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Nitrite reductases are enzymes that aid in the denitrification
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gas formation, it is regarded to be a vital step for
denitrification. However, the mechanism of copper-containing
nitrite reductase is still under debate due to discrepancy
between theoretical and experimental data, especially in
terms of the roles of secondary shell residues Asp98 and
His255 and the electron transfer mechanism between two
copper sites. Herein, we revisited the nitrite reduction B2
mechanism of A. faecalis copper nitrite reductase using
QM(B3LYP)/MM-based metadynamics. It is found that the
intramolecular electron transfer from T1-Cu to T2-Cu occurs

via an asynchronous proton-coupled electron transfer (PCET) mechanism, with electron transfer (ET) preceding proton
transfer (PT). In particular, we found that the ET process is driven by the conformation conversion of Asp98 from gatekeeper
to proximal one, which is much more energy-demanding than the PCET itself. These results highlight that the inclusion of
electron donor is vital to investigate the electron-transfer related processes like PCET.

denitrifying enzymes found in denitrifying bacteria, including
Introduction nitrite reductase which catalyzes the reduction of nitrite to
nitric oxide. Since nitrite reduction is the first committed step to
produce gaseous product, it is considered as the critical step in
the denitrification process.* Nitrite reductases can be classified
into two types according to its metal cofactors: (1) cd1-heme
containing nitrite reductase and (2) copper containing nitrite
reductases (CuNiR).>
CuNiRs present in thermophilic and non-thermophilic
denitrifying bacteria are structurally homologous across species,
characterized as a homotrimeric enzyme with each ~37 kDa
monomer containing one T1 copper site and one T2 copper site
(see Figure 1).5 The T1 copper site is characterized in

Rapid industrialization has led to an imbalance in the global
nitrogen cycle, as the rate of nitrogen fixation has far exceeded
the rate of denitrification due to its role in fertilizer
production.* Thus, strategies in rebalancing the global
nitrogen cycle is being done to avoid negative environmental
effects such as eutrophication of marine ecosystems, increased
acidity of ecosystems and production of greenhouse gas nitric
oxide. Denitrification is an important environmental process as
it facilitates the decomposition of nitrogen-containing
compounds to nitrogen gas.* This is facilitated by various
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Figure 1. Schematic diagram of relevant residues of nitrite-bound A. faecalis CuNiR. This
includes residues ligated to both T1-Cu and T2-Cu sites, and secondary shell residues
Asp98 and His255.
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Physical Chemistry Chemical Physics

crystallography by having a His;-Cys-Met ligation with
tetrahedral geometry, which acts as the electron reservoir site
of the enzyme. The reserved electron at T1-Cu can be
subsequently donated to T2-Cu upon nitrite reduction.>11 The
T2 copper site serves as the catalytic center of the enzyme and
is ligated with three histidine residues and its substrate NO.
Both copper sites are spaced around 12.6 A apart and are
connected via two protein links, a bridge connecting His135 and
Cys136, and a sensor loop that contains residues between His95
to Asp98.5-11
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Scheme 1. (a) Reaction catalyzed by CuNiR; (b) Proposed mechanisms for intramolecular
electron transfer from T1-Cu to T2-Cu.% 1216

The reduction mechanism of copper nitrite reductase
(CuNiR) is still under debate due to conflicting evidence
between crystallographic, spectroscopic and computational
data.8 9,11, 1621 Stydies agree that nitrite binding, intramolecular
electron transfer (ET) from T1-Cu to T2-Cu, proton transfer (PT)
to nitrite, and product release are all involved in nitrite
reduction. However, questions surrounding the protonation
states of secondary shell residues Asp98 and His255 and the
mechanism on how intramolecular ET occurs remain
unresolved. Kinetic studies and DFT studies suggest that nitrite
binding undergoes a random sequential mechanism, wherein
nitrite binding does not depend on the oxidation state of T2-Cu
as it can occur before or after intramolecular ET.12 15 18, 20
However, an ordered mechanism was also suggested, with
nitrite binding occurring before intramolecular ET, citing the low
binding affinity of NO2 in the reduced T1-Cu(l) state.2!-23
Moreover, it was found that the reduction potentials in T1-Cu
and T2-Cu were nearly equal, suggesting that intramolecular ET
prior to nitrite binding is thermodynamically unfavorable.?*
While intramolecular ET and PT are required processes in nitrite
reduction, occurrence of proton-coupled electron transfer
(PCET) was also suggested on the basis of solvent kinetic isotope
effect studies (see Scheme 1b).12 However, the nature of PCET,
e.g. whether the thermodynamically unfavorable PT step is
preceding ET or if both PT and ET are concerted, is still
unknown.’2 The former case was suggested in recent
experimental studies,’> 14 while most of previous
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computational studies treat intramolecular ET and PT as
separate processes.16-19

Existing studies have already established the importance of
Asp98 and His255 in the reduction mechanism of CuNiR based
on the pH of optimal activity, which is between 5 to 7, which is
closely correlated to the pH dependence of intramolecular ET in
nitrite-bound CuNiR.%* 2> Mutagenesis studies also show that
in substantially
decreased enzymatic activity.?> Furthermore, mutagenesis of
His135 and Cys136 show loss of enzymatic activity, indicating its
vital role in nitrite reduction.26-22 Neutron crystallography has
been used to solve the protonation state issue, but the assigned
protonation states of the resting state in the absence of
substrate NO, may not be relevant to catalysis.1% 12

This study focuses on investigating the nitrite reduction
mechanism, especially of the intramolecular electron transfer
from T1-Cu to T2-Cu of A. faecalis CuNiR using QM(B3LYP)/MM-
based metadynamics.22-31 Upon the inclusion of electron donor
T1-Cu domain, we demonstrate that the reaction successfully
leads to a PCET process, in which the proton transfer from
Asp98 is coupled with the electron transfer from T1-Cu(l) to T2-
Cu(ll). In particular, we found that the ET process is driven by
the conformation conversion of Asp98 from gatekeeper to
proximal one. This enhances our fundamental understanding of
CuNiR, which can be helpful for developing amperometric
biosensors or for biomedical applications.3?

mutations of these two residues result

Methods

System Preparation

The starting point of the model is the crystal structure of A.
faecalis CuNiR bound to nitrite which was obtained from RCSB
(PDB ID: 1SIM).* Two monomer units were included in the
model, including one T1-Cu site and one T2-Cu site. Force field
parameters attributed to the metal site environment of both
copper sites were added using the Metal Center Parameter
Builder (MCPB.py) under AmberTools18.33-3¢ Modeling was
done such that the oxidation states of T1-Cu and T2-Cu were set
at the reduced T1-Cu(l) state and the oxidized T2-Cu(ll) state,
respectively. The Amber ff14SB force field was employed to
treat the protein residues.3” Necessary input files for MD
simulations were produced through tleap, with the system
solvated using TIP3P water by filling a rectangular box
encompassing up to 15 A from the protein surface.3” 38
Adequate Na* and ClI- ions were added to maintain
electroneutrality of the system.

MD Simulations

Molecular dynamics simulations for three possible
protonation configurations were done using CUDA-accelerated
sander under  AMBER18.333942  These protonation
configurations include the following: (1) deprotonated Asp98
and protonated His255 (ASP-HIP), (2) protonated Asp98 and
deprotonated His255 (ASH-HID) and (3) protonated Asp98 and
protonated His255 (ASH-HIP). Energy minimization was first

performed using steepest descent and conjugate gradient

This journal is © The Royal Society of Chemistry 20xx
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method. This was followed by gently annealing the system from
10 to 300 K in the canonical ensemble. The system was then
equilibrated without any restraints in the NPT ensemble for 2 ns
at the target temperature of 300 K and the target pressure of
1.0 atm using the Langevin thermostat*® and Berendsen
barostat,** with collision frequency of 2 ps and pressure
relaxation time of 1 ps. After that, a productive MD run was
performed for 100 ns. During all MD simulations, long-range
interactions were considered through the Particle Mesh Ewald
method,** with bond lengths involving hydrogen atoms
constrained through SHAKE*® with an integration step of 2 fs.

QM/MM Metadynamics Simulations

A representative snapshot for each protonation state was
obtained from the MD simulation as initial input to perform
QM(B3LYP)/MM-MetD using cp2k,*” where the QM and MM
components are handled by QUICKSTEPS#® and FIST, 47
respectively. The QM region is treated with DFT (B3LYP) using a
dual basis set of Gaussian and plane-waves (GPW) formalism,
while the MM region is treated similarly as with classical MD
simulations. The B3LYP hybrid functional is utilized as it is widely
used and is demonstrated to be successful for studying
metalloenzymes.*®-52 DFT calculations were performed using
the Gaussian double-{ valence polarized (DZVP) basis set, while
an auxiliary plane-wave basis set with a cutoff of 360 Ry was
used to converge the electron density, in conjunction with
Geodecker-Teter-Hutter (GTH) pseudopotentials#833  for
treating the core electrons. The auxillary density matrix method
(ADMM) was used to speed up Hartree-Fock exchange
calculations, with the Cu atom treated using the FIT12 auxiliary
basis set, and the rest treated with the cpFIT3 auxiliary basis
set.>* Hydrogen link atoms were added in bonds crossing the
QM/MM boundary to separate both regions.

The QM region includes the T1-Cu and T2-Cu sites alongside
the sidechains of Asp98, His255, His135 and Cys136. As we were
also interested in the effects of T1-Cu site on reduction, a
separate QM region was set-up without the T1-Cu site. The
charge and multiplicity of the QM region were then set
accordingly. Geometry optimization was first performed,
followed by QM/MM MD equilibration without any restraint for
1 ps. Well-tempered metadynamics simulations were then
performed to explore the free energy landscape for PCET and
product release.29-31 All calculations were performed under the
NVT ensemble using an integration step of 0.5 fs. Simulations
were run until the transition state was crossed, as
recommended for simulations of chemical reactions.3! The
Gaussian height was set to 0.6 kcal/mol while the deposition
rate of Gaussian hills was set to 10 fs.

Results
Initial State of A. faecalis CuNiR

The starting point in these simulations is the nitrite-bound
state of A. faecalis CuNiR. Classical MD simulations of the
system show good superposition with the crystal structure
(Figure S1). As we are interested in the conditions necessary for

This journal is © The Royal Society of Chemistry 20xx
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nitrite reduction, the system was prepared based on the
oxidized T2-Cu(ll)-NO,> and reduced T1-Cu(l) state, in
accordance with existing EXAFS and X-ray crystallography
studies.?1-23

Since the protonation states of Asp98 and His255 are key to
the mechanism of CuNiR, different protonation states of Asp98
and His255 were considered in our study. The possibility of both
Asp98 and His255 being deprotonated was already ruled out,
since experiments show that the nitrite reduction did not occur
at basic conditions.?* 25 The case where Asp98 is deprotonated
and His255 is protonated was also ruled out, as our QM/MM-
MD equilibration shows it converged to the protonation state
where Asp98 is protonated and His255 is deprotonated (Figure
S2). Thus, our study will focus on two possible protonation
states, in the first both Asp98 and His255 are protonated (ASH-
HIP), and in the second Asp98 is protonated while His255 is
deprotonated (ASH-HID).

\' ,\\p€ (b) His255

(a) His255

ASH-HIP ASH-HID

Figure 2. (a) The T2-Cu(ll)-NO,” binding mode at equilibrium of the ASH-HIP
protonation state. (b) The T2-Cu(ll)-NO; binding mode at equilibrium of the ASH-HID
protonation state. Equilibrium average distances between T2-Cu and both oxygen
atoms of nitrite are given accordingly.

Inspection of the equilibrium structures of the nitrite-bound
state in ASH-HIP and ASH-HID protonation states show different
binding modes of nitrite, as illustrated in Figure 2. In the case of
ASH-HIP, QM(B3LYP)/MM-MD simulations show a bidentate n-
0,0 binding mode for NO3", with the average distances from T2-
Cu to both oxygen atoms being 2.05 A and 2.18 A, respectively.
In contrast, in the ASH-HID state NO,  shows a monodentate 1-
O binding form, with the shorter Cu-O distance of 2.07 A and
the longer Cu-O distance of 2.67 A. Comparison of the
equilibrium geometry of T2 copper site show that the binding
mode of NOy in the ASH-HIP protonation state is more
consistent with existing crystal structures. The nitrite reduction
occurring in the ASH-HIP protonation state will be further
investigated.

Nitrite Reduction is Initiated by Proton-coupled Electron Transfer

To unravel the role of the T1 copper site in the nitrite
reduction mechanism, QM(B3LYP)/MM-MetD simulations were
performed for PCET process with and without considering the
T1 copper site as part of the QM region. Figure 3 shows the
calculated free energy profile of the PCET process for the QM
region without T1 copper site, which shows that the proton
transfer from Asp98 to nitrite is highly unfavorable kinetically
and thermodynamically.

In light of above findings, the electron donor T1-Cu(l) was
incorporated into QM region. First, the plausible electron
transfer pathway was identified using the Pathways plugin of
VMD.?! The pathway plug-in, which takes into account the
coupling based on covalent bonds, H-bonds and through-space

J. Name., 2013, 00, 1-3 | 3
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Figure 3. (a) The QM(B3LYP)/MM-MetD calculated free-energy profile for proton
transfer from Asp98 to NO, moiety in T2-Cu(ll) oxidized state of CuNiR. The
reaction coordinate is defined as the distance difference between 02 of nitrite
and H1 of Asp98. (b) The representative structures of the QM region along the
reaction pathway, with spin-up isodensity surfaces plotted in yellow.

Figure 4. Representation of the electron transfer pathway via the H-bond bridge
between His135 and Cys136, which was analyzed through the Pathways plugin of
VMD.%5 His135 and Cys136 are ligated to the T2-Cu and T1-Cu, respectively.

jumps between electron donor and electron acceptor, enables
us to identify and visualize electron tunnelling pathways, as well
as calculations of relative electronic couplings.>> A visualization
of the ET pathway is shown in Figure 4, and it can be seen that
the electron could pass through an H-bonding network formed
by His135 and Cys136. This ET pathway provides evidence that
His135 and Cys136 are the key residues involved in the
intramolecular electron transfer from T1-Cu to T2-Cu, which can
explain the loss of enzymatic activity observed in mutagenesis
of His135 and Cys136.26-28

As such, the electron transfer bridging residues His135,
Cys136 and the electron donor T1-Cu domain were
incorporated into the QM region to investigate the subsequent
PCET process. Figure 5 shows the QM(B3LYP)/MM-MetD
calculated free energy profile. It is seen that the proton transfer
from Asp98 is coupled with the electron transfer from T1-Cu(l)
to T2-Cu(ll), involving an Gibbs energy barrier of ~17.0 kcal/mol.
These results highlight the importance of the T1-Cu site in the

4| J. Name., 2012, 00, 1-3
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Figure 5. (a) The QM(B3LYP)/MM-MetD calculated free-energy profile for proton
transfer from Asp98 in CuNiR. The reaction coordinate is defined as the distance
difference between 02 of nitrite and H1 of Asp98. The width of the Gaussian shaped
potential hills was set to 0.25 A. (b) The representative structures of the QM region
along the reaction pathway, with spin-up isodensity surfaces plotted in yellow. The
distance between the 02 of nitrite and the H1 of Asp98 is marked accordingly.

mechanism of nitrite reduction. Upon the inclusion of electron
donor T1-Cu domain, the reaction leads successfully to a PCET
process, wherein the electron passes through the H-bonding
networks formed by His135 and Cys136 bridge.

To verify the PCET mechanism demonstrated in Figure 5,
QM(B3LYP)/MM-MetD calculations were also performed with
the relatively larger triple-{ valence polarized (TZVP) Gaussian
basis set. As shown in Figure S3, the QM/MM metadynamics
with TZVP basis set yields a Gibbs energy barrier of 17.2
kcal/mol for the PCET process, which is quite similar to 17.0
kcal/mol obtained with the DZVP basis set, while the both
values are consistent with the experimental value of 16.8
kcal/mol derived from the rate constant?> according to
transition state theory. Thus, use of DZVP basis set is adequate
to compute the free energy profiles for the present system.

Proton Transfer Occurs from Asp98 to Nitrite

In the last section, we show that nitrite reduction is initiated
by proton-coupled electron transfer (Figure 5), wherein both
Asp98 and His255 are protonated. In addition to the above
proton transfer route, we also investigated the possible proton
transfer routes either directly from His255 or via bridging water.
As summarized in Scheme 2, the proton transfer either directly
from His255 or via bridging water are found to be kinetically
unfavorable in terms of high free energy barriers (Figures S4 and

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1. QM(B3LYP)/MM-MetD calculated free energy barriers of PCET process, in
which the proton transfers either directly from His255 to nitrite (bottom) or via the
bridging water to nitrite (top) are both found to be kinetically unfavorable.

S5). These results highlight the significance of Asp98 as the
proton source for nitrite reduction, which is line with previous
DFT model calculations.16 18

For comparison, we also investigated the PCET process in
the ASH-HID protonation state, in which Asp98 is protonated
while His255 is in the neutral form. However, the corresponding
PCET process is calculated to be highly unfavorable (Figure S6).
Taken together, our calculations support that ASH-HIP
protonation state is required to mediate a PCET process toward
nitrite reduction, which involves a free energy barrier of 17.0
kcal/mol.

The nature of electron transfer from the T1-Cu site to the T2-Cu
site

With both copper sites and the electron transfer bridge
considered in the QM
effectively an asynchronous PCET as depicted in Figure 5. This is
in contrast to the experimental proposal that ET and PT occurs
as separate elementary steps. 1214

region, the reduction reaction is

0.8 — T1Cu
N — T2 Cu
E:
£ 0.6
=
i
=
£ 0.4
=
g
0.2
0 L B T == T U
3.5 3 2.5 2 1.5 1

d [H1 - 02] (A)

Figure 6. The calculated spin density on both coppers along the QM(B3LYP)/MM-
MetD simulations of the PCET step in Figure 5.

QM(B3LYP)/MM-MetD provide interesting details about the
PCET mechanism of CuNiR. Figure 6 shows the mulliken charge
evolution of both coppers along QM(B3LYP)/MM-MetD
simulations. It is seen that the spin density of both copper sites
is maintained between the reactant state (2RC2) and the

This journal is © The Royal Society of Chemistry 20xx
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transition state (2TS1), indicating that ET has not yet occurred.
ET occurs only if the distance between protonated Asp98 and
02 atom of nitrite is below ~1.7 A, which coincides to the
transition state in Figure 5. What can be observed in 2TS1,
however, is a switch in Asp98 conformation from the
gatekeeper to the proximal conformation, which occurs as the
nitrite 02—Asp98 H1 distance moves closer from ~3.30 A in
2RC1 state to ~1.70 A in 2TS1, as illustrated in Figure 5b. Thus,
our simulations confirm that nitrite binding occurs before
intramolecular ET. First, we did not observe spontaneous ET
from T1-Cu to T2-Cu throughout QM/MM MD simulations.
Second, using QM/MM metadynamics, we found the ET occurs
only when the distance between the protonated ASP98 and 02
atom of nitrite is decreased to ~1.70 A. In such proximal
conformation of Asp98, the reduction potential of T2-Cu active
site can be elevated, which drives the long-range ET from T1-Cu
to T2-Cu.

Once the proton of Asp98 moves closer to nitrite in the
proximal conformation, the reduction potential of T2-Cu active
site can be elevated, which drives the long-range ET from T1-Cu
to T2-Cu. As the electron transfer occurs at the 02—H1 distance
of ~1.7 A, this indicates that ET preceded PT. As judged from the
calculated free energy profile in Figure 5, the gatekeeper to
proximal conformation conversion is much more energy-
demanding than the PCET itself, while the latter process is quite
facile starting from the proximal conformation of Asp98.
Inspection of the geometry of 2IC1 indicates that nitrite has
been reduced into HNO,. The binding mode of the substrate
switches to the monodentate n-N mode. The oxidation states of
both copper sites are flipped in this state, indicating the
completion of intramolecular electron transfer. Asp98 remains
to be in protonated form while His255 is in neutral state.

Overall, it is observed that intramolecular electron transfer
from T1-Cu to T2-Cu occurs via an asynchronous PCET
mechanism, which is facilitated by conformation change of
Asp98 from gatekeeper to proximal conformation. Calculations
using different population analysis methods and basis set do not
affect the tread of the ET process (Figure S7).

Proposed Catalytic Mechanism of CuNiR

H
o
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Scheme 2. Proposed reduction mechanism
QM(B3LYP)/MM-MetD simulations.

of A. faecalis CuNiR based on

Based on QM(B3LYP)/MM-MetD simulations,
catalytic mechanism of CuNiR is proposed as shown in Scheme
3. In line with previous DFT calculations,® 18 the catalysis
requires that both Asp98 and His255 are in their protonated
states. Previous DFT studies suggest that the nitrite reduction is
achieved by the stepwise PT and ET, with ET occurring prior to
PT.16.18 However, for the first time, our study demonstrates that
initiated by an asynchronous PCET
mechanism, in which the proton transfer from Asp98 to nitrite

a hnew

nitrite reduction is
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is driven by the long-range electron transfer from T1-Cu(l) to T2-
cu(l).

We dissect the components of the PCET of CuNiR, which
includes the intramolecular ET via the H-bonding network
between His135 and Cys136 and the proton transfer from
Asp98 to nitrite. Prior to PCET, a conformational change of
Asp98 from gatekeeper to proximal is required, which is more
energy demanding compared to PCET itself. The calculated
Gibbs energy barrier for overall PCET is 17.0 kcal/mol, which is
in agreement with experimental and DFT studies.1® 18 25 The
experimental free energy barrier of 16.8 kcal/mol is derived
from the rate constant according to transition state theory.?>

After PCET, product release occurs via a favorable HO---NO
bond cleavage (Step-Il in Scheme 3), with a Gibbs energy barrier
of 12.1 kcal/mol (Figure S8). The reaction leads to the formation
of T2-Cu(Il)-OH- species and NO product. Throughout the N—O
cleavage process, the reduced T1-Cu(l) state is maintained,
indicating it is not involved in N-O cleavage reaction. The
calculated product release mechanism herein is in agreement
with recent DFT studies,!”- 18 suggesting the formation of the T2-
Cu(Il)-OH- as the product state, rather than the widely-proposed
state of the nitric oxide-bound T2-Cu(l)-NO*.7- 8 16

Conclusions

Using the combined MD simulations and the QM/MM-
based metadynamics calculations (QM(B3LYP)/MM-MetD), we
revisit the nitrite reduction mechanism in CuNiR by taking into
account of the electron donor T1-Cu domain. The ET pathway
analysis provides evidence that His135 and Cys136 are key
residues involved in the intramolecular electron transfer from
T1-Cu to T2-Cu. Upon the inclusion of electron donor T1-Cu
domain, the reaction leads successfully to a PCET process, in
which the proton transfer from Asp98 is coupled with the
electron transfer from T1-Cu(l) to T2-Cu(ll). Moreover, our
calculations demonstrate that both Asp98 and His255 have to
be protonated, in order to mediate a PCET process toward
nitrite reduction.

QM(B3LYP)/MM-MetD provide interesting details about the
nature of PCET reaction. It was found that ET process is driven
by the conformation conversion of Asp98 from gatekeeper to
proximal one, which is indeed much more energy-demanding
than the PCET itself, while the latter process is quite facile
starting from the proximal conformation of Asp98. Such
conformational change triggered the ET from T1-Cu to T2-Cu,
which in-turn drives the follow-up PT process. Finally, we show
that product release occurs via a favorable HO---NO bond
cleavage, leading to the T2-Cu(ll)-OH- as the product state,
rather than the widely-proposed T2-Cu(l)-NO* state.
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