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Abstract

The superfamily of heme-copper oxidoreductases (HCOs) include both NO and O, reductases.
Nitric oxide reductases (NORS) are bacterial membrane enzymes that catalyze an intermediate step
of denitrification by reducing nitric oxide (NO) to nitrous oxide (N2O). They are structurally
similar to heme-copper oxygen reductases (HCOs), which reduce O, to water. The experimentally
observed apparent bimolecular rate constant of NO delivery to the deeply buried catalytic site of
NORs was previously reported to approach the diffusion-controlled limit (108-10° M~1s71). Using
the crystal structure of cytochrome-c dependent NOR (cNOR) from Pseudomonas aeruginosa, we
employed several protocols of molecular dynamics (MD) simulation, which include flooding
simulations of NO molecules, implicit ligand sampling and umbrella sampling simulations, to
elucidate how NO in solution accesses the catalytic site of this cNOR. The results show that NO
partitions into the membrane, enters the enzyme from the lipid bilayer and diffuses to the catalytic
site via a hydrophobic tunnel that is resolved in the crystal structures. This is similar to what has
been found for O, diffusion through the closely related O, reductases. The apparent second order
rate constant approximated using the simulation data is ~5x108 M~1s~1, which is optimized by the
dynamics of the amino acid side chains lining in the tunnel. It is concluded that both NO and O,
reductases utilize well defined hydrophobic tunnels to assure that substrate diffusion to the buried
catalytic sites is not rate limiting under physiological conditions.
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NO reductases O, reductases

1. Introduction

Nitric oxide (NO), a neutral diatomic molecule, plays many roles in cell signaling and
metabolism [1-3] and interacts with numerous heme-containing proteins such as myoglobin,
hemoglobin, guanylate cyclase and cytochrome ¢ oxidase, acting as modulating ligand or
consumed substrate [4]. NO is a byproduct of denitrification in which nitrate (NO3™) is
sequentially reduced to dinitrogen (N2): NO3~™ — nitrite (NO,™) — NO — nitrous oxide
(NzO) — Ny [5—11].

The enzymes that catalyze the reduction of NO during denitrification are members of the
hemecopper oxidoreductase (HCO) superfamily, which includes as well the proton-pumping
respiratory O, reductases (e.g. mitochondrial cytochrome ¢ oxidases). The HCO superfamily
includes two families of well characterized NO reductases (NORs), the cNORs and qNORs,
which utilize cytochrome ¢ and quinol, respectively as the source of electrons. The cNORs
and gNORs are integral membrane enzymes that catalyze the following 2NO + 2e~ + 2H*
— N,O + H0 reaction.

The structures of one cNOR and one gNOR have been obtained from Pseudomonas
aeruginosa [12-14] and Geobacillus stearothermophilus [15], respectively. Their structural
determination has provided a fundamental basis towards the understanding of their functions
[11]. The cNORs are the most extensively studied NORs [14, 16, 17]. They consist of two
transmembrane (TM) subunits, NorC with a covalently bound heme ¢, and NorB, containing
the catalytic active site (Fig. 1A). NorB is structurally homologous to Subunit I of the HCO
respiratory O, reductases [18-20] and contain a low-spin heme b and the NO reduction site
composed of the high-spin heme b3 and a non-heme Fe ion (Feg). Feg is coordinated to
three histidine residues and a glutamate [8, 17]. In the homologous O, reductases, the non-
heme metal is Cug, which is ligated to the equivalent three histidines, one of which is
crosslinked to a tyrosine [21, 22]. NORs do not contain the cross-linked tyrosine cofactor,
and do not pump protons across the membrane [23, 24].

Substrate protons diffuse into the catalytic site of cNOR from the periplasm, most probably
via hydrated pathways suggested by X-ray crystallography [12], molecular dynamics (MD)
simulation [25] and site-directed mutagenesis [26, 27]. Cytochrome c deliver electrons one
at a time to heme cin the NorC subunit of cNOR from which they are transferred
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sequentially to heme 6 and finally to the heme b3-Feg catalytic active site. The kinetics of
diatomic gases NO, CO and O, to heme &3 has been shown to be second order with rate
constants of 10’-10% M~1s71 [23, 27-29]. These rate constants are comparable to those
determined for the bovine mitochondrial cytochrome aa; (A-family O, reductase) and the
Thermus thermophilus cytochrome bas (B-family O, reductase) which are 108 M~1s71 and
10% M~1s71 respectively [30-31].

Our previous MD study with cytochrome ba; demonstrated that O, diffuses into the catalytic
site exclusively via a pathway that is accessible to the hydrophobic membrane core [32]. The
pathway corresponds to a pre-formed, static hydrophobic tunnel [33, 34] that has been found
to bind Xe atoms [35, 36]. Similar, through more narrow hydrophobic tunnels are observed
in the crystal structures of other O, reductases [37-42] and NORs [12, 15]. Our very recent
study with cytochrome aa; also found that O, uses a similar pathway to diffuse into the
catalytic site but a rate that is ~10 times slower than in cytochrome ba; [43]

The present study employs “flooding” MD simulation, implicit ligand sampling (ILS) and
umbrella sampling (US) techniques to probe NO delivery pathways in cNOR and to describe
the diffusion of NO to the catalytic site. The simulations were performed with the cNOR
enzyme complex of 2 aeruginosa embedded in an ionized-solvated lipid bilayer (Fig. 1A).
The use of flooding simulations, in which 100 NO molecules were explicitly added to the
simulated system, is to describe the dynamics associated with the NO delivery process. The
use of the ILS technique is to identify favorable NO insertion sites within the protein, and
the use of the US technique is to examine the partitioning energetics of NO and dynamics of
amino acids lining the pathways. It is shown that after partitioning into the lipid bilayer, NO
diffuses into the catalytic site of cNOR exclusively via a pathway that is accessible to the
membrane and equivalent to the one found in the crystal structures and the previous
simulation studies with O, reductases. Unlike the wide, static tunnel present in cytochrome
bag, rapid NO delivery in cNOR requires the thermal fluctuation of amino acid side chains
lining the pathway.

2. Materials and Methods

2.1. Construction of the membrane-embedded cNOR model

The simulation system was constructed by embedding the crystal structure of wild-type
cNOR from P, aeruginosa resolved at 2.7 A resolution (PDB 300R) [12] into a lipid bilayer
(Fig. 1A). The cNOR structure contains the NorB subunit which binds hemes band b3, a
non-heme Fe atom (Feg) and a Ca2* ion, the NorC subunit which binds a heme ¢, 28 water
molecules belonging to the NorB subunit and 44 water molecules belonging to the NorC
subunit. Hydrogen atoms were modeled using PSFGEN of VMD [44]. Histidine residues
except H60, H258, H259, H339, H347 and H349 of NorB, and H65 of NorC were in the
HSE tautomeric form (N, of the imidazole ring carrying the proton). H60 and H349 are
ligated to the Fe atom of heme 6. H211, H258 and H259 are ligated to Feg. H347 is ligated
to the Fe atom of heme &3. H339 forms a hydrogen bond with propionate A of heme b5 and
has the pK, of 7.2 calculated using PROPKA3 [45]. Since the shift of the pK, from its
solution form is small, and as at neutral pH, we will have essentially equal percentages of
the protonated and deprotonated forms of the histidine, we opted to use the neutral
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(uncharged) form of this residues in the simulations. Since the Ng atom of this residue is in
direct contact with the oxygen atoms of the heme, the proton was assigned to the Ng atom,
leaving the other nitrogen atom deprotonated. H65 and M112 of NorC are ligated to the Fe
atom of heme ¢, and two cysteine residues C61 and C65 forming thioether bonds with heme
¢. In order for NO hinding to occur, heme b3 must be unligated, so the oxygen atom bridging
the non-heme Feg to the Fe atom of heme &3 was removed. Two other glutamate residues
near the catalytic site, E215 and E280, which were found by PROPKA3 to have predicted
pKj value of greater than 9, were modeled in the protonated (neutral) form. We note that the
side chain of E280 is hydrogen-bonded to that of E211, so these two residues would be both
negatively charged, which is energetically unfavorable, if E280 is left in the deprotonated
form. The surrounding of E215 is predominantly comprised of nonpolar amino acids, which
can explain its predicted high pK;, value. This side chain forms a hydrogen bond with a
crystal water molecule, which is the only crystal water molecule resolved in this region.
These contacts remained during the simulations. The DOWSER program [46] was employed
to model additional water molecules in the proteins. Using the maximum energy of —10
kcal/mol as the criteria for water insertion, 32 water molecules were modeled; 14 of these
molecules were located in the lower region of NorB (near the cytoplasmic surface) and the
rest were located in NorC and its interface with NorB. During the simulations, these
modeled water molecules and the X-ray resolved water molecules except those buried near
the catalytic site left the protein and exchanged with water molecules in the aqueous
solution. No water molecules either entered or left the NO delivery pathway during any of
the simulations.

To construct the membrane-embedded cNOR complex, the first principal axis of the protein
was aligned with the z axis (membrane normal) using the OPM (Orientations of Proteins in
Membranes) database [47, 48]. The protein was inserted into a patch of POPE (1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanoamine) bilayer with the membrane normal.
Lipid molecules overlapping the protein were removed, keeping 132 lipids in the
periplasmic and cytoplasmic leaflets. The membrane-embedded cNOR complex was then
solvated with TIP3P water. Water molecules that were in the membrane, except those from
the crystal structure and those added by DOWSER, were removed, keeping 20,637 water
molecules. Finally, the bulk aqueous phase was ionized with 0.2 M NaCl by adding 78 Na*
and 79 CI” ions, maintaining overall neutrality of the entire system, resulting in a fully
solvated model of 104,710 atoms. The CHARMM22 force field with ¢/ ¢ corrections [49,
50] was used to describe the protein and heme b cofactors, and the CHARMM36 [51] was
used to describe the lipids. Since this study focuses only on the delivery of NO to the
catalytic site and substrate NO molecules bind to a fully reduced enzyme, all cofactors were
held in the reduced (ferrous) state. The parameters of the heme ¢ cofactor were taken from
Autenrieth et al [52]. For Feg, a +2 charge was assigned to the Fe atom and its vdW
parameters with e = 0.067 kcal/mol and Ry =1.15 A were from Babu and Lim [53]. The
coordinations of the Fe atoms and ligating amino acids were maintained by bonded
potentials described in the next section.
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2.2. Simulation protocols

MD simulations performed to prepare the systems consisted of the following steps: (1) 0.5-
ns melting of lipid tails during which only the lipid tails were allowed to move in order to
achieve better packing of lipids around the inserted protein (the rest including the protein
were fixed); (2) 0.5-ns simulation with restraints (k= 1 kcal/mol/A2) applied to heavy atoms
of the protein and cofactors (all lipid atoms and water moving) and with harmonic potentials
(k= 0.1 kcal/mol/A?2) applied to keep water out of the membrane; (3) 0.5-ns simulations
with only backbone atoms of the protein and heavy atoms of the cofactors restrained (k=1
kcal/mol/A2); (4) 1-ns simulation with only C, atoms of the protein and heavy atoms of the
cofactors restrained; and (5) 20-ns unrestrained relaxation. Energy minimization (1,000
steps) was performed at the beginning of Steps 1, 2 and 3 using the conjugate gradient
algorithm. To maintain the ligation of Feg to H207, H258, H259 and E211 and thereby the
structure of the catalytic site, the His-Feg, E211-Feg and heme b3 Fe-Feg connections were
described by bonded interactions (k = 200 kcal/mol/AZ for bonds and 4 = 50 kcal/mol/rad?
for angles).

All simulations were performed using NAMD?2 [54] with a time step of 2 fs and with the
periodic boundary condition (PBC). All bonds involving hydrogen atoms were kept rigid
using the SHAKE algorithm [55]. To evaluate long-range electrostatic interactions in PBC
without truncation, the particle mesh Ewald (PME) method [56] with a grid density of 1/A3
was used. The cutoff for van der Waals interactions was set at 12 A. All of simulation steps
except the melting of lipid tails (Step 1) were performed in a flexible cell, which allows the
membrane-embedded protein model to change its dimensions independently, and were
performed under NPT ensemble. The temperature was maintained at 310 K by Langevin
dynamics [57] with a damping coefficient 3 of 1 ps~1. The Nose-Hoover Langevin piston
method [57, 58] with a piston period of 20, fs was used to maintain the pressure at 1 atm.

2.3. Production runs

The production runs consisted of a 100-ns apo simulation performed in the absence of NO
molecules (used for ILS analyses and starting flooding simulations) and sets of 150-ns
flooding simulations in which NO molecules were explicitly added. The apo simulation was
continued from the 20-ns relaxation simulation. The flooding simulations were started from
snapshots taken at 0-ns, 50-ns and 100-ns time points of the apo simulation and each
simulation set was repeated twice.

2.4. Flooding simulations

To effectively probe NO pathways under a limited timescale of 150 ns, 100 NO molecules,
corresponding to the concentration of 0.16 M calculated with respect the volume of the
simulation box, were added to an equilibrated membrane-embedded cNOR complex. NO
parameter was taken from the previously published works of Cohen et al [59] and Wang et al
[60]. At the start of the simulations, 70 NO molecules were initially placed in the membrane,
30 molecules were placed in the aqueous solution, and they were all outside the protein (Fig.
1B). To identify whether NO delivery events took place during the simulations, we identified
NO molecules that were within 6 A of Feg, and then examined the trajectories of those
molecules. We first simulated the systems for 50 ns but we soon realized that this timescale
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is too short to observe even a single NO delivery event. To adequately sample potential
delivery pathways, each simulation was extended to 150 ns. Also, in a few of the
simulations, we noticed 2—-3 water molecules entered the catalytic site from the periplasmic
portion of the protein and did not leave, thus compromising the access of NO. To eliminate
this problem, only nine flooding simulations trajectories in which the catalytic site remained
dehydrated were analyzed, adding up the total of 1,350 ns.

2.5. Implicit ligand sampling (ILS) calculations

In complementary to flooding simulation in which ligand diffusion is explicitly probed, ILS
was employed to identify potential regions and pathways for NO insertion including the
ones not sufficiently sampled by flooding simulations. ILS calculates ligand-interaction
energies (£) in any position inside the protein over an ensemble of protein conformations
and ligand orientations [59], resulting in a 3D free energy map of NO insertion (AG)).

—El./RT

p.
AGi=—RTln—l=—RTln<e >

Po Po

where g (in vacuum) = 1 and g is the probability of inserting a NO molecule at position /.

The method follows the assumption that small, hydrophobic gases such as O, and NO,
which have small molecular volumes, interact weakly with proteins, and therefore do not
affect the protein structure and dynamics. This assumption is valid for cNOR because no
appreciable conformational changes of the protein by the flooding of NO molecules were
observed. This is shown by the similar RMSD profiles of the protein sampled in the apo and
flooding simulations (Fig. 1C and Fig. S1). Hence, the 100-ns apo trajectory comprised of
10,000 snapshots of the protein complex was analyzed for NO pathways. NO molecules
were sampled in a 55x50x75 A grid with spacing of 1 A, covering the entire cNOR
complex. Ten orientations of NO were sampled in each subgrid, which contained 3x3x3
interaction sites. The solvation free energy of NO (AGg,,) was used as the reference for
calculating the partitioning free energy of NO (AG; 5,).

AG = AGi - AG

i,s0l — sol

NG,y were calculated over a 30x30x30 A3 jonized water box using ILS and free-energy
perturbation (FEP) [61]. Both methods yield AG 4, values of 1.6 kcal/mol, which is
consistent to a previous calculation by Cohen et al [59]. We note that since no electrostatic
terms are included in ILS, the atoms effectively carry the partial charges of 0 in AG
calculations.

2.6. Umbrella sampling simulations

The flooding simulations have identified an NO delivery pathway comprising four entry
branches (Branches A1, Ay, B and C) (Fig. 3). Energetics characterizations of NO insertion
along the delivery pathway can provide insights into functional necessities of these branches.
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However, this quantity is difficult to be estimated accurately using only the results of the
flooding simulations because a few NO entry events were observed (Fig. 2). We therefore
employed the umbrella sampling (US) technique [61-63] to calculate 1D free energy
profiles of NO partitioning along the delivery pathway. To initiate the starting points for US
simulations, sequential sets of steered molecular dynamics (SMD) simulations [64] were
performed. To begin SMD, an NO molecule was placed in the final structure of the 20-ns
relaxation step at site located 3 A from the center of the catalytic site defined by the center
of Feg and the Fe atom of heme bs. In the first step of SMD, the molecule was pulled
towards the intersection of Branches A and B (A/B) defined by the center of residues 165,
V66 and F185; the total distance is 13 A. Following this step, three independent simulations
were performed to pull the molecule from 1) A/B towards the entrance of Branches B, 2) the
entrance of Branch C, and 3) the intersection of Branches A and A, (A1/Ap). The entrance
of Branch B is defined by the center of residues V148, L152, A182 and L186 located at the
protein-lipid interface, and the total distance is 12 A. The A;/A, intersection is defined by
the center of residues N62, V66, G105, T108, S143 and 1147 and the total distance is 6 A.
Branch C starts at site located 9.5 A from the catalytic site and its entrance is defined by the
center of residues L137, W205 and V205 located ~5 A away. To completely expel the
molecule to the membrane, the pulling distance was extended to 15.5 A. Once the molecule
reached the A1/A; intersection, two separate simulations were performed: 1) towards the
entrance of Branch A; which is at TM1/TM3 interface (10-A distance) and 2) towards the
entrance of Branch A, which is at TM3/TM4 interface (8-A distance). In all of the SMD
simulations, NO was pulled at the velocity of 5 A/ns and & = 20 kcal/mol/A,, so the total
simulation time was 15 ns.

US simulations comprised 6 parts, which are 1) Route & from the catalytic site to A/B (13
A), 2) Route & from A/B to Branch B entrance (12 A), 3) Route ¢ from A/B to A{/A, (6
A), 4) Route ¢ from 9.5 A distance of the catalytic site to Branch C entrance (15.5 A), 5)
Route e from A1/A, to Branch A; entrance (10 A), and 6) Route £ from A;/A, to Branch
A, entrance (8 A). Each sampling route was divided into 0.5 A windows, adding to the total
of 136 simulations (Fig. 5). The connection of Routes & cand e forms Branch Ay, that of
Routes g, cand fforms Branch A,, and that of Routes aand 4 forms Branch B. Branch C
starts from Route a, ends at 9.5 A distance and then continues through Route d. In each US
simulation which lasted 3 ns, the NO molecule was restrained at the center of a window by
harmonic potentials, initially with A= 10 kcal/mol/A,. If the molecule deviated from the
center of the window, the 20 kcal/mol/A, force constant was applied and a new simulation
was performed. Despite imposing such strong restraining potentials, the histogram of NO
molecule sampling in one window partially overlapped with those of its neighbors. The
weighted histogram analysis method or WHAM [65] was used to reconstruct the free energy
profiles at 0.25 A bin width, using last 2.5 ns of each US simulation. The WHAM code was
kindly implemented by Professor Alan Grossfield at the University of Rochester Medical
Center. Effectively, the total simulation time for the US simulations was 600 ns.
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3. Results

3.1. Delivery pathway of NO

To probe NO delivery pathways, the total of 100 NO molecules were initially placed outside
the protein; 70 of them were in the membrane and 30 were in the aqueous solution. During
150-ns simulations, we observed 1-6 entry events of NO to the catalytic site. In one of the
nine simulations (Sim | in Fig. 2), the first entry event occurred within the first 10 ns. But, in
four of the simulations (Sims B, D, F and G in Fig. 2), it took >30 ns for this event to occur.
The duration of an NO molecule residing in the catalytic site or within 6 A of the center of
Feg and the Fe atom of heme &3 ranged from 1-2 ns to >100 ns (Fig. 2).

To identify the NO delivery pathways, NO molecules entering the catalytic site were
identified and their diffusion dynamics were visually examined. Their trajectories, which are
shown in Fig. 3C, indicate that the NO molecules diffused to the catalytic site via a pathway
comprised of four entry branches originated from the membrane. Two branches of the
pathway, referred to as Branches A; and Ay, intersect at a center of TM2, TM3 and TM4
helices, which is located ~22 A away from the catalytic site. Branch A; begins at TM1-TM3
helix-lipid surface, while Branch A, begins at a TM3-TM4 helix-lipid surface. These
branches merge into one pathway, which then merges with the other two branches, referred
to as Branches B and C, at site located ~12 A from the catalytic site. Branch B begins at
TMA4-TM5 helix-lipid surface, while Branch C begins at TM5-TM®6 helix-lipid surface.
Branches A; and B resemble the O, delivery pathway of cytochrome ba; characterized by
our MD study [32] which coincides with the tunnel inferred from the binding sites for Xe
atoms in the crystal structure of cytochrome bas [35, 36]

ILS calculations identify favorable NO insertion regions within the protein. The isosurface
maps shown in Fig. 3A highlight regions, in which the partitioning AG for NO with respect
to the aqueous solution (AG; 4, are —2.5 kcal/mol (pink-transparent) and —4 kcal/mol
(purple-solid). The observed NO delivery pathway is among the low-energy regions.

The flooding simulations and ILS calculations identified potential barriers of NO transition
along the pathway. One barrier in particular is located ~13 A from the catalytic site or at the
intersection of Branches A1/A,, B and C merge. This barrier is surrounded by residues 165
and W209 and is indicated in Fig. 3A by a discontinuous gap in the AG; 5,y map. 165 is
within TM2 and is replaced by Valine in some of the isolated cNORs (Fig. 8). W209 is
within TM6 and is very conserved within cNORs. During the flooding simulations, the
transitions of NO through this site, referred to as “the 165/W209 barrier”, rarely occurred
and the migrating NO molecules appear to stay very transiently (Fig. 2).

The current results are consistent with a very recent study employing X-ray crystallography
and MD simulation [14]. The study resolved a structure of cNOR with 7 Xe atoms bound
along the presumed NO delivery pathway (Fig. 3B). Two of the Xe atoms are located
between the 165/W209 barrier and the catalytic site. The rest are located towards the
entrances of Branches A1/A, and B. None of the Xe atoms is located in between the side
chains of residues 165 and W209 which form the barrier. The same study reported MD
simulations of NO diffusion using the structure of the complex of the nitrite reductase
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(cdq1NiR), which generates NO, and cNOR, which consumes NO [14]. The simulations were
started by distributing the NO molecules inside cd;NiR, and were observed to exit this
enzyme which was complexed to cNOR on the periplasmic side. The NO molecules diffused
to the lipid bilayer and then cNOR via a site corresponding to Branch Az of the NO delivery
pathway observed in the present study.

3.2. Structure and accessibility of the pathway

We employed CAVER 3.0 [66] to probe access tunnels from the protein surface to the
catalytic site using the trajectory of the last 80 ns of the 100-ns apo simulation. Water and
lipid molecules were removed to reduce the size of the system and expedite the calculations.
Three of the top five most frequently identified tunnels correspond to Branches A4, A, B
and C, shown in Fig. 4. Branches A1 and A, were characterized as one tunnel, while
Branches B and C were characterized as two separate tunnels.

Following the tunnels coinciding to Branches A;, A, and B from the protein surface leads to
the same narrowest point or bottleneck that is ~13 A from the catalytic site (Fig. 4). This
bottleneck is defined by the side chains of 165 and W209, resulting in the minimum pore
radius of 1.2 A which is smaller than the vdW radius of an oxygen atom (1.5 A). Together
with the results from ILS and flooding simulations, this presents a kinetic barrier for NO
migration to the catalytic site. There is a second but less important bottleneck (not shown)
formed by residues F136 and W214. F136 is in the loop connecting TM3 and TM4 and
located on the top of the NO pathway but its phenyl side chain is oriented away from the
pathway. W214, located on TM6, is at one turn below W2009.

Branch C joins the other branches at a site located ~9 A from the catalytic site. It has its own
bottleneck with the minimum pore radius located at ~11 A distance (Fig. 4) surrounded by
residues E135, L137, W202 and V205. The side chains of L137, W202 and V205 are
oriented towards the pathway. E135 is coordinated to a Ca2* ion that is also coordinated to
the propionates of hemes band b5 [12] and is not directly in the pathway. The equivalence of
E135 is found to be important in 7. thermophilus cNOR [67], G. stearothermophilus gNOR
[15] and R. sphaeroides cytochrome cbbs O, reductase [68].

Two hydrophilic tunnels were also found at the periplasmic surface of NorC, connecting to
the catalytic site. Because NO delivery through these tunnels was not observed in the
flooding simulations and they were not found by ILS to favorably bind NO, they were not
considered further in this study.

3.3. Free energy profiles for NO partitioning along the pathway

Free energy calculations performed using the umbrella sampling (US) technique [62]
characterized two major NO migration routes within the identified NO delivery pathway
(Fig. 5). The free energy profiles show that an NO molecule entering the protein through
either Branches Ay, A, or B encounters the highest free energy barrier of ~4 kcal/mol
surrounded by residues 165 and W209, 13 A from the catalytic site. This barrier is at the
same location as the bottleneck of these three branches according to the calculated pore
radius profiles (Fig. 4). The intersection of these branches, which is located at ~15 A from
the catalytic site, also corresponds to a free energy minimum of NO insertion along the
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pathway. This free energy minimum and the one within the catalytic site or at ~3-A distance
have about the same height according to the free energy profiles, suggesting that the
probabilities of NO insertion are about the same at both sites.

For NO diffusing through Branch C, the highest barrier is at 15 A distance and is 5.5 kcal/
mol, clearly characterizing Branch C as a distinct NO migration route from the other
branches. From the transition state theory, the rate constant for NO diffusion, &, is
proportional to exp(-AGy/R7), where AGy corresponds to the height of the free energy
barrier. Under this assumption, NO migration through Branch C is presumably 10-fold
slower than through Branches A4, A, and B. We can consider the combined A;—A,-B as
“the dominant route” while Branch C is “the alternate route”.

After crossing the main barriers and prior to entering the catalytic site, the NO molecule
encounters a smaller barrier of ~1.5 kcal/mol near residue V206 in the single pathway about
6 A from the catalytic site. In the reverse direction for NO leaving the catalytic site to diffuse
to the lipid bilayer, the barrier at V206 is ~3 kcal/mol. Then, going through the dominant
route, there is a 2.5 kcal/mol barrier at 165 and W209, or, going through the alternate route,
NO encounters a 4 kcal/mol to exiting the protein.

3.4. NO delivery rate

Experimental measurements of the apparent second order rate constant for the association of
NO to the enzyme’s catalytic site (kops) is calculated using the concentration of NO in the
aqueous solution [31]. However, according to the flooding simulations performed in the
present study, all of NO molecules that reached the catalytic site entered the protein through
the lipid bilayer. In simulating the kinetics of the entire delivery process, the equilibration of
NO between the aqueous solution and the lipid bilayer is rapid and enters into the
consideration simply as a partition constant, resulting in a higher local concentration of NO
surrounding the protein within the lipid bilayer. From this point, the diffusion of NO to the
catalytic site can be considered in two major steps: 1) Diffusion within the lipid bilayer to
the entrance of a pathway; and 2) Diffusion along the pathway. Using the data of the
flooding simulations (Table 1), we provide semi-quantitative details of these steps and
approximate Agps.

From the start of a simulation, it takes 35 ns on average to observe the first NO delivery
event (44). For the dominant route, it takes ~2 ns for NO to first locate the pathway (%n)-
The time at which the first NO molecule reaches at the main barrier formed by 165 and
W206 (ag) is 5 ns. This means that on average, an NO molecule spends ~3 ns to transit
from the entrance to the main barrier ({ag-ent)- It takes on average another 30 ns (£;t.aB) t0
transit to the catalytic site.

Assuming that NO consumption by cNOR is 100% efficient, the rate of NO delivery (Agps)
can be approximated from the following model:

k1 k2 k
NO+E T—l E-(NO) ﬁ E(NO) — E(No)cat
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E(NO) represents the state at which NO is the intersection of Branches A and B which is
before it reaches the main or 165/W209 barrier. E-(NO) represents the state at which NO

reaches one of the entrances. “cat” represents the catalytic site of cNOR. The average NO
concentration in the aqueous solution is 38 mM. Agps is defined as:

L sk INO)
obs = k_, +kpk_,

The product, k1[NOJ, is the number of events per second in which NO diffuses from the
aqueous solution to the entrance(s) of the pathway. By using the concentration of NO in the
aqueous solution in this expression, the value of 4 is increased to take into account the
higher concentration of NO within the lipid bilayer due to equilibrium partitioning. NO is
favored by a factor of ~8 in the lipid bilayer (Table 2). Since A1[NO] = 1/(%&nt), we can
determine the value of A3 ~1.5x1010 M~1s71, 41 is the rate constant of NO dissociation
from the entrance(s) to the membrane. The partitioning free energy profiles show that the
chemical potential of NO at the entrances of the pathways is favored by ~1.5 kcal/mol
compared to the core of the lipid bilayer (Fig. 5). This means that the probability NO
insertion at the entrances of the pathway is about 10-fold higher than in the lipid bilayer, i.e.,
kilk_1 = 10. This gives us the value of k_q ~1.5x10% s~ 1. £ is the rate constant of NO
migration from the entrance(s) to the main barrier, and Ky or 1/tagent = 1.4+1x108 s71. k., is
the rate constant of NO migration from the main barrier to the entrance(s) and is equal to
1/k>. The free energy profiles (Fig. 5) indicate that the probabilities of NO insertion at the
pathway’s entrances and at the intersection of Branches A and B are about the same
([E(NO)]~[E-(NO)]). Hence, k»/k_p =1, or k» = k_». The rate constant k3 measures the
transit of NO from the main barrier to the catalytic site, so A3 = 1/f5t.a, Which is 8+6x107 s
1. Substituting these values into the expression of k,ps gives the following: Aops = (5+3x108
M~1s~1)[NO].

For the alternate route, the main barrier located at ~15 A from the catalytic site or near
residues W202, L137 and V205, is 1.5 kcal/mol greater than that of the dominant route. This
suggests that the rate of NO transition via this route is ~10-fold slower than via the dominant
route, so the approximated value of A3 is ~8.4x106 s™1, Because it is the only major barrier
between the entrance and the catalytic site,

~ kyk{[NO]
obs ~ (k_y+kg)'

Hence, the approximated Ayps is ~(8%107 M~1s71)[NO], suggesting that the transition of NO
is ~10-fold slower than through the dominant route.

3.5. Dynamics of lining amino acids governing NO diffusion

Structural comparisons of proteins sampled in the apo simulation (absence of NO
molecules) and in the flooding simulations (presence of 100 NO molecules) indicate that the
delivery of NO in cNOR involves no large scale conformational dynamics of the protein
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(Fig. 1C and Fig. S1). However, the narrowness of the delivery pathway and the observation
of few NO delivery events in the 150-ns flooding simulations suggest that for NO to pass
through, only certain orientations of the molecule are allowed and, in addition, the
conformational dynamics of its lining amino acids may play a role. Residues V206, 165,
W209, L137, V205 and W202, which are very conserved in the cNORs (Fig. 8), constitute
major barriers for NO transition along the observed NO delivery pathway. To explore this,
minimum pairwise distances (dnin) and dihedral angles of these amino acids were measured
and projected as functions of the position of NO within the pathway using the data of the US
simulations, in which NO is forced to stay in defined sites, including the bottleneck regions
where NO occupancy was rare during the flooding simulations. These results obtained were
consistent with those obtained in the flooding simulations (see Supplemental Materials).

The sidechain of V206 and the methyl group of attached to the D-ring of heme ba3 forms the
small 1.5 kcal/mol barrier for an NO molecule to transit from the main barriers or
bottlenecks to the catalytic site (Fig. 3-4). When an NO molecule is not localized at this
barrier, which is ~6 A of the catalytic site, dyin between V206 and heme £ (V206-53)
sample widely from 4 to 8 A (Fig. 6A). N-Cq-Cg-C, angle or y; of V206 is clustered at
+60° and +180° (Fig. 6B). When NO is localized, V206- 55 becomes clustered at 6-7 A. x1
of V206 becomes clustered only at ~-60°, when its side chain rotates out of the pathway to
allow an NO molecule to enter the catalytic site (Fig. 6D).

165 and W209 constitute the main barrier of the dominant route. 165--W209 dpi, and N-C -
Cp-Cy (x1) and Co-Cg-C,-Cs (x2) angles of 165 and W209 were measured (Fig. 6C and
Fig. S3). When an NO molecule is not localized at this site, y4 of 165 is clustered at ~+180°
and —60°, while its y» is clustered at £60° and +180°. 165-W209 dy, fluctuate around 4 A
(Fig. 6C), and the data of the flooding and apo (unconstrained) simulations show a peak at
4.3 A (Fig. S5A). The transition of NO across this barrier requires conformational changes
of these amino acids (Fig. 6C-D). That is when NO is localized, 165-W209 was found
extending to 7 A (Fig. 6C and Fig. S2). 1 and yo became less populated at ~+180° (Fig.
S3). During the US simulations, W209 remained at y1~-75° and y» ~—30°, also
predominantly observed in the unconstrained simulations (Fig. S5).

L137, W202 and V205 constitute the main barrier of NO transition through the alternate
route, located 15 A of the catalytic site. L137--V205 and L137--W202 dp, and y1/y; of
L137 and W202 were measured. Based on the US and flooding simulation results, L137--
V205 and L137--W202 are distributed mainly at 4-4.5 A (Fig. 7A-B). q1and yo of L137
are —60° and +£180°, respectively (Fig. S4). The data of the US simulations show that when
NO is localized at the barrier site, the side chains of L137 and V205 rotate out of the
pathway (Fig. 7C), correlated with the extension of L137--V205 and L137--W202 to 6-7 A.
New clusters of L137 conformations were found to form at 34 ~180° and 3, ~60°. The
conformations of W202 remained unchanged (Fig. S4).

4. Discussion

In both cNOR and O, reductases, NO and O, diffuse to the catalytic site through similar
hydrophobic tunnels that are accessible from the membrane (Fig. 9). The gas-diffusion
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tunnels have a different number of branches, depending on the enzyme, but in all cases the
entrances are within the hydrophobic lipid bilayer and they merge into a single pathway
leading to the catalytic site. Not only are these enzymes structurally homologous, but the
properties of their diatomic substrates are very similar. O, and NO are both 4-8 fold more
soluble in lipids than in the aqueous solution [70-73] and have similar diffusion constants of
~4.5x107° cm?/s in an aqueous buffer solution [70]. They also diffuse similarly in proteins
as demonstrated in small proteins, such as myoglobin, in which their diffusion rates from the
aqueous solution to the distal pocket were found to be the same [74]. These correlations
suggest that the results from the studies of NORs and O, reductases can be compared.

In the O, reductases, time-resolved absorption spectroscopic experiments shows that O, and
NO react to the Fe atom of the catalytic-site heme at the rate constants of 1x10° M~1s1 in
cytochrome ba; and 1x108 M~1s71 in bovine cytochrome aas [30, 31, 75, 76]. In the present
study, the apparent second order rate constant for NO delivery to the catalytic site of the 2
aeruginosa ctNOR (kyps/[NO]) approximated using the data of the flooding simulations is
5+3x108 M~1s~1, which is similar to the A,ps/[NO] value determined experimentally in
Paracoccus denitrificans cNOR [23, 27-29]. Hence, both experimental as well as
computational studies indicate that second order rate constants of substrate (O, or NO)
diffusion to the catalytic site of cNOR are ~3-fold slower than for cytochrome bas.

The reason for the slower diffusion of the diatomic gas molecules in cNOR compared to
cytochrome bas is that the delivery pathway in cNOR is partially occluded (Fig. 9) and the
migration of these molecules relies on thermal motions of the lining residues. The crystal
structures of cytochrome bas with Xe within the hydrophobic tunnels [35, 36] indicate no
appreciable conformational changes of lining residues required to accommodate the binding
of Xe. The minimum pore radius of the pathway of only ~1.5 A essentially provide
unimpeded access of an O, or NO molecule to the catalytic site. This is not the case for the
delivery pathway for NO in cNOR, of which the minimum pore radii are as narrow as 1.2 A.
The Xe-bound structure of cNOR [14] shows seven Xe atoms along the dominant NO
delivery pathway but none at the bottleneck formed by residues 165 and W209 (Fig. 3B).
The present study shows that the transition of NO through this bottleneck involves
conformational fluctuations of 165 and/or W209 (Fig. 6C-D), which is apparently not the
case for O, and presumably NO to pass the equivalent residues in cytochrome bas, 178 and
1235.

On the other hand, the putative O, delivery pathway in cytochrome aas is also structurally
constricted [35, 39, 40] similar to that in cNOR (Fig 9). Residue 165 of ctNOR is equivalent
to F67 and F108 of the bovine and R. sphaeroides enzymes respectively. W209 of cNOR is
equivalent to E242°°V and E286RP, which are critical residues in the D proton delivery
channel in these enzymes, but is absent in cytochrome ba; [77] and all the NORs [12, 15]
Nearby tryptophan (W126°° or W172RP) and phenylalanine (F238°V or F282Rb) residues
also can restrict O, migration in the three strucurally resolved cytochrome aa; species from
bovine, R. sphaeroidesand P. denitricans [35, 43, 75]. W172Rb forms a hydrogen bond to
the propionate D of heme a; and is replaced by tyrosine (Y133) in cytochrome bas. F282RP
is equivalent to W202 of cNOR, which is one of the residues that restricts NO diffusion via
the alternate route (Fig. 7), and is replaced by T231 in cytochrome bas. Diffusion of O, to
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the catalytic site of the cytochrome aas species through these tunnels is considerably slower
than in cytochrome ba3 as shown both experimentally [30, 31] and computationally [43, 78]

Although the diatomic substrate NO migrates more slowly in cNOR than does O5 in
cytochrome ba; the more meaningful comparison is with the limiting catalytic rate for NO
reduction (kggp), which is 1072 to 101571 [79, 80]. This means that the enzyme can
effectively function at maximum velocity even when the NO concentration of 100 nM, the
upper threshold of toxicity [23] Rapid NO delivery is pertinent to pathogenic bacteria, such
as P, aeruginosa and Neisseria meningitidis, which encode NORs that function to detoxify
NO and combat defenses against infection [81, 82].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Denitrifying NO and respiratory O, reductases are in the heme/copper superfamily
Hydrophobic tunnels guide NO/O; to the active site buried within the protein
The hydrophobic tunnels have entrances facing the membrane lipid bilayer

The rate of NO through the cNOR tunnel depends on amino acid side chain
orientation

Computed optimal rate constant for NO to reach the cNOR active site is 5x108 M
-1-1
S
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Delivery pathway in HCO enzymes

Figure 9.
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