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ABSTRACT: Copper-containing nitrite reductases (CuNiRs) catalyze
the reduction of nitrite to nitric oxide, a key step in the denitrification
process that maintains balance between organic and inorganic nitrogen.
Despite their importance, their functioning is not well understood. In this
work, we carry out first-principles calculations and show that the available
structural data are consistent only with a single mechanism. For this
mechanism, we determine the activation energies, transition states, and
minimum energy pathways of CuNiR. The calculations lead to an updated
enzymatic mechanism and resolve several controversial issues. In
particular, our work identifies the origins of the two protons necessary
for the enzymatic function and shows that the transformation from the
initial O-coordination of substrate to the final N-coordination of product
is achieved by electron transfer from T1 copper to T2 copper, rather than
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by the previously reported side-on coordination of a NO intermediate, which only takes place in the reduced enzyme. We also
examine the role of structural change in the critical residue Asp®®, reported in one experimental study, and find that while the
structural change affects the energetics of substrate attachment and product release at the T2 copper reaction center, it does not
significantly affect the activation energy and reaction pathways of the nitrite reduction process.

he nitrogen cycle is a process in which nitrogen is

converted between biological and nonbiological forms.
The two important stages of this process are nitrogen fixation
and denitrification. The former converts atmospheric nitrogen
into biological forms, while the latter releases biological
nitrogen back into the atmosphere in the form of N,.
Historically, denitrification balanced nitrogen fixation, making
the amount of nitrogen in the atmosphere, soil, and aquatic
ecosystems stable. However, human activity has altered the
balance since the discovery of the Haber-Bosch process, which
enables an inexpensive way of fixing atmospheric nitrogen into
ammonia for production of fertilizers. As a result, the rate of
nitrogen input into the terrestrial and aquatic ecosystems has
doubled" and is still increasing due to the use of synthetic
tertilizers and cultivation of nitrogen-fixing crops. The excess
nitrogen causes many environmental problems, especially in
aquatic ecosystems such as eutrophication and harmful algal
blooms. Denitrification™” is currently the only proven nitrogen
removal process, which transforms biological nitrate (NO;")
into N, gas. This anoxic process occurs in four reduction steps:
initial conversion of nitrate to nitrite (NO;~ — NO,7),
followed by transformation of nitrite to nitric oxide (NO,” —
NO), subsequent reduction of nitric oxide to nitrous oxide
(NO — N,0), and the final conversion of nitrous oxide to
dinitrogen gas (N,O — N,). All stages are catalyzed by
complex metalloenzymes with different transition metal
cofactors. To remediate human impact on the environment,
it is necessary to fully understand the mechanisms of
metalloenzymes involved in this process.
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Dissimilatory nitrite reductases (NiRs) catalyze the reduction
of nitrite to nitric oxide, the committed step in denitrification.
There are two main types: one containing iron (cd;NiRs) and
the other copper (CuNiRs). c¢d;NiRs started to occur at an
early evolutionary stage of NiR history. As the amount of O, in
atmosphere increased, more and more CuNiRs were found.
The mechanism of heme cd, nitrite reductases is by now well-
known,* while the functioning of CuNiRs is not well
understood. The CuNiRs are organized as homotrimers with
three identical monomers tightly associated together.”~” Each
monomer contains two copper sites: type I (T1) and type II
(T2), which are connected via a cysteine (Cys)-histidine (His)
bridge for rapid electron transfer as shown in Figure 1. The T1
copper, which is the site of electron transfer from a
physiological electron donor, is coordinated by two histidine
imidazoles, one cysteine thiolate, and one methionine thioether.
The T2 copper, which is the site of nitrite reduction, is
coordinated by three histidine imidazoles and a water molecule
in the resting state.>” Experiments®® on native nitrite-soaked
CuNiRs revealed that nitrite binds in a bidentate mode via two
oxygen atoms and forms a hydrogen bond with Asp”®, which
connects to His**® through a solvent-bridged hydrogen bond.
The conserved active site, hydrophobic residue Ile*>’,
positioned within 3 A from the bound substrate and product,
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Figure 1. T1 and T2 copper sites with nearby residues (PDB ID
2BWD). T2 is the catalytic site, while the T1 copper transfers an
external electron to the T2 copper during the catalytic process.

has been found to shape the active site cavity and limit
inhibition of CuNiR by small molecules."’

The catalytic mechanism of CuNiR has been investigated in
crystallographic,”'' ~** spectroscopic,”>~"” kinetic and muta-
tional studies”'®*>' of enzymes from different species. Asp”
and His™> mutants show a decrease in the reaction rate
constant, proving that these residues are critical for enzymatic
function of CuNiR.>'*>! Other studies have further elucidated
the role of Asp®® and His™® in CuNiRs: X-ray experi-
ments”" ' ~'* revealed that the Asp®® forms a hydrogen bond
to both the nitrite substrate and the nitric oxide product and
that this residue is critical for proton transfer during catalysis. In
the same studies, His*>® was proposed to participate in proton
transfer to a catalytic intermediate either directly or via Asp®®.

Although these works have provided a great deal of insight
into the mechanism of CuNiR, several important questions
remain unanswered. One of them is a change of coordination at
the T2 Cu site, where the substrate is initially O-coordinated,
while the product ends up in an N-coordinated mode. A key
insight into this can be obtained from the structure of the NO
intermediate, but attempts to detect it directly during the
reaction have not been successful yet. Instead, a couple of
experiments' "> were able to detect the structure of the
CuNiR-NO complex by exposing the crystallized enzyme in its
reduced form to NO solution. These studies found that the NO
molecule attaches in a symmetric “side-on” way, in which Cu—
N and Cu—O bond lengths are approximately equal. These
findings were unexpected, since NO is usually N-coordinated in
Cu comzplexes, and have generated multiple follow-up
studies,”*"?° because a side-on structure of the NO
intermediate would have important consequences for the
enzymatic action of CuNiR. While it was determined that the
side-on binding is promoted by a hydrogen bond with Asp®
along with interaction with Ile**” and His**, it is still unknown
whether it takes place during the enzymatic action, as CuNiR is
oxidized rather than reduced when NO attaches.

Interestingly, one of the studies'” addressing the NO
intermediate has found that one of the key residues, Asp®®,
changes side-chain conformation according to the attachment
of the substrate, suggesting an additional role of this residue. In
the “gatekeeper” position, which takes place in the nitrite-
bound state, the carboxyl group is oriented toward the substrate
entry pocket, while in the “proximal” position, which was
detected in the resting enzyme, the carboxyl group points to the
proton channel and is close to the reaction center.
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Another unresolved issue is the origin of the two protons
that are required for CuNiR’s enzymatic action. The fact that X-
ray experiments, which have been used to explore the structure
of this enzyme, cannot detect protons, means that this aspect of
its mechanism remains unexplored. Similarly, the trans-
formation from the initial O-coordinated nitrite to the final
N-coordinated nitric oxide remains unclear.

So far, multiple theoretical studies have addressed the
binding mode of NO and nitrite at the T2 copper site. The
side-on binding mode of NO at reduced Cu(I) site was found
to be promoted by the hydrogen bond with Asp”® along with
interactions with Ile*” and His?>*.>*7>® By combining
computational models with experimental spectroscopic techni-
que, Ghosh and co-workers found that the bidentate
coordination mode of nitrite occurs when either or both of
Asp” and His®> are protonated. Other theoretical studies
showed that protonated nitrite (HNO,) at oxidized Cu(1II) is
energetically unstable and decays to generate damaging NO™.
Although these works provide a great deal of insight into the
mechanism of CuNiR, many important questions remain
unanswered: (1) Does the side-on coordination of NO occur
at oxidized Cu(II)? (2) How does the initial O-coordinated
nitrite proceed to the final N-coordinated NO? (3) Does the
conformation of Asp®® play a role in the reaction? (4) What are
the origins of the protons?

In this paper, we investi%ate CuNiR enzymatic function using
density functional theory.””*® We employ the nudged elastic
band (NEB)***° method to determine minimum energy
pathways (MEPs), transition states, and activation energies
for the steps in enzymatic conversion of nitrite to nitric oxide.
To our knowledge, there has been so far only one transition
state calculation of the CuNiR function,> which used saddle
point optimization that requires a very good initial guess of the
transition states. Our NEB calculations give precise minimum
energy pathways, transition states and accurate activation
energies, providing a clear picture of the entire enzymatic
process. Our calculations also resolve a number of issues. First,
we find that flexibility of the Asp®® side chain reported in one of
the experimental studies'> can stabilize the attachment of the
substrate as well as the release of the product. We also identify
the origins of the two protons participating in the catalytic
reaction: one comes from Asp’®, while the other is transferred
from His>>® via a water bridge. Furthermore, while the side-on
coordination of the copper-nitrosyl is a local minimum on the
energy landscape, the end-on coordination is an even lower
minimum. Finally, the calculations suggest that the different
oxidization states of the copper sites play important roles in the
transformation from the O-coordination of nitrite to the N-
coordination of nitric oxide.

B MATERIALS AND METHODS

Our model of the CuNiR active site is based on the reported
structure of CuNiR from Achromobacter cycloclastes (PDB codes
2BWI, 2BWS, 2BWD)"? and consists of the following residues:
His'®, His'3S, His®®, Asp98, His**, 1le*", and four nearby water
molecules, resulting in a total of 105 atoms as displayed in
Figure 2. This model is relatively small because the NEB
calculations are computationally demanding, but it is in close
agreement with experimental data. A comparison to a larger
model (a total of 180 atoms) shows that the structural
parameters at the active copper site differ by less than 1%. In
the calculations, the coordinates of the alpha carbons of each
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Figure 2. Computational model consists of His'®, His'®, His’%,
Asp®, His®™, 1le*, and four water molecules. In the calculations,
alpha carbons in each protein fragment are fixed to their experimental
positions.

residue are frozen to their experimental positions. All the other
atoms, including those in water molecules, are free to move.

The calculations are based on density functional theory
(DFT), which has many applications to biological systems and
has been successful in understanding many complex enzyme
reaction pathways at a molecular level.>*~>> We use both the
Real-Space Multigrid (RMG)**™** and Quantum Espresso
(QE)* codes for structural optimization with the PBE XC
functional and ultrasoft pseudopotentials. The QE calculations
use kinetic energy cutoff of 30 Ry, while RMG calculations use
a grid spacing of 0.32 Bohr.

To investigate the catalytic function of CuNiR, we use the
NEB method, which searches for the minimum energy pathway
between specified initial and final states and thus also provides
the energy barrier for the process. In NEB calculations, the
investigated process is divided into several steps along the
pathway between the initial and final states. An important
advantage of the NEB approach is that calculations
corresponding to each step, called “images”, can be run in
parallel with only infrequent checkpoints, which make NEB
ideal for use on massively parallel supercomputers. Saddle point
calculations are often used to explore catalytic processes, but
these require a good initial guess of the saddle point state and
do not provide full reaction pathways.

Here, we use the climbing-image nudged elastic band (CI-
NEB) method,”*° as implemented in the Quantum Espresso
code, which improves on the standard NEB method by using a

special treatment for the highest energy image to ensure that it
is driven up to the saddle point. The convergence criteria in our
NEB calculations are that atomic forces of all images must be
less than 0.05 eV/A. The calculations are carried out on a Cray
XE6 supercomputer and use nine images in an NEB simulation
with each image using 110 CPU cores. The entire catalytic
process is studied in three steps, with separate NEB calculations
corresponding to substrate attachment, nitrite reduction, and
product release, respectively. All three simulations are run
concurrently, and a total of 2970 cores is used.

The channels leading to and from the T2 Cu site are found
by using the CAVER™ plugin to molecular visualization
software PyMol.*' CAVER is a software tool for analysis and
visualization of channels in protein structures. In CAVER, the
most accessible channel from the protein cavity to the bulk
solvent is found by minimizing the sum of the cost function for
all nodes of the channel. The cost function is inversely
proportional to the square of the distance between the node
and the protein. The initial position of NO,” before the
attachment and the final position of NO after release for the
NEB calculations are determined by confining the molecules
inside the channel and optimizing the geometries.

B RESULTS

Energetics at Two Positions of Asp®®. In the X-ray
experiment by Antonyuk and co-workers,'> two conformations
of Asp®® side chain were found. They named them gatekeeper
and proximal: the former is close to the substrate entry pocket,
while the latter is close to the T2 copper center. The
experiment could not determine under what conditions the
conformation change occurs or whether it plays a role in the
enzymatic function. It should be noted that ref 12 is the only
experimental work that found conformational change in Asp®.
However, because this residue is directly involved in the NO,~
to NO conversion process, we include its conformational
change in our calculations to determine if it has an effect on the
enzymatic function.

We examined channels leading to the catalytic site using
CAVER.* The two channels with largest bottleneck radii are
displayed in Figure 3A. The larger one with the bottleneck
diameter is 3.12 A and thus can fit both the substrate and the
product—the O—O distance in NO, ™ is 2.11 A, while the N—O
bond length in NO is 1.15 A. The smaller channel can only fit
the product, as its bottleneck diameter is 2.08 A. The two
channels coincide close to the reaction center. Detailed views of
the channels are provided in Figure S7 (SI).

The two positions of the Asp®® side chain relative to the
channels are displayed in Figure 3B,C, where the green side-
chain is in the “gatekeeper” position pointing toward the nitrite-
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Figure 3. Channels connecting the outside of the enzyme to the T2 Cu site. The experimental structure is from PDB ID code 2BWD (NO + NO,").
(A) Two largest channels in the enzyme, shown in pink (the larger one) and blue (the smaller one), respectively. (B) Asp®® side chain in the

gatekeeper position. (C) Asp®® side chain in the proximal position.
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binding channel, while the pink side chain is in the “proximal”
position that is close to the active site.

Our CAVER analysis shows that the “proximal” conforma-
tion is preferable in the resting state to facilitate the subsequent
nitrite attachment. It has a shorter length, a lower average cost
to navigate the channel as well as weaker steric interactions with
the nitrite.

We have investigated the energetic competition between the
“gatekeeper” and “proximal” positions at multiple stages of the
catalytic process. The results are summarized in Table 1, and

Table 1. Energy Comparisons between the “Gatekeeper” and
“Proximal” Conformations

favorable
T2 Cu site conformation Efwvorable — Eunfavorable (Kcal/mol)
NO, -Cu(I)* gatekeeper —8.07
NO,™-Cu(D)* gatekeeper —8.76
NO-Cu(I1)® proximal —5.53
H,0—Cu(I1)® proximal —4.38

“His?* and Asp®® are protonated. “His*** and Asp”® are deprotonated.

the optimized structures of the preferred conformations are
shown in Figure 4. All optimized structures including the
unfavorable ones are shown in Figure S6 (SI) with distances
between Cu and nitrite/NO/water displayed. We find that the
“gatekeeper” position is favored for the substrate-bound state
(Figure 4A) and remains such even after ET and reduction of
the Cu center (Figure 4B). However, after nitrite reduction, the

A Nitrite-Cu(Il) B nNitrite-Cu(l)
*T““ Asp98 (G) \:“J Asp98 (G)
L R,y S Yoz

, 5 &

C  Nitric Oxide-Cu(ll) D water-Cu(ll)

Asp98 (P)

i

Asp98 (P)

Figure 4. Optimized structures of the favorable conformations. (A)
Before electron transfer (ET), the nitrite attaches to T2 Cu®* and
Asp®® is in the “gatekeeper” position. (B) After ET, the nitrite remains
attached to T2 Cu* and Asp®® is still in the “gatekeeper” position. (C)
After nitrite reduction, NO coordinates to T2 Cu** and Asp®® moves
to the “proximal” position. (D) After NO release, water coordinates to
T2 Cu®* and Asp® is still in the “proximal” position. The dashed lines
show the hydrogen-bonded network. Asp®® and His>>* are protonated
in (A) and (B), and deprotonated in (C) and (D). Only the nearby
atoms are displayed for clarity. Letters “G” and “P” denote
“gatekeeper” and “proximal” orientations of Asp®®, respectively.
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“proximal” position becomes preferable (Figure 4C). This
configuration does not change after the product is released
(Figure 4D). These results suggest that Asp®® is in the
“proximal” position in the enzyme resting state, but it moves to
the “gatekeeper” conformation upon substrate attachment to
facilitate attachment of the nitrite. During nitrite reduction,
Asp”® moves back to the “proximal” position. This is consistent
with our CAVER analysis, which showed that the “gatekeeper”
conformation is preferable for nitrite attachment. These
findings are also in agreement with X-ray experiments by
Antonyuk and co-workers,"* which showed that the “proximal”
conformation of Asp”® is more pronounced in the electron
density map when nitrite binds to copper, while the “proximal”
confirmation is preferred when water or nitric oxide bind to
copper.

One difference, when compared to the experimental
structures, is the position of the nitrite when attached to the
oxidized enzyme. Experiments'” find a face-on coordination
(experimental distances in A: O1—Cu==2.04, 02—Cu=2.29,
and N—Cu=2.36), while we find a bidentate O-coordination
with the nitrogen pointing away from the copper (calculated
distances in A: 01—Cu=2.13, 02—Cu=2.27, and N—Cu=
2.65, see Figure S6 for details). Comparisons between the
experimental and calculated structures are shown in Figure S1
(SI). Interestingly, the calculated bidentate coordination of
nitrite-Cu(II), as displayed in Figure 4A, agrees with
Sundararajan’s DFT calculations,®* in which the nitrogen is
also pointing away from the copper.

For the reduced form of Cu(I)-nitrite, no experimental
structures are available. To get an optimized structure of Cu(I)-
nitrite, there are two common approaches to choose a starting
point: one is to start with the experimental structure of the
oxidized form; the other is to start with a computationally
optimized structure of the oxidized form. In this paper, we
started with the experimental nitrite-Cu(II) configuration. After
adding one electron to reduce Cu(II) to Cu(I), we obtained an
optimized structure of nitrite-Cu(I), in which the nitrite is
coordinated to copper via a nitrogen, as displayed in Figure 4B.
We have also explored the second approach by using the
computationally optimized nitrite-Cu(II) complex (Figure 4A)
as a starting geometry. These calculations found a single oxygen
coordination instead. Both single N- and O- coordinations
results agree with the theoretical results of Sundararajan.”*
Nevertheless, the single N-coordinated mode has an energy
lower by 8.15 kcal/mol. We thus focus on the single N-
coordinated nitrite-Cu(I) form because of its lower energy.

Side-On versus End-On Coordination of NO. Measure-
ments of crystal structures of nitrite-attached CuNiR agree that
nitrite binds to the T2 Cu in a bidentate way via the two
oxygen atoms.*® However, the structure of the nitric oxide
intermediate remains controversial. On the basis of the earlier
investigation of NO attachment to a synthetic mononuclear
copper nitrosyl model comiplex, N-coordination was expected.**
Surprisingly, experiments' "> examining the NO intermediate
in CuNiR found a different type of attachment, in which the
distances of N and O to copper are equidistant as shown in
Figure S. This arrangement has been termed “side-on”, while
the N-coordinated one was named “end-on”. While the first"'
of those studies found the side-on coordination only for the
reduced state of the enzyme, which is not relevant for the
catalytic process, the second study'” detected side-on attach-
ment for both oxidized and reduced states. In constrast, an
EPR-ENDOR study™ has yielded EPR parameters consistent
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Figure S. Side-on (left) and end-on (right) coordination of nitric oxide
at T2 Cu*. N—Cu, O—Cu, and N—O distances are 1.96, 2.13, 1.23 A
for side-on (SO) and 1.89, 2.87, 1.19 A for end-on (EO)
configurations. Only the nearby atoms are displayed for clarity.

with an end-on rather than a side-on structure. Nevertheless,
the observations of the side-on attachment have attracted
considerable attention, since they would have important
implications for the mechanism of the catalytic process.

Existing DFT calculations*>~>¢ have so far only addressed the
reduced state of the enzyme. These works have shown that the
side-on attachment in Cu(I)-NO is stabilized by a hydrogen
bond between NO and Asp®® along with interactions with Ile*’
and His®>, These studies have found that the Cu(I)-NO end-
on attachment is favored by 3.00—9.91 kcal/mol. Ref 26 has
also shown that the steric constraint of the CuNiR active site is
an important factor for the side-on coordination. However, so
far, it has not been conclusively determined whether the side-
on coordination is a part of the catalytic process, since the
enzyme is in the oxidized rather than the reduced state when
NO attaches.

Our calculations examining the reduced enzyme show that
the side-on configuration is only a local minimum, while the
end-on configuration is lower in energy by 6.22 kcal/mol. The
fully optimized structures of both configurations are displayed
in Figure S. Comparisons of experimental and calculated
structures are displayed in Figure S2 (SI) for both side-on and
end-on coordinations to Cu(I). While the N—Cu and O—Cu
bond lengths are in close agreement with the experiment data,
the N—O bond (1.23 A) is significantly shorter than the
observed value of 1.45 A found in refs 11 and 12. Given that the
gas phase value is 1.15 A, such a bond length is unusually long.
In fact, none of the other calculations®* >® were able to
reproduce the experimental value either, and all yielded bond
lengths similar to ours. In our attempt to reproduce the
experimental bond length, we have varied different computa-
tional parameters, including the level of theory (MP2 instead of
DFT, details of the MP2 calculation are provided in SI), system
size, initial configuration, protonation states of key residues, and
oxidation states of the enzyme. Of these, only an extreme
reduction of the enzyme, adding two electrons to the reduced
form of enzyme, yielded a substantially longer NO bond, 1.35
A. However, it appears unlikely that such an extreme reduction
could take place under experimental conditions. A more likely
explanation seems to be disorder in the ligands, which was
previously found to affect bond lengths in other metal-NO
adducts.* Another factor may be the resolution of the X-ray
experiment: Of the two works reporting the side-on structure,
the one with a higher resolution (0.9—1.1 A2 reports a range
of NO distances of 1.25—1.40 A, where the low end is close to
the calculated N—O distance of 1.23 A. The experiment with
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1.3 A resolution'" finds all NO bond distances to be around
145 A.

For an oxidized form of CuNiR, which occurs when NO
attaches during the catalytic process, our calculations could not
find a stable side-on configuration. Starting from the
experimental structures, side-on attachments quickly relax to
end-on ones. The same is found when the initial structure is set
up manually, which leads us to conclude that a side-on
configuration is not an energy minimum for the oxidized
CuNiR. In the relaxed end-on attachment, the N—Cu and O—
Cu bond distances are 1.81 and 2.80 A, respectively.
Comparisons of experimental and calculated structures are
displayed in Figure S2 (SI) for the end-on coordination to
Cu(II). Because of this finding, our investigation of the catalytic
mechanism of CuNiR assumes the end-on attachment of NO.

Mechanism of Enzymatic Function of CuNiR. As a
prerequisite for the investigation of CuNiR, we first examine
the protonation states of key residues, since they cannot be
determined in X-ray experiments. On the basis of ref 31, the
reaction mechanism needs two protons. However, their origin
is not known. There are two residues that can provide protons:
Asp”® and His**. In addition, the substrate (nitrite) can already
be protonated at the start of the reaction.'”'* Our calculations
find that only the state with both Asp”® and His*** protonated
gives the expected bidentate oxygen attachment of the
substrate,''* suggesting that these two residues are protonated
when NO,™ attaches.

Another important mechanistic question of CuNiR action is
the point at which the electron transfers from the T1 to the T2
copper. Whether this happens before or after the substrate
(nitrite) attachment is still being disputed.44 Our calculations
explore the former case, which has been assumed in our two
main experimental references.'"”'> The difference between the
two cases is the initial attachment of the substrate: if the copper
binding site is reduced, the substrate attaches in a single
nitrogen coordination, while for the oxidized enzyme the
commonly accepted double oxygen coordination mode takes
place. Our choice is also consistent with the experimental
results of Hough and co-workers,*> who showed that electron
transfer is gated by the attachment of nitrite.

After we have identified the protonation states of the key
residues, the conformational changes in Asp®, and the point at
which the electron transfer occurs, the enzymatic mechanism
can be drawn in detail, as shown in Figure 6. It should be noted
that given the experimental data of refs 11 and 12, our
calculations eliminated alternative possibilities, and the
mechanism in Figure 6 is the only one consistent with the
experimental data. The eliminated alternative possibilities
include (1) only one proton is involved in the reaction,
which together with one oxygen from the nitrite produces a
hydroxyl instead of a water molecule; (2) two protons are
involved with one on either Asp”® or His**®, and the other on
nitrite; (3) electron transfer (from T1 Cu to T2 Cu) occurs
before the nitrite attaches to copper.

The mechanism starts with nitrite attachment to copper,
which displaces a water molecule. This is followed by an
electron transfer reducing the T2 copper to Cu(I). Next, nitrite
reduction occurs, and one oxygen of the nitrite is cleaved and
forms a water molecule with protons from Asp®® and His*®,
with the second proton being bridged by crystallographic water.
The produced water molecule forms a hydrogen bond with
Asp®®. The nitric oxide is then released, and the water binds to
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Figure 6. Scheme of the enzymatic mechanism.

copper. At the end, the enzyme needs to be reprotonated to
return to the initial state.

After determining all the key steps in the enzymatic
mechanism, we use NEB calculations to find full atomic
geometries, transition states, and activation barriers. The energy
barriers gauge the feasibility of the mechanism because
processes with barriers in excess of 30 kcal/mol are unlikely
to take place under normal conditions.

The NEB calculations have examined the mechanism in three
steps: (i) nitrite attachment, (ii) nitrite reduction, and (iii)
nitric oxide release. The overall energy profile is shown in
Figure 7, where the NEB image number denotes intermediate
structures between initial and final states (it can also be thought
of as the collective reaction coordinate connecting the initial
and final states). The blue solid line is the energy landscape of
the three subprocesses with flexible Asp”®, which changes
conformations during the reaction. The red dashed line in the
middle panel is the energy profile for nitrite reduction with
Asp®® staying in “proximal” position (static Asp”®), ie., no
switch between the two conformations. In the middle panel, for
the two initial states, the energy difference is 8.76 kcal/mol
(Table 1, second row), as Asp’® is in the proximal position in
static case and in the gatekeeper position in flexible case. For
the two final states, the energies are very close, as Asp”® is in the
proximal position in both cases, with the minor difference
resulting from orientations of the water molecules (see image 9
in Figures S4 and SS for details). The initial, final, and
transition state structures for each subprocess in the flexible
case are displayed in Figure 8. A larger view of the three
structures in each process is displayed in Figure S3 (SI), where
the distances are shown in A.
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Figure 7. Energy landscape of the catalytic reaction. The panels (II)
and (III) are shifted vertically by 130.44 kcal/mol to account for
electron transfer (not included in the calculations) and substrate
coordination change following the transfer (see text). The blue solid
line is the energy landscape of the three subprocesses with flexible
Asp®®, which changes conformations during the reaction. The red
dashed line in the middle panel is the energy profile for nitrite
reduction with Asp®® staying in the “proximal” position (static Asp),
i.e,, no switch between the two conformations. In the middle panel, for
the two initial states, the energy difference is 8.76 kcal/mol (Table 1,
second row), as Asp”® is in the proximal position in the static case and
in the gatekeeper position in the flexible case. For the two final states,
the energies are very close as Asp”® is in the proximal position in both
cases, with the minor difference due to orientations of water molecules
(see image 9 in Figure S4 and SS for details). The NEB image number
denotes intermediate structures between the initial and final states.

During the nitrite attachment (as displayed in Figure 8A—C),
Asp”™ moves from the proximal position to the gatekeeper
position, while the resting state water is replaced by nitrite. The
activation energy of this process is 15.86 kcal/mol. In the
transition state (Figure 8B), the water—Cu distance is extended,
while the nitrite forms a hydrogen bond with the carboxyl
hydrogen in Asp®. At the end of this process, the nitrite is
doubly O-coordinated to the T2 Cu (II), as shown in Figure
8C.

This is followed by electron transfer from the T1 copper to
the T2 copper. The electron is provided by a physiological
electron donor® and is transferred to the T2 Cu via Cys-His
bridge. The electron transfer process is not a part of our
calculations. It reduces the T2 copper to Cu(I), which in turn
leads to a change in nitrite attachment mode from bidentate
oxygen coordination (Figure 8C) to monodentate nitrogen
coordination (Figure 8D). There is no energy barrier for this
change once ET takes place. Because of ET, the structures of
final state of the nitrite attachment, Figure 8C, and the initial
state of the next process (nitrite reduction, Figure 8D) differ.

In the nitrite reduction process, a proton is transferred to one
of the nitrite’s oxygens from His**® via a proton bridge formed
by a crystallographic water molecule between Asp”® and His*>.
As a result, the oxygen’s bond to the nitrite becomes extended
and weaker. Next, the second proton is transferred to the
oxygen forming a water molecule, which cleaves from the
nitrite. The second proton transfer and the cleavage proceed
simultaneously. Initial, transition, and final states of the nitrite
reduction are displayed in Figure 8D—F. Detailed structures for
all the steps along the minimum energy pathway are are shown
in Figure S4 (SI). During this process, the side chain of Asp®®
moves from the gatekeeper to the proximal conformation. In
the transition state (Figure 8E), a water molecule forms a
hydrogen bond to Asp®® and NO is nitrogen coordinated (end-
on) to the T2 copper. Such attachment can exist in two
possible electronic structure configurations: Cu(I)-NO* and

DOI: 10.1021/bi5007767
Biochemistry 2015, 54, 1233—1242


http://dx.doi.org/10.1021/bi5007767

Biochemistry

Initial State

od

A A<P>
>éfm‘i W
Nitrite { !
attachment

Nitrite
reduction

NO
release

Transition State

pe.
oW Asp(P->G
v v

)

&%& D . E
Asp(G) ) Asp(G->P) \

Final State

Asp(

A F
LS.
P)?

Figure 8. Minimum energy pathways (MEP) with initial, transition, and final states for the three processes. Only the atoms near the T2 Cu are
displayed for clarity. Hydrogen bonded networks are shown by dashed lines. Letters “G” and “P” denote “gatekeeper” and “proximal” orientations of

Asp®®, respectively.

Cu(I1)-NO. The calculations show that the former form is
preferred in energy. The activation energy of the reduction
process is 20.01 kcal/mol. Overall, as shown in Figure 7, nitrite
reduction is an endothermic process requiring 12 kcal/mol.
This agrees well with the experimental estimate of 15 kcal/
mol.*

Finally, the nitric oxide is released from T2 Cu (II) and a
water is bound to the copper as displayed in Figure 8G—IL The
enzyme returns to the resting state with Asp’® and His™®
deprotonated (Figure 8I). The activation energy of the release
process is 9.94 kcal/mol. To fully recover the resting state,
Asp”® and His™® need to be reprotonated, but this process has
not been included in our calculations.

The process investigated above assumed that Asp®™s side
chain switches between proximal and gatekeeper positions.
However, this was only reported in one experimental study,'>
and thus we also examine a catalytic process in which Asp®
stays in the proximal position. Specifically, we repeat the NEB
calculation for the second process, nitrite reduction, with Asp®®
in the proximal position. The energy profile is displayed as a
dashed line in the middle panel of Figure 7. The comparison
shows that both cases have very similar energy barriers—20.01
kcal/mol for switching and 19.82 kcal/mol without switching.
Also, the reduction process proceeds in same way for both
cases: First, His?> transfers a proton to one of the oxygens of
the nitrite causing extension of its bond to the nitrogen. Next, a
proton transfer from Asp®® to the same oxygen forms a water
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molecule which is simultaneously cleaved from the nitrite,
leaving NO attached to the copper center. A detailed sequence
of all the steps along the minimum energy pathway is displayed
in Figure S5 (SI). Overall, these results show that the Asp®™
position switching does not have a significant effect on the
nitrite reduction barrier.

While our calculations assume that the ET takes place after
the substrate attachment, it should be noted that the nitrite
reduction and the NO release subprocesses are valid for both
cases. If the enzyme is reduced prior to the substrate
attachment, the attachment process would be different (our
calculations would suggest that the nitrite attaches in the N-
coordination as in Figure 4B), but the nitrite reduction and the
product release subprocesses would be the same.

The nitride reduction in CuNiR was previously investigated®’
using saddle point calculations. This work used experimental
data from a different species (Alcaligenes xylosoxidans*’) and
therefore used a different model of the binding site and the key
intermediate. Because of this, the details of the catalytic process
are different, and energy barriers are not directly comparable
(they found an energy barrier of 11.6 kcal/mol). Despite these
differences, an agreement is found in the sequence of proton
transfers and the fact that the N—O bond breakage occurs
simultaneously with the second proton transfer.

We have also evaluated the effect of solvent on the activation
barriers by adding 500 explicit water molecules surrounding our
model cluster. The positions of the waters were optimized
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using PWScf. The results show that the solvation only has a
minor effect because the activation barriers change by 4 kcal/
mol or less for all the processes studied in this work.

B DISCUSSION

Electron-Transfer-Induced Change of the Coordina-
tion of Nitrite. An important aspect of the CuNiR mechanism
is the substrate coordination change during the reaction.
Initially, the substrate (nitrite) is doubly oxygen coordinated,
while the product (NO) is nitrogen coordinated. How this
change occurs is not known. Experiments that found the side-
on attachment of the NO have posited that the coordination
change proceeds via the side-on intermediate.

However, our calculations based on the initial experimental
structures find a different mechanism for the coordination
change. The main factor is the reduction of the T2 copper
(caused by an electron transfer from the Type 1 copper, which
receives an electron from a physiological electron donor).> Our
calculations start with the experimental structure of the
substrate-bound enzyme, in which substrate is, as expected,
doubly oxygen coordinated (Figure 8C). The calculations show
that this configuration has the lowest energy and thus is stable.
However, when the charge state of the T2 copper changes from
Cu(II) to Cu(I), corresponding to the reduction of the enzyme,
double oxygen coordination is no longer a minimum and the
system relaxes to N-coordination (Figure 8D) without
encountering an energy barrier. Therefore, the calculations
predict that the coordination change takes place before the
oxygen is cleaved from the substrate and that the reduction of
the enzyme is the trigger causing the coordination change.

Conformational Change of Asp®® During the Enzy-
matic Function. Asp®® is in either the “gatekeeper”
configuration or the “proximal” configuration at different stages
of its function, as shown in Figure 8. The letter “G” in Figure 8
represents the “gatekeeper” orientation, while the letter “P”
stands for the “proximal” orientation. In the resting state, the
“proximal” position is energetically favorable when a water
molecule binds to the T2 copper. However, upon the
attachment of nitrite, the “gatekeeper” configuration becomes
preferred.

The binding of nitrite is then followed by an electron transfer
from T1 Cu to T2 Cu. It causes a reduction of the charge state
of the T2 copper from Cu(Il) to Cu(I). At that point, the
“gatekeeper” position is still favored. However, compared to the
structure before, the Asp”® is now closer to the binding site.
This is shown in Figure 4A,B. Therefore, the effect of electron
transfer is not only changing the coordination mode of the
nitrite, but also bringing the Asp”® in the “gatekeeper” position
closer to the T2 copper site.

Next in the nitrite reduction process, an oxygen is cleaved
from the nitrite, resulting in a N-coordinated (end-on) nitric
oxide bound to the T2 Cu. At this point, the “proximal”
position of Asp”® is preferred. During the final nitric oxide
release process, the “proximal” position attachments are favored
for both the nitric oxide and the water molecule at the binding
site.

Our calculations also considered the case in which the Asp®®
stays in the proximal position during the entire catalytic
process. It is found that this has no significant influence on the
activation barrier or the mechanism of the nitrite reduction
process.
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Bl CONCLUSION

We have explored the enzymatic function of copper-containing
nitrite reductase and found that only a single mechanism is
consistent with the structural data available for key
intermediates. The entire mechanism has been mapped out
in atomistic detail, along with transition states, energy barriers,
and the rate-limiting step. Several important aspects of the
process have been resolved, including the origins of the two
protons needed for the reaction. The roles of proposed Asp®®’s
structural changes have been investigated, and we find that
while they play role in the attachment of the substrate, they do
not affect the activation energy and reaction pathways on the
nitrite reduction process. We also find that the previously
observed side-on coordination of the NO intermediate does
not occur during the normal function of CuNiR. These results
provide important insights and improve our understanding of
the functioning of this enzyme. Two aspects were not included
in this work: electron transfer from the T1 copper and
reprotonation of Asp®® and His**.

CuNiR has the potential for use in environmental
remediation and removal of excess nitrogen from aquatic
environments. We find that nitrite reduction and attachment
are the main rate limiting steps with energy barriers of 20.05
and 15.44 kcal/mol, respectively. The former barrier may be
reduced by optimizing the T2 Cu binding site, while the latter
can be decreased by improving the substrate channel leading to
the catalytic site, but these are beyond the scope of this work.
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