments with major implications
ranging from fruit browning to
severe human diseases, including
skin cancer. Tyrosinase, the
enzyme catalyzing the rate-limiting
step in melanin biosynthesis is
thus an important
biotechnological and therapeutic
target. Tyrosinase contains a
coupled binuclear copper active
site that binds dioxygen to form a
p-n%nZ-peroxide dicopper(ll)
intermediate (oxy-tyrosinase)
which is activated toward the
regioselective aromatic
monooxygenation of para-
substituted monophenols via a
poorly defined mechanism. Here,
we have employed spectroscopic,
kinetic, and computational
methods to trap and characterize
the elusive catalytic ternary
intermediate formed upon
monophenol binding to oxy-
tyrosinase and elucidate the
mechanism of the subsequent
monooxygenation reaction. This
study provides unprecedented
molecular-level insights into the
rate-limiting step in melanin
biosynthesis.
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(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-n%n>-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

Sl Appendix, Scheme S1.

residues, in close proximity to each other (<5 A; Fig. 1B) (3).
During the catalytic cycle, the p-hydroxo dicopper(I) active
site of the resting enzyme (met-Ty) oxidizes catechols to ortho-
quinones and is reduced to its dicopper(I) 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 reactivides (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™ ' M7, €650nm ~1,000 cm™' M™Y) 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(II) centers result in its intense
high-energy charge-transfer (CT) band (16), while the back-
bonding interaction with the p-n*n’-peroxide is responsible for
its relatively low O-O stretching frequency (~740 cm 1Y) (17).
While oxy-Ty unambiguously has a p-n*:n*-peroxide dicop-
per(Il) active site (3), model complex studies have demon-
strated that such species can be in an equilibrium with their
bis-p-oxo dicopper(Ill) 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
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(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 CuyO, 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 (SI 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 (57
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. 2A).

The above results indicate that the single-turnover efficiency
of the borate-based kinetic scheme (Fig. 1) 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 (k3). 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 (K;3). Finally, the competitive inhibition of the gener-
ated met-Ty by the high excess of the para-substituted monophe-
nolic substrate (K;; in S/ 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-COOCHS; 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-COOCH; 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-COOCHj; concentrations, the instantaneous appearance of
the two absorption bands at 345 and 650 nm, corresponding
to the two characteristic peroxide—Cu(Il) CT transitions of
the p-n*n*-peroxide dicopper(Il) active site, indicates fast and
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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. 24). 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-COOCH3;) that forms via the fast and
reversible binding of the monophenolic substrate to oxy-Ty
(K;=13 mM; Fig. 1) and decays via the slow and irreversible
monoox?rgenation reaction to form the catechol product (b, =
0.56 s~ °; Fig. 10). The fast and reversible binding (4,,) and
dissociation (k,7 of the monophenolic substrate to oxy-Ty is
supported by the substrate concentration-dependent saturation
of k.4, 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-COOCHj; 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-COOCHj; 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(lI) 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-p-oxo dicopper(Ill) active site in the
ternary intermediate of Ty, as none of the characteristic absorp-
tion features for the oxo—Cu(Ill) and phenolate—Cu(Ill) 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 (SI Appendix, Fig.
S74), 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(II),O, core in the ternary intermediate were obtained
by higher-resolution spectroscopic investigations (section 2.3).
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Fig. 2. Kinetic and spectroscopic definition of the ternary intermediate (Ty/O,/4-COOCH;). (A) SF-Abs spectra of the reaction of oxy-Ty (20 pM) with
4-COOCH;s (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-COOCH3 (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 (Dyy) that are resonance
enhanced with excitation of the peroxide(r*,)—Cu" CT. (F and F) rR spectra (351-nm laser excitation) of oxy-Ty and the ternary intermediate (Ty/O,/4-
COOCH;) 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 O,-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-  that the substrate binds to oxy-Ty as a monophenol, and further
gations of the reactivity of the ternary intermediate by probing  suggests that the bound substrate remains fully protonated in
the monooxygenation step (k) following the binding of the  the ternary intermediate. Second, the reaction of oxy-Ty with
monophenol substrate to oxy-Ty. First, upon solvent iso-  the dideuterated (in both ortho positions to the hydroxy group)
topic substitution (H,O/D,0), the reaction of deoxy-Ty with ~ 4-COOCHS; substrate does not exhibit an inverse secondary
4-COOCH]3; in Oj-saturated borate buffer exhibits a small nor- KIE on k; (or an equilibrium isotope effect on Kz SI Appendix,
mal solvent kinetic isotope effect (KIE) of 1.5 + 0.1 on 4, (Fig.  Fig. S7C) indicating that in the TS of the RLS, the ortho-C cen-
2B). Since the geometric structure of the oxy-Ty active site is  ter (to be hydroxylated) retains a significant amount of its sp
not perturbed upon solvent deuteration (27), the observed sol-  character, since a small inverse KIE is expected for a fully C(sp®)
vent KIE likely reflects the participation of one or more  Tg (30). Third, the Eyring plot for the temperature dependence
exchangeable protons in the transition state (TS) of the RLS,  4f 4 in the reaction of oxy-Ty with 4-COOCH; provides the
clearly implicating the phenolic substrate proton in the monoox- enthalpic ( AH* = +10.3 + 0.7 keal/mol) and entropic ( ASE —
ygenation reaction mechanism. This is fully consistent with our —0.023 + 0.003 kcal/mol*K) components of the RLS in the
pH dependence results (S Appendix, Fig. S7A), demonstrating monooxygenation reaction (SI 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;3)
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;3; (10 mM), respectively, and their rR spectra were
collected with 351-nm laser excitation into their high-energy
peroxide(m* o)—Cu" CT band (Fig. 20). The rR spectrum of
oxy-Ty exhibited the characteristic resonance-enhanced peaks
associated with the p-n’m’-peroxide dicopper(H) vibrational
modes (Fig. 2 D; blue/purple spectra in Fig. 2 F and F and
Figs. S94 and S11) (31). These modes include 1) the Cu-Cu
(Ag) stretch at 280 cm™' (A0, < =2 em™Y), 2) the weak
Cu- N(His) modes in the 290- to 360-cm™" region (A0, <
—2 cm™Y), 3) the peroxrde O-O (A,) stretch at 739 cm -1
(A0, = —40 cm™ "), and 4) the intense first overtone of the
Cu-O (Bs,) mode at 1,078 cm ™' (A'®0, = —51 ecm™ "), 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 1R 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-n”n’-peroxide dicopper(Il)
active site (S/ Appendix, Fig. S9A, insert). Comparison between
the corrected (for baseline, buffer, and speciation) and intensity-
renormalized 1R spectra of oxy-Ty and the ternary intermediate
reveals the spectral changes due to interactions between the p-n’:

perox1de dicopper(II) core and the bound substrate (Fig. 2 E
and Fand SI Appendix, Fig. S9). These include 1) a3+2cm
increase of the O-O (A,) stretch; 2) a 24 + 6 cm™ ! increase of the
first overtone of the Cu-O (B3,) stretch, indicating a 12 + 3 cm™
increase in the corresponding fundamental mode; and 3) no sig-
nificant change (<+2 cm™ 1 in the Cu-Cu and Cu-N(His)
modes. Note that upon solvent deuteration and within our s1g—
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*n’-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 Streptomyces castaneoglobisporous (Fig. 1B; 100%
active-site homology with S. glaucescens), which contains H-bonding
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4-COOCH,
/ His194
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] N
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I \=
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His63 W/ =
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o T |
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-~
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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-COOCHj5; 1P
to 5P). Key active-site residues and the bound substrate (4-COOCHs) are shown as sticks, the Cu sites and the p—qz:nz—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’*m’-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 Cuy, (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 OgpserareCua
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

(S 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
Glu182 (3P in Fig. 3), QM-frequency calculatlons 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 (430 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*-peroxide (1P)
most closely reproduces both the observed UV-vis absorption
(SI Appendix, Fig. S14) and the rR spectra (along with their '/
180, 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 (SI 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 hydration
levels, number/strength of water H bonds to the p-n’*m>-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
dlsplaced and their direct H-bonding interactions with the
p-ntm? -peroxide (r[Ow;-O,] = 3.1 A, r[Ow,-O,] = 2.8 A)
are replaced by a single moderate H bond from the hydroxyl
group (r[Ogupseracc-O1] = 2.7 A). The mechanistic implications
to the monooxygenation reaction that arise from this unprece-
dented substrate bmdmg 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-'03)/A(D,0-H,0) spectra for Relative
ternary and energy’
Cu-Cu (Ag) Cu-O (Bsuw) 0-0 (Ag) Cu-Cu (Ag) Cu-0O (Bsy) 0-0 (Ag) oxy-Ty* (kcal/mol)
Exp. 0+2 +12 £ 3 +3+2 0+2/0+x2 -29+6/0+6 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 e, = 8.
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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-COOCH3) 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
their corresponding TSs along 1) O-O bond cleavage of the
p-n*:n’-peroxide, 2) substrate deprotonation via cleavage of its
O-H bond, 3) substrate monooxygenation via C,,,;,,-O bond
formation, and 4) substrate coordination via Cua-Ogypserace
bond formation.

Direct ortho-hydroxylation 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.
S16), 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 S Appendix, section 2.5.2), the CuyO, 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. 45)
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-pi-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 keal/
mol; SI Appendix, Fig. S18). Thus, in the ternary intermediate,
the H-bonding interaction between the protonated substrate and
the p-n*n*-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 072ho-C is oriented toward the nonproto-
nated p-oxo of the Cu,(O)(OH) intermediate, while its phe-
nolate O-atom is oriented toward Cuy (Fig. 5A4). From 20, a 2D
scan for the concerted formation of the C-O and Cua-Ophenolace
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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 ¢, = 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 € are Cphenol-Oy-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 4+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 (4+14.1 kecal/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 (S/ Appendix, Fig. S19)
to the one for the slow 4-COOCH; 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-COOCH; from sec-
tion 2.2. First, the experimental TS barrier of the RLS (AHic,(p =
+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 Cus concomitant with the
ortho-hydroxylation of its aromatic ring by the nonprotonated

p-oxo of the Cu,(O)(OH) core.
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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/Glul82/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 frontder 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
Cuy, with the formation of the C-O bond via the attack of the
nonprotonated p-oxo of the Cuy(O)(OH) core on the ortho-C
of the substrate (Fig. 4A4). During this step, Cus 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 Cuy 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 mterconverswn 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,0,)*F
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 CuyO, 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*mn*-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/smgle turnover monooxygenatlon
(81 Appmdzx, Fig. S21), which is up to x10° 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 ortho—C(sp ) of the substrate, leadmg to formation
of the Cuxs-O (phenolate) and C-O bonds via EAS/radical cou-
pling (Fig. 5A).

Overall, by trapping the elusive catalytic ternary (Ty/O,/
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