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Background: Peptidylglycine a-hydroxylating monooxygenase catalyzes the generation of C-terminal carboxamides of
peptide hormones, neurotransmitters, and growth factors for biological activation.

Results: We compare several possible reaction mechanisms by means of quantum mechanics/molecular mechanics calculations.
Conclusion: Our results suggest that the most likely abstracting species is [CuUOOH]**.

Significance: Our computational study proposes a new mechanism, which explains the experimental observations.

Peptidylglycine a-hydroxylating monooxygenase is a nonin-
teracting bicopper enzyme that stereospecifically hydroxylates
the terminal glycine of small peptides for its later amidation.
Neuroendocrine messengers, such as oxytocin, rely on the bio-
logical activity of this enzyme. Each catalytic turnover requires
one oxygen molecule, two protons from the solvent, and two
electrons. Despite this enzyme having been widely studied, a
consensus on the reaction mechanism has not yet been found.
Experiments and theoretical studies favor a pro-S abstraction of
a hydrogen atom followed by the rebinding of an OH group.
However, several hydrogen-abstracting species have been pos-
tulated; because two protons are consumed during the reaction,
several protonation states are available. An electron transfer
between the copper atoms could play a crucial role for the catal-
ysis as well. This leads to six possible abstracting species. In this
study, we compare them on equal footing. We perform quantum
mechanics/molecular mechanics calculations, considering the
glycine hydrogen abstraction. Our results suggest that the most
likely mechanism is a protonation of the abstracting species
before the hydrogen abstraction and another protonation as
well as a reduction before OH rebinding.

Copper-containing enzymes play a critical role in the ner-
vous system of mammals. These enzymes catalyze the genera-
tion of C-terminal carboxamides of peptide hormones, neu-
rotransmitters (e.g. oxytocin), and growth factors. Therefore,
these enzymes are targets of drug design for human diseases
such as autoimmune disorder, depression, or cancer.

Peptidylglycine a-amidating monooxygenase (PAM)? is a
bifunctional enzyme whose task is the post-translational C-ter-
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minal amidation of small peptides. Unexpectedly, the amida-
tion is not done by transferring an NH, group; nature’s clever
trick is the N-oxidative cleavage of a glycine-extended prohor-
mone instead. Many neuroendocrine messengers are small
peptides post-translationally amidated by PAM.

PAM contains two components, a monooxygenase and a
lyase, that are separated either by endoproteolytic cleavage or
independent gene expression (1, 2). The peptidylglycine a-hy-
droxylating monooxygenase (PHM; EC 1.14.17.3) is a bicopper
enzyme that hydroxylates the terminal glycine of small neuro-
logically active peptides, such as oxytocin, substance P, thyro-
tropin, and calcitonin (1, 2). The second part of PAM is peptidyl
a-hydroxylglycine-a-amidating lyase (PAL; EC 4.3.2.5), and
transforms the products of PHM into the final amidated pep-
tides and glyoxylate. PAL requires a metal center to function. It
may as well use other metals apart from copper (3). Fig. 1 shows
details of the reaction. Because of the relationship of some ami-
dated peptides with cell and tumor growth (2, 4, 5), inhibitors of
PAM have been proven to reduce the growth of tumors (4, 6).

The two copper atoms in PHM are noninteracting. They are
in two different subunits of the protein separated by a solvent-
exposed gap of 11 A (7). Both coppers are essential for the
protein to function (8), and they cycle through cupric and
cuprous oxidation states during the catalysis.

These coppers are denoted in literature as Cuy; and Cuy,
(sometimes Cu, and Cuy, respectively), due to their bonds to
neighboring amino acids. Cuy, is bonded to three histidine res-
idues (His-107, His-108, and His-172 in PHM from Rattus nor-
vegicus), whereas Cu,, is bonded to two histidines and one
methionine (His-242, His-244, and Met-314). In the crystal
structure of the precatalytic complex (7) Cu,, adopts a tetrahe-
dral coordination, with the methionine sulfur and histidine Ne
atoms at three of the coordination positions and one oxygen
atom from O, at the remaining one. Cuy; adopts a trigonal pla-
nar one, with N& of the three histidines at the three coordina-
tion positions (7). Molecular oxygen is bound to Cu,,, and the
substrate is located close to Cu,, as well, so this copper atom is
part of the reaction active site. The role of the other copper

dyl a-hydroxylglycine-a-amidating lyase; QM/MM, quantum mechanics/
molecular mechanics; KIE, kinetic isotope effect; MD, molecular dynamics.
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FIGURE 1. Global reaction catalyzed by PAM as follows: (top) stereospecific hydroxylation of glycine catalyzed by PHM and (bottom) lysis catalyzed by

PAL.

atom (Cu,y) is not known, but there is evidence that it works as
an electron reservoir and transfers electrons to Cu,, during the
reaction (7, 9-12).

The overall reaction of PHM consists of a stereospecific
hydroxylation of the pro-S hydrogen (13), using molecular O,
as oxygen source (14). Additionally, two electrons and two pro-
tons are consumed during the reaction (Fig. 1). Ascorbate is the
best (but not the only possible) reductant (15). In the protein
resting state, both copper atoms are in the +2 oxidation state
and are reduced by ascorbate to +1 (16). Molecular oxygen
then binds to Cu,, as the substrate binds to the protein (7).

Several mechanisms have been suggested for the next step,
the hydroxylation, but a completely satisfactory mechanism is
still an open question. Consensus has been reached in the fact
that a neutral H' atom is abstracted from glycine (2, 17-19).
However, several abstracting species have been considered.
Prigge et al. (7) suggested Cuy—O, <> Cui/— O3 as the
abstracting species based on the crystal structure. Gas phase
density functional theory calculations with a truncated model
of the protein by Chen and Solomon (19, 20) suggested a Cu(II)-
superoxo species to be responsible for the abstraction of the gly-
cine hydrogen. This mechanism was ruled out by Crespo et al. (21)
because including the environment of the protein in a QM/MM
fashion enlarged the energy barrier up to 84 k] mol ™" (gas-phase
calculations by Chen and Solomon (19, 20) gave a value of ~60 k]
mol " for the energy barrier). Instead, Crespo et al. (21) suggested
Cu-oxo as a possible species, because of the small energy barrier
involved, similar to the reaction mechanism suggested for the
homologous dopamine B-monooxygenase (EC 1.14.17.1) by
Kamachi et al. (22). A hydroxo species has been ruled out by Chen
and Solomon (19), by Crespo et al. (21), and by Kamachi et al. (22)
in dopamine 3-monooxygenase.

Francisco et al. (23, 24) found a large value of the KIE (a
primary hydrogen/deuterium kinetic isotope effect of 10.6 *
0.8 at 37 °C and pH 6), and they concluded that atom tunneling
should be important in the hydrogen abstraction (24). Their
findings imply two things as follows: first, the energy barrier for
H' abstraction is large and thin enough to enhance atom tun-
neling; second, the hydrogen abstraction is at least partially
rate-limiting, competing with the loss of the substrate step of
the catalytic cycle. This experimental finding contradicts the
mechanism suggested by Crespo et al. (21), because a very small
energy barrier does not lead to a significant KIE. Klinman and
co-workers (10, 25) suggested a Cu(II)-superoxo mechanism,
similar to the one proposed by Solomon and co-workers (19,
20), based on experimental indications but without computa-
tional backup. Based on recent QM/MM calculations (12), it
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was argued that the high barrier for the Cu(Il)-superoxo case is
a spurious effect of the lack of relaxation of the solvent.

There are several proposals for the next step, the OH rebind-
ing. They can be divided into two main groups as follows: direct
OH rebinding from the copper-oxygen moiety (9, 19, 21, 22) or
an inner sphere alcohol intermediate (10, 12, 26). Because OH
rebinding is not rate-limiting, experimental evidence of that step
is hard to obtain. Theoretical studies mainly point toward direct
rebinding (19, 21, 22). Mclntyre et al. (26) obtained indirect evi-
dence of an inner sphere alcohol intermediate by considering the
unnatural substrate benzaldehyde iminooxyacetic acid, which
undergoes dealkylation independently of PAL. QM/MM calcula-
tions suggest that the alcohol intermediate is necessary for dealky-
lation of this substrate, but it involves a very large energy barrier
(larger than 200 k] mol "). Recently Melid et al. (12) did a compu-
tational investigation of a similar mechanism where a hydroxide
ion is already coordinated to the copper.

There have been experimental studies of the hydrogen per-
oxide reactivity of PHM. Based on the interchangeability of O,
and H,0,, it was postulated (27) that an intermediate electron-
ically equivalent to Cuy,(I)-O, exists. Recently, Rudzka et al.
(28) obtained the crystal structure of PHM with H,O,, (without
substrate) and compared the geometric parameters of the
active site with those obtained by means of QM/MM optimiza-
tion of several protonation states for the oxygen species.
They conclude that Cu,,(IT)-O2~ is the species that best fits
with the crystal structure (as compared with Cu,,(II)-H,O,
and Cu,,(II)-OOH").

In this work we present a systematic theoretical study of the
reaction mechanism, taking all possible abstracting species into
account. Two protons are consumed during the reaction, but it
is not known in which order compared with hydrogen atom
abstraction from the substrate. An electron transfer from Cuy
to Cu,, at some point of the reaction is likely. This means that the
hydrogen abstraction might occur after zero, one, or two protons,
and/or an extra electron was delivered to the cofactor. We tested
all six resulting possibilities as follows: [CuO,]", [CuO,]°
[CuOOH]*", [CuOOH] ¥, [CuO** + H,0, and [CuO]** + H,0
(Table 1). The emerging and most likely mechanism has not been
proposed in the literature previously.

CALCULATION DETAILS

The reaction mechanism was simulated using a QM/MM
(29, 30) approach. The crystal structure at 1.85 A resolution (7)
was used as a starting point for our calculations (Protein Data
Bank code 1SDW). The slow substrate N-acetyl-diiodotyrosyl-
D-threonine was replaced by a Tyr-Gly dipeptide because of its
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structural similarity. The model substrate was truncated at its N
terminus (Tyr) by an acetyl group. The C terminus of Gly
remained deprotonated. Protonation states of protein residues
were assigned based on the REDUCE code (31) corresponding
to pH 7. The N and C termini of the protein were truncated by
an acetyl group and remained deprotonated, respectively. The
protein was solvated in a pre-equilibrated box of TIP3P water
(32) using VMD (33) version 1.9. For molecular dynamics sim-
ulations, we used the CHARMM22 force field (34). Copper, O,,
and OOH were parameterized from analogy to existing moi-
eties, and partial charges were obtained from the natural pop-
ulation analysis as implemented in Turbomole (see below).
Both His-242 and His-244, which are ligands of Cu,,, were
modeled and protonated at the N6 atoms, which are not bound
to copper. Topology and parameter files for Cu/O, and
Cu/OOH can be found in the supplemental material.

To obtain realistic initial geometries, the system was equili-
brated in molecular dynamics (MD) simulations using NAMD
(35), with the crystal structure as the initial geometry. We per-
formed separate MD runs with [CuO,]" and [CuOOH]*" as
abstracting species (see under “Results and Discussion”). The
temperature was kept at 300 K by a Langevin thermostat; a time
step of 1 fs was chosen. All bond lengths involving hydrogen
atoms were constrained. For the protein equilibration, cycles of
minimization of 2000 steps followed by MD runs of 50,000 steps
were performed, where the protein atoms were restrained
(restraint parameters were lowered for each cycle: frozen protein
atoms, 5.0, 2.0, and 0.1 kcal mol~* A~?). This protocol allows
water molecules to penetrate cavities within the protein. Then a
free MD run of 4 ns was carried out; the Langevin piston Nosé-
Hoover method was used to keep the system at 300 K and 1 bar.

A snapshot was taken from the [CuO,]" trajectory. The
frame with the shortest distance between the abstracted hydro-
gen and an oxygen atoms from the abstracting species was cho-
sen, because this offers the highest probability of a low barrier.
This snapshot was the starting point for our QM/MM calcula-
tions, which were carried out with the ChemShell suite (36 —
38). ChemShell interfaces several QM an MM codes, taking
care of the communication between them. It also handles
geometry optimization, by means of the robust and flexible
geometry optimizer DL-FIND (39). The QM part consisted of
Cu,, and the side chain of its three ligating residues (His-242,
His-244, and Met-314), the abstracting species, the glycine sub-
strate, and its amide bond (Fig. 2). In several calculations, addi-
tional solvent waters that may have catalytic importance were
included in the QM part. In total, between 41 and 58 atoms
were considered as QM. The whole protein and all waters
within 15 A of the active site were included in the QM/MM
calculations (between 6475 and 6495 atoms, depending on the
snapshot, see below). All residues (or water molecules) with at
least one atom closer than 8 A to Cu,, or closer than 4 A to the
abstracting species or substrate were allowed to relax. This
ensures that we optimize the first two solvation layers of the
active site. With respect to the QM/MM interface, we used an
additive scheme with electrostatic embedding. Hydrogen link
atoms, with the charge shift scheme were used for truncation of
C-C bonds.
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FIGURE 2. Solvent-exposed active site of PHM. The reactant state with
[CUOOH]?" as the abstracting species is shown. The small dipeptide Tyr-Gly is
used as a model substrate in our calculations. QM atoms are shown as balls.
Atom colors are as follows: white (hydrogen), gray (carbon), blue (nitrogen),
red (oxygen), yellow (sulfur), and brown (copper).

The optimization of all structures was carried out using DL-
FIND (39), which is included in ChemShell. Reactant and prod-
uct geometries were optimized by means of the L-BFGS
method (40, 41). Transition states were obtained by means of
the dimer method (42) as implemented in DL-FIND (43), where
the two starting geometries were taken from a potential energy
surface scan, using chemically intuitive reaction coordinates.
Hybrid-delocalized internal coordinates (44) were used in all min-
imizations and dimer calculations. In case of divergence of dimer
transition state searches, nudged elastic band calculations (45), as
implemented in DL-FIND (46), were employed. The transition
states were refined by dimer calculations starting from the climb-
ing image and the image with highest energy of the nudged elastic
band path. The latter procedure was mainly necessary to find tran-
sition states for the OH rebinding mechanism (see under “Results
and Discussion”). This approach led us to converged transition
states with only one imaginary frequency.

The snapshot of the molecular dynamics run with [CuO,]™
in the active site was used to model and compare different pos-
sible mechanisms. Different oxidation states were modeled by
adding electrons to the system. A primary protonation was
modeled by placing an additional proton that was bound to the
02 atom. The addition of a second proton releases a water
molecule and forms a copper-oxo species (21). In the mecha-
nism we found to be most likely, the abstracting species is
[CuOOH]?*. Thus, we ran another MD simulation with that
moiety in the active site and took two more snapshots, again
considering a short O—H distance as the guide for choosing the
snapshot. They are separated in time by 0.44 ns and thus should
be statistically independent.

For the MM part of our QM/MM system, we used DL_POLY
(47) and the same CHARMM force field as we used in the clas-
sical MD simulations. For the quantum treatment of the QM
part, we employed density functional theory. The exchange
correlation functional is unrestricted BP86 (48, 49) as imple-
mented in turbomole version 6.03 (50), in combination with
resolution of the identity (51). It has been shown by our group
in previous work (52) that enzymatic geometries obtained with
BP86 and with B3LYP coincide very well. Recently, Melid ez al.
(12) showed that the choice of the exchange correlation func-
tional does not alter the energy barriers in PHM too much; the
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pure functionals (PBE), hybrid functionals (B3LYP), and meta-
GGA functionals (M06) barriers differ by less than 10 k] mol ™.
We used the def2-SVP basis set (53) for the comparison of
mechanisms. The most likely mechanism, with [CuUOOH]*" as
abstracting species, was reoptimized using the def2-TZVP (54,
55) basis set.

Nuclear quantum effects were taken into account. Harmonic
zero point energy corrections were calculated for our proposed
mechanism but ignored for the comparison of mechanisms.
Contributions of atom tunneling were treated in an approxi-
mate manner. The crossover temperature 7, defined in Equa-
tion 1, can be interpreted as the temperature below which tun-
neling significantly contributes to the reaction rate (56)

h(l)b

c:m (Eq. 1)

where h is Planck’s constant, k is Boltzmann’s constant, and w,
is the magnitude of the imaginary frequency of the unstable
mode at the saddle point. Because T, is well below room tem-
perature in all relevant cases, tunneling is comparatively weak,
and therefore simple approximations for the tunneling contri-
bution can be used. We used transition state theory with all
vibrational degrees of freedom approximated by harmonic
oscillators. Along the reaction coordinate, a symmetric Eckart
barrier (57) was fitted to the reaction path to match the barrier
height and w,,. The quantum mechanical flux through that bar-
rier, including all tunneling and nonclassical reflection contri-
butions, is calculated analytically. The rate was corrected by the
ratio of the classical rate and the analytic rate via the Eckart
barrier. Note that all degrees of freedom perpendicular to the
transition mode are still treated as harmonic oscillators. Both
the pro-S and pro-R a-deuterated glycyl substrate were used in
our reaction rate calculations in order to compare with exper-
imental primary and secondary KIEs (23), respectively.

Two-point difference Hessians of all QM atoms were calcu-
lated to obtain zero point energy and Eckart tunneling correc-
tions. QM waters were taken out from the Hessian calculations
because their chemical environment does not change too much
from the reactant to the transition state. Moreover, including
QM waters would result in the occurrence of soft modes, which
may lead to numerical instabilities. In any case, a single imagi-
nary frequency was obtained for all transition states and only
real ones in reactants or products, thus validating the approxi-
mations made for the Hessian calculations.

Thermal averages of reaction barriers (58, 59) were calcu-
lated by using Equation 2,

12 —AE}
- RTIn(nEexp RT))

i=1

AEE, = (Eq.2)

with AE? being the activation barriers of the individual snap-
shots, T'being the absolute temperature, and R the gas constant.
RESULTS AND DISCUSSION

First Step, Hydrogen Abstraction

The first goal of our calculations was to identify the species
responsible for hydrogen abstraction. As indicated in the Intro-
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TABLE 1
Possible H-abstracting species
Oe™ 1e™ (Cuy —Cuyy)
oOH" [CuO,]* [CuO,]°
1H" [CuOOHP** [CuOOH]"
2H" [CuOP* + H,0 [CuOP* + H,0

duction, KIE measurements show that hydrogen abstraction is
the rate-limiting chemical step. The crystal structure was
obtained for the [CuO,] " form, which indicates that this form
is reasonably stable. It might directly refer to the hydrogen-
abstracting species. Alternatively, prior to hydrogen abstrac-
tion, [CuO,]™ can be protonated once or twice or reduced by an
electron transfer from Cuy,. This leaves a minimum of six pos-
sibilities for the hydrogen-abstracting species (Table 1). We
tested all of them. From the theoretical point of view, the sta-
bility of the different species is hard to predict, which would
require the calculation of pK), values or reduction potentials.
Both quantities require a lot of sampling. However, we are aided
by experimental knowledge. The barrier has to be large enough
to explain the experimental KIE but small enough to be consis-
tent with the experimental rate. Actually, barrierless hydrogen
abstractions should be discarded, as they will not exhibit any
KIEs. Apart from the barrier, the creation of a full picture to
understand the reaction mechanism will be guided by various
chemical properties and the thorough comparison of experi-
mental as well as theoretical findings.

For the reaction to proceed, the abstraction of a hydrogen
atom from the substrate has to have a lower barrier than the
abstraction of a proton from any surrounding water molecule.
These conditions turn out to be sufficient to find a unique state
that represents the most likely active species (Fig. 9).

Generally, we observed that the barrier for proton abstrac-
tion from surrounding water decreases by reduction (addition
of electrons) as expected, because the copper moiety becomes a
stronger base. The barrier for hydrogen atom abstraction from
the substrate was found to decrease with increasing proton-
ations of the abstracting species. For example, in both cases in the
third row (2 H™) of Table 1, the reaction is spontaneous.

[CuOOHJ?*, 1 H' 0 e —The resulting most likely hydrogen-
abstracting species is [CuOOH]**. It will be discussed first, before
covering the results of the alternatives and arguing why they are
unlikely.

Although an accurate calculation of the protonation event of the
abstracting species [CuO,]* + H" — [CuOOH]*" is computa-
tionally intricate, one can assume a quite low pK, value for the
[CuO,] ™ species. Recent results by Peterson et al. (60) on a copper
superoxo species in a different environment also suggest a low pK,.
Because an accurate calculation of pK, values is always tricky, we
consider for the [CuO,] ™ species the range of 0 < pK, < 4. This
means that the free energy difference between [CuO,] " +H™ and
[CuUOOH]?*" is between 20 and 40 k] mol !, which follows from
AG = —RT In 10(pK, — pH). Even if the energy difference
between the unprotonated and protonated species is as large as 40
k] mol™ ', the low barrier for the hydrogen abstraction by
[CuOOH]*" as compared with [CuO,]* makes the former a bet-
ter candidate for the hydrogen abstraction than the latter.

We calculated mechanisms for three different geometrical con-
figurations that are displayed in Figs. 3 and 4, 4, d, and g, respec-
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FIGURE 3. Schematic view of the structure of the reactant, transition state (TS), and intermediate of the three snapshots. Important bond lengths (in A)

are included in the scheme.

tively. The first one (snapshot 1) is taken from an MD simulation of
[CuO,]™ with one proton added in the subsequent QM/MM cal-
culations (Fig. 4a). The other two (snapshot 2 and 3) are taken
from an MD run with [CuOOH]*" in the active center (Fig. 4, d
and g, respectively).

In the reactant state (Figs. 3 and 4, a, d, and g), copper is
coordinated in a trigonal-bipyramidal manner in snapshot 1.
OOH and Ne of His-244 are the axial ligands, and S of Met-314,
Ne of His-242, and a water molecule are the equatorial ones.
Compared with the tetrahedral coordination in the crystal
structure, an additional water molecule completes the coor-
dination of copper. Another water molecule would be avail-
able in the QM part for further coordination to copper, but it
stays in the bulk. Geometric data are given in Fig. 3 and in
Table 2. In snapshot 2, copper is coordinated in a square-
planar manner, including one water molecule, with S of Met
forming an additional axial ligand with a large distance
(2.748 A) from copper. Finally, in snapshot 3, copper is in a
stretched octahedral environment, including two water mol-
ecules. S and the water ligand in the trans position to it are
more distant from copper than the other ligands. These coor-
dination shells are roughly preserved during the mechanism of
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hydrogen abstraction. However, in snapshots 2 and 3 the Cu-S
bond is broken during the hydrogen abstraction process.
Therefore, the Cu—S distance increases from 2.748 to 3.878 A in
snapshot 2 and from 2.805 to 3.135 A in snapshot 3 (Fig. 3 and
Table 2).

In the reactant state of each snapshot, the proton of the
hydroperoxide points toward a water molecule. Thus, proton
abstraction from such a water molecule via a Grotthuss chain
could be a plausible route for protonation. In snapshot 2, this
water molecule is quite close to the C-terminal carboxylate
group of the glycine substrate. The latter may be part of the pro-
ton delivery channel. Actually, the geometry shown in Fig. 4d for
the singlet is isoenergetic with a protonated carboxylic acid and a
[CuO,]™ species, with an energy barrier lower than 3.5 k] mol !
between the minima (Fig. 3). So, at room temperature, the extra
proton will be moving back and forth from the carboxylic acid to
the abstracting species (see supplemental material). The triplet
structure is only stable with the proton transferred to the car-
boxylate, which accounts for the comparably short O-O dis-
tance of 1.290 A in Table 2. The orientation of the water mole-
cules in snapshots 1 and 3, however, is not favorable for this
proton jump to happen (Fig. 4, a and g).
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FIGURE 4. Geometries of the reactant (q, d, and g), transition state (b, e, and h), and intermediate state (¢, f, and i) of snapshots 1 (a-c), 2 (d-f), and 3 (g-i)
studied in our proposed mechanism. QM atoms are represented by balls and sticks. The remaining part of the substrate and residues His-242, His-244, and

Met-314 are represented as sticks. For atom colors, see Fig. 2.

TABLE 2
Geometric data of [CUOOH]?>*

Distances are in A; angles are in degrees; RS is reactant state; TS is transition state 1; IS is intermediate state; s is singlet; t is triplet; N_ is nitrogen ligand cis to O; N, is nitrogen

ligand trans to O.

Snapshot 1 Snapshot 2 Snapshot 3
RS-s RS-t TS-s IS-s RS-s RS-t TS-s IS-s RS-s RS-t TS-s IS-s
Cu-0O1 1.978 1.992 2.090 2.195 1.864: 1.958 2.026 2171 1.878 1.973 2.005 2.106
01-02 1.348 1.340 1.421 1.471 1.365 1.290 1.420 1.454 1.373 1.378 1.422 1.461
02-Ha 2.191 2.222 1.173 0.984 2.065 2.108 1.157 1.044 1.976 2.106 1.170 1.023
C-Ha 1.100 1.100 1.434 3.249 1.106 1.102 1.455 2.715 1.109 1.102 1.431 2.468
Cu-01-02 115.4 119.4 118.2 114.4 105.7 105.8 113.0 117.4 112.8 118.5 119.5 125.2
01-02-H 106.8 105.3 104.3 101.7 104.4 — 103.9 104.3 106.0 108.1 104.0 102.4
Cu-S 2.460 2.554 2.463 2.477 2.748 2.581 2.714 3.878 2.805 2.784 2.836 3.135
Cu-N, 1.974 1.992 2.005 1.988 1.939 1.964 1.984 2.066 1.957 2.031 1.986 2.006
Cu-N, 2.172 2.134 2.120 2.140 2.030 2.213 2.048 1.981 2.101 2.074 2.098 2.077
Cu-OH, 2.129 2.121 2.091 2.149 2.096 2.257 2.073 2.009 2.175 2.167 2.155 2.153
Cu-OH, 2 2.377 2.354 2.321 2.402 2.353
N.-Cu-OH, 119.1 118.7 120.0 116.7 167.5 164.1 162.7 169.2 177.6 178.2 173.0 173.9

The reactant state, [CuOOH]**, can formally be described by
either Cu> OOH ™, in which both components would be singlet,
or Cu®" OOH™, in which both components are doublets, which
can couple to a singlet or a triplet. In a density functional descrip-
tion, the latter singlet would be represented by an open-shell
singlet (spin contamination). In snapshots 1 and 2, the triplet
state is slightly lower in energy than the singlet (the latter is
closed-shell in snapshot 2 but open-shell in snapshot 1). In
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snapshot 3, the singlet state is lower by 25.4 k] mol ' (Table 3).
These small energy differences are below the accuracy that can
be expected from density functional theory for singlet-triplet
splittings. The pure singlet states of snapshots 2 and 3 can only
be described by Cu®* OOH 7, although the triplet states as well
as the open-shell singlet of snapshot 1 are probably best
described by Cu* OOH™ or a mixture. Thus, the copper
atom already reduced the dioxygen moiety by one or two
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internal reduction equivalents even before hydrogen is
abstracted or the system is further reduced by external elec-
trons. However, it should be noted that an assignment of
formal oxidation states from electronic structure calcula-
tions is generally ambiguous.

The reaction is an abstraction of a radical hydrogen atom.
The transition states are noticeably higher (by 24.0, 29.0, and
29.4 k] mol ™! in snapshots 1, 2, and 3, respectively) in energy in
the triplet channel (ferromagnetic coupling between the spin on
copper and the emerging spin on Ce) than in the antiferromag-
netic open-shell singlet channel (Table 3). This can qualitatively be
explained by superexchange-like interaction between the carbon
radical and the copper spin center. Therefore, the reaction will
take place via the singlet channel. This finding agrees with previous
calculations (21, 61), although the abstracting species used

there was different. Our thermally averaged reaction barrier
is 24.4 k] mol 1.

After the hydrogen abstraction, in the intermediate state,
the active site isa [CWUOHOH]>* biradical with copper in the
Cu** form (d°) and a carbon radical at the glycine-a posi-
tion, which is stabilized by both neighboring groups as fol-
lows: the carboxylate and the amide bond (Fig. 5). The inter-
mediate state is an open-shell singlet in all snapshots.
Although the corresponding triplet structures are not much
higher in energy, all three have a negative band gap, the
highest occupied « orbital is higher than the lowest unoccu-
pied B orbital. They are not relevant for the reaction
mechanism.

The energy barriers as well as the primary and secondary
KIEs at 37 °C are shown in Table 3. Triplet values for KIEs are

TABLE 3
The three snapshots of [CUOOH]** (* indicates without zero point energy (ZPE) corrections)
Snapshot 1 Snapshot 2 Snapshot 3
Singlet Triplet Singlet Triplet Singlet Triplet

AEg 1 (k] mol ™) 0 -5.1 0 —-7.6 0 +25.4
AE™ (k] mol %) 47.8 76.9 46.0 82.6 37.2 41.2
AE,* (k] mol™?) +8.6 +29.9 +27.0 +36.5 2.6 —-21.8
AE* (k] mol %) 33.1 63.7 31.2 64.3 21.8 289
AE, (k] mol™?) +8.3 +32.2 +20.7 +25.8 —5.8 —236
w, (Cmﬂ) 991.3i 1512.0i 825.1i 1321.7i 926.6i 1357.1i
T. (K) 227.0 346.2 188.9 302.6 212.2 310.8
Primary KIE at 37 °C 7.7 20.7 6.2 14.6 6.2 10.7
Secondary KIE at 37 °C 1.09 1.08 1.05 1.06 1.09 1.08
Primary KIE (exp.) (23) 10.6 £ 0.8
Secondary KIE (exp.) (23) 1.20 *+ 0.03

FIGURE 5. Spin density (contour + 0.005 atomic units, orange, positive value; green, negative value) of the intermediate state of snapshot 3. The radical

at the substrate is delocalized.
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given for the sake of completeness only. For the singlet channel,
the T, is small enough to justify the approximation by an Eckart
barrier to estimate tunneling at 37 °C. KIEs are slightly lower
than the ones found experimentally (10.6 = 0.8 at the same
temperature (23)) but still higher than the one expected when
the zero-point energy, but not tunneling, is taken into account
(~5), so tunneling does account for a significant part of the
KIEs observed. Calculated secondary KIEs are also somewhat
smaller than the ones found experimentally (~1.08 and 1.20,
respectively).

For the reaction to proceed, it is necessary that the barrier for
hydrogen abstraction from the substrate is lower than the bar-
rier for proton abstraction from water by the reactive species.
The energy barrier for proton abstraction is higher than 90 kJ
mol ! (snapshot 2). Thus, [CuOOH]** has a higher affinity for
a hydrogen from glycine than a proton from water.

We have thus seen that our proposed [CutOOH]>*" species
can account for the glycine hydrogen abstraction. Its energy
barrier is reasonably low, and KIEs for this step are similar to
those observed experimentally. It also agrees with the experi-
mental finding that there exists an intermediate electronically
equivalent to Cu(I)-O, (27).

Other abstracting species were considered as well. The two
protons can be taken from the environment at any time (before
or after the hydrogen abstraction). The electron transfer from
Cuy; to Cu,, can occur at any stage as well. This means that
there is a total of six possible abstracting species that need to be
considered.

Note that we have used a different basis set for the calcula-
tions shown above for [CuUOOH]** (def2-TZVP) than used for
the comparison of the other abstracting species (def2-SVP).
However, the energy differences depend only weakly on the
basis set. As an example, the energy barrier for [CUOOH]*" in
snapshot 2 is 54.0 k] mol ™" using a def2-SVP basis set to be
compared with 46.0 k] mol ™' obtained with def2-TZVP (Table
3). The zero point energy corrections were neglected in this
comparison. The numerical value of these corrections for an
hydrogen atom abstraction is around 1015 k] mol~*. Taking
them into account does not change any of the arguments given
below.

[CuO,]*, 0 H™ 0 e~ —This is the abstracting species first
proposed by Chen and Solomon (19) based on gas phase calcu-
lations. It assumes that hydrogen abstraction occurs prior to
any protonation or electron transfer. However, as pointed out
by Crespo et al. (21), the energy barrier is very high when the
protein environment is taken into account. They obtained 104
and 84 k] mol " for the triplet and singlet configuration that is
very similar to our numbers, 110.5 k] mol ™" in the triplet state
and 72.6 k] mol ' in the open-shell singlet. The reaction rate
would be very low, so [CuOOH]>" is a more plausible species
for hydrogen abstraction than [CuO,]™.

[CuO,]°, 0 H" 1 e"—This species was first suggested by
Prigge et al. (7). One electron is transferred from Cuy, to the
abstracting species before the reaction proceeds. Two possible
spin configurations are possible, doublet and quadruplet.
Because the quadruplet configuration has an energy 219.8 kJ
mol ™" higher than the doublet, we conclude that the reaction
would proceed through the doublet configuration.
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The abstraction of a proton from water has a smaller energy
barrier (~20 k] mol™") than abstracting the hydrogen from
glycine (~140 k] mol '), so this cannot be the abstracting spe-
cies. We use nudged elastic band calculations without a climb-
ing image because of the large barrier differences in this case, so
the barrier values are approximate. Abstracting one H™ from
the environment turns [CuO,]° into [CuOOH] ", which will be
discussed next.

[CuOOH]": 1 H" 1 e"—The energy barrier for the glycine
hydrogen abstraction by [CtOOH] " is 168.4 k] mol ™. It is so
high that this reaction will not take place at room temperature,
so we can discard it. This species was also discarded by Chen
and Solomon (19), Crespo et al. (21), and Kamachi et al. (22) in
dopamine 3-monooxygenase.

[CuO + H,OF*, 2H" 0 e —Crespo et al. (21) showed that
two protonations lead to a dissociation of the abstracting spe-
cies into a water molecule and a copper-oxo species that poten-
tially can abstract the hydrogen from glycine.

In this highly oxidized and protonated case, copper has a
formal oxidation state of +5. So this is highly unlikely to be
stable enough to be a realistic abstracting species. QM/MM
optimization leads to a spontaneous hydrogen abstraction and
OH rebinding. A spontaneous reaction cannot explain the large
KIE measured experimentally.

[CuO + H,O0F*", 2 H" 1 e”—We obtain the same results as
Crespo et al. (21); [CuO]** spontaneously abstracts the hydro-
gen from glycine. The OH rebinding is also spontaneous. As in
the previous case, a spontaneous reaction cannot explain the
large KIE measured experimentally, so we can exclude it as the
abstracting species.

At this point we should point out the similarity of this case
with our suggested mechanism. Although in our proposal the
hydrogen abstraction is carried out by the singly protonated
[CuUOOH]>* species, the OH rebinding implies a second pro-
tonation and an electron transfer to the active site of our model,
just as in this case. One may ask when the second protonation is
more likely, before or after the hydrogen abstraction. Chemical
intuition suggests that the second protonation is easier once the
H' from glycine is abstracted (because of the charge stabiliza-
tion). Our calculations also point in that direction.

[CuO +H,0]", 2H" 2e”—Kamachi et al. (22) and Crespo et
al. (21) claimed this to be a possible abstracting species. It
would be the result of a protonation of [CuO,]™, an electron
transfer from Cuyy, and a hydrogen abstraction from a neigh-
boring residue (62). The resulting species dissociates to a water
molecule and [CuO] ™. Tyr-79 and Tyr-318 were considered to
be a potential source of the hydrogen atom (36, 63), but Fran-
cisco et al. (36) found no significant change in the reaction rate
after mutagenic experiments. An alternative source of hydro-
gen has not been suggested up to date.

We include this species only to compare with previous cal-
culations on [CuO] *. Two spin states are possible. The reaction
is spontaneous in the singlet channel, and it has a very small
energy barrier (2.0 k] mol™") in the triplet state. Crespo et al.
(21) also obtained a small barrier for the [CuO] ™" species. Even
ifthe reaction proceeds through the triplet channel, the KIE will
be very small, because of the low barrier, so we can also deduce
that this is not the reaction mechanism.
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Second Step, OH Rebinding

We have shown that the first and rate-limiting part of the
reaction (the hydrogen abstraction) only proceeds after one
proton was taken up from the environment. The hydrogen
abstraction results in [CuOHOH]>". Still, another proton is
going to be consumed by the end of the reaction, as well as one
electron is going to be transferred from Cuy, to Cu,,. This can
happen either before or after the OH rebinding step. We have
tested these possibilities.

TABLE 4

OH rebinding energies for the reaction for the three snapshots after a
second proton is taken from the environment

For spontaneous reactions, AE, are the differences between the initial and final
geometry of the optimization. (*, without ZPE corrections).

[CuOHOH, **,2H* 0 e~ [CuOHOH, **,2H* 1€~
Snapshot 1 2 3 1 2 3

We have found that the second protonation and the elec-
tron transfer actually occur before the OH rebinding. In the
following we will describe the details of this OH rebinding
mechanism.

[CuOHOH,P*, 2H" 1e~—We have first simulated the extra
proton take-up. This entails one question. Where should the
extra proton be placed? By turning several waters into hydro-
nium ions, we have found that it usually ends up at the C-ter-
minal carboxylate of the substrate. This happens in snapshots 2
and 3. However, in snapshot 1, the proton is absorbed by the
[CWOHOH]** moiety, which dissociates into [CutOH]*" +
H,O.In all cases, the distance between this extra proton and O2
is very small (0.99, 1.58, and 1.56 A for snapshots 1, 2, and 3,
respectively).

We have checked the possibility of the reaction to take place
after this extra proton is delivered. The reaction can indeed
proceed after the protonation. The energy barriers are smaller

AE*(Jmol ™) 119 359 397 0 ~0 26.7
AE* (kmol™!) —140.7 —2107 —113.2 —1949 —257.7 —238.1 than in the hydrogen abstraction step (the thermally averaged
AET(Jmol™) 107 216 219 0 ~0 20.2 barrier is 14.6 k] mol ™ '). This means that the hydrogen abstrac-
. O/H
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FIGURE 6. Schematic view of the structure of the double protonated intermediate, transition state (TS2), and product of the three snapshots. Impor-

tant bond lengths (in A) are included in the scheme.
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FIGURE 7. Geometries of the double protonated intermediates (a, d, and g), transition state (b, e, and h), and product (¢, f, and i) of snapshots 1 (a-¢),
2 (d-f), and 3 (g-i). No extra electron is considered. See Fig. 4 for the representation.

tion is the rate-limiting step, and thus, this mechanism is in
agreement with experimental evidence (24). Table 4 shows the
reaction energy and the barriers for the three snapshots; Fig. 7
shows the geometries of the double protonated intermediate
state (Fig. 7, a, d, and g), the OH rebinding transition state (Fig.
7, b, e, and h), and the products (Fig. 7, ¢, f, and i) for snapshots
1 (Fig. 7, a—c), 2 (Fig. 7, d—f), and 3 (Fig. 7, g—i). All this geomet-
rical information is summarized in Fig. 6. We should warn here
that, because a proton is irreversibly delivered after the hydro-
gen abstraction, there is barely a reason to worry about the
energy barrier of the backward reaction in the first step (hydro-
gen abstraction).

In the following, we will point out the differences found
between the three calculated snapshots. In snapshot 1, after the
proton take-up, the energy barrier for OH rebinding is very
small. This is because the O—O bond is already broken, and the
product water molecule is already formed. The 10.7 k] mol ™"
energy barrier comes, to a large extent, from the breaking of the
Cu-01 bond.

In snapshots 2 and 3, however, the O—-O bond is not yet
broken after the proton take-up. This is mainly because the
carboxylic acid of the substrate is protonated, instead of the
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[CuOHOH]*™ species (Fig. 6). However, the structure adopts a
favorable form for water desorption, as can be seen in Fig. 7, d
and g. The energy barrier for this case is larger than for snapshot
1, because the O—O bond still needs to be broken. In the case of
snapshot 2, this energy barrier is 21.6 k] mol %, and for snap-
shot 3 it is 21.9 k] mol % It is worth commenting that in snap-
shot 3 the Cu—O bond is significantly weakened after the pro-
ton adsorption (Cu—O distance, 3.11 A), although the effect is
weaker in snapshot 2 (Cu—O distance 2.18 A). The reason for
this may be related to the Cu—S bond. In snapshot 2, the Cu-S
bond is broken, whereas in snapshot 3 it is not. This suggests
that the presence (absence) of the Cu-S bond is related to the
ability of copper atom to keep the hydrogen peroxide molecule
bound once the hydrogen from glycine is abstracted. However,
taking into account the strong hydrogen bond between the O2
and the hydrogen from the carboxylic acid, as well as hydrogen
bonds with other solvent atoms, and a weak (but not negligible)
Cu-O0 interaction, we conclude that our active site is stable
enough to be able to hydroxylate the glycine radical.

However, if we simulate an electron transfer from Cuyy to
Cu,, after the proton addition, by adding an electron to our QM
subsystem, then the OH rebinding is spontaneous for snapshots
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FIGURE 8. Mechanism proposed in this paper. See text for details.

1 and 2. For snapshot 3, however, the reaction is not spontane-
ous, although the energy barrier is smaller than for the case with
no electron transfer (Table 4). Thus, we conclude that the OH
rebinding step happens after a proton is taken up from the
environment and an electron is transferred from the Cu,; atom.

At this point, we should point out the difficulty of simulating
a proton adsorption. A rigorous study of the OH rebinding step
should include much larger statistics; this means several snap-
shots and pK, calculation of the different proton acceptors,
which is far beyond the scope of this work. Here, our emphasis
lies on a plausible mechanism for the OH rebinding. Such a
detailed study may help to reach a consensus in the OH rebind-
ing mechanism in PHM and should be studied in the future.
The three snapshots studied here lead to different reaction
paths, but all of them explain the experimental evidence (OH
rebinding is not rate-limiting). The differences between our
snapshots are a good indication that we are mapping different
regions of the configuration space, which means that we are
able to capture a large part of the statistics with a small number
of snapshots. To sum up, we have shown evidence that the OH
rebinding follows the second protonation and electron transfer
from Cuy;. The OH rebinding with no extra protons or elec-
trons will be described in below.

[CuOHOHJ**, 1 H" 0 e —In this case, no extra protons or
electrons are taken from the environment after the hydrogen
abstraction and before OH rebinding. We have calculated the
energy barrier of this, and we have found that the energy barrier
is too high (69.5 k] mol '). It is important to note here that the
backward energy barrier is 13.2 k] mol™! (thermal average).
This means that backward reaction is favored over OH rebind-
ing and that the OH rebinding step would be rate-limiting. This
is against experimental evidence, so the reaction will not pro-
ceed this way.

SUMMARY

PHM is prototypical for monooxygenases with noninteract-
ing copper atoms. Until now, several mechanisms have been
proposed from the theoretical and experimental side, but they
disagree with the experimental evidence or with the theoretical
calculations. In this study, we compare several possible mech-
anisms on equal footing. We propose a mechanism that is con-
sistent with our theoretical calculations and agrees well with
the experimental results.

In our mechanism, the solvent-exposed [CuO,] ™ species is
protonated. The resulting [CuOOH]*" species is able to
abstract the glycine pro-S hydrogen atom in the singlet con-
figuration with a small energy barrier (thermal average at
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FIGURE 9. Possible abstracting species. Green denotes the most likely mech-
anism. The ones colored in red are not plausible (the arguments are specified
in the text), the one in yellow is plausible, but our mechanism has a lower
energy barrier.

300 K of 24.4 k] mol™ ). Even though the barrier is small,
significant KIEs (6.2-7.7) are found within the Eckart barrier
approximation.

This proposal is in agreement with experimental results; the
energy barrier is not very large and is smaller than a water pro-
ton abstraction by [CuOOH]*". The KIEs found imply that
hydrogen is transferred partly by quantum tunneling, although
tunneling is not the main cause of the catalytic effect. More-
over, our proposed abstracting species is in agreement with the
experimental conclusion that there should be an intermediate
electronically equivalent to Cu(I)-O, (27).

Another protonation and an electron transfer from Cuy
makes the OH rebinding step an (almost) spontaneous process
and thus not rate-limiting. In Fig. 8, we show an overview of our
proposed mechanism.

According to general reaction stoichiometry (Fig. 1) and
experimental findings, one can think of other abstracting spe-
cies (Table 1 and Fig. 9). Two electrons are provided by ascor-
bate at the beginning of the reaction cycle and reduce the
Cuy(IT) and Cuy,(II) to Cuy(I) and Cuy,(I) (16). However, an
electron transfer from Cuy; to Cu,, is likely to happen at some
point during the reaction (7, 9—12). Moreover, two protons are
taken from the environment. All of this may happen before the
hydrogen abstraction. We have studied the resulting six possi-
ble abstracting species, and we have found that only two reac-
tion mechanisms are in agreement with experimental evidence
(Fig. 9). Although [CuO,] " is a plausible abstracting species, its
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energy barrier is high compared with the one from the favored
form.
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