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Abstract

The Mo/W-bisPGD enzyme superfamily comprises a vast number of mononuclear
molybdenum and tungsten enzymes that catalyze a great diversity of vital reactions in
prokaryotes. In the past decades, much attention has been devoted to the immediate
surroundings of the metal atom highlighting the importance of the inner coordination sphere
but have failed to identify molecular determinants of the reactivity. Here, we report the
mechanistic importance of a set of conserved residues that line the substrate entry tunnel in
Escherichia coli nitrate reductase A (Nar), a paradigmatic enzyme of the Mo/W-bisPGD
superfamily. Using mutagenesis, enzyme Kkinetics, electron paramagnetic resonance
spectroscopy and molecular dynamics, we unveil the pivotal role of Glu-581 motion and a
number of polar residues in its close proximity in substrate affinity and proton transfer to the
Mo active site. Motion of the side chain of Glu-581 exhibiting a strong acid-base
cooperativity with Asp-801 and surrounded by several polar interactions controls the
hydration inside the protein core, proton transfer and substrate selectivity towards the active
site. Overall, we identify an additional determinant that fine-tunes the reactivity and
selectivity in Nar and propose that a gating mechanism is at play in several other members of
the superfamily.

Keywords: nitrate reductase, molybdenum, molybdenum enzyme, gating, molybdopterin.

Introduction bisPGD enzyme superfamily is widespread
Among the mononuclear Mo-enzymes, the among prokaryotes and is represented by
Mo/W-bisPGD superfamily is by far the vital enzymes that are mostly involved in
most diverse in terms of cofactor metabolic  pathways.  Furthermore,

phylogenetic and  paleogeochemistry
studies indicated that several members
were likely present in the first forms of life
on Earth (3, 4). The Mo/W atom is
covalently bound to four thiolates
originating from two pyranopterins
substituted by a guanosine moiety. The

composition, substrate and type of
catalyzed chemical reactions (1, 2). While
most members in this superfamily catalyze
oxygen atom transfer reactions, others
catalyze sulfur or hydrogen atom transfer,
or even non-redox reactions. The Mo/W-
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hexavalent coordination shell of the metal
is completed by an amino acid ligand
(aspartate, serine or (Se)cysteine) and an
inorganic sulfur or oxygen atom, with the
exception of arsenite oxidase having no
amino acid ligand (5, 6). Overall, a
conundrum  exists in this enzyme
superfamily when considering the limited
chemical diversity of Mo/W active sites
and a yet uncovered diversity of
reactivities and substrates (1, 2, 5, 7).

Recent studies have started to untangle this
conundrum by  demonstrating  the
participation of the hydrogen-bond
network surrounding the pterin moieties in
modulating the redox chemistry at the Mo
center (8, 9). While being informative,
these studies call for exploration of the
environment surrounding the Mo center
since the  molecular  determinants
responsible for fine-tuning the reactivity of
the Mo/W active site remain largely
unknown. Here, nitrate reductase A (Nar)
from Escherichia coli can be considered as
a good representative model enzyme for
the Mo/W-bisPGD superfamily owing to
its prototypical fold and the cofactor
composition of its catalytic subunit, NarG,
which contains the Mo cofactor and one
Fe,S4 cluster referred to as FSO (10-12).
From an evolutionary point of view, Nar is
one of the few Mo/W-bisPGD enzymes
that were proposed to have been present in
LUCA (3, 13). Phylogenetic analysis
places Nar in a major clade sharing
Asp/Oxygen as Mo coordinating ligands
(1, 14) together with ethylbenzene
dehydrogenase and perchlorate reductase
(Pcr) for which X-ray structural data are

also available (15, 16). Moreover, Nar is
an attractive model due to its high stability,
oxygen insensitivity and the wealth of
biochemical, spectroscopic and structural
data available on the enzyme (10, 17-21).
During turnover, the Mo cofactor is
considered to cycle between Mo(IV),
Mo(V) and Mo(VI) states (5, 22) and two
distinct pH-dependent Mo(V) electron
paramagnetic resonance (EPR) signatures
designated as “low pH” and “high pH”
have been identified in Nar (19, 23-25).
However, the relationship between these
two species and the structures of the Mo
center proposed by crystallographic studies
is still unclear. A recent study, combining
the use of continuous wave and pulsed
EPR techniques with structure-based DFT
calculations, led to the first description of a
structural model for the low pH Mo(V)
species involving coordination of the metal
by a monodentate ligand Asp222 and a
hydroxo group (21). While the currently
proposed mechanism for the catalytic cycle
of Nar implies a direct transfer of an
oxygen atom from the substrate to the
metal (5, 22), a more detailed description
of the cycle can be proposed by including
the structure of the Mo(V) species and the
possible switch of the aspartate ligand
from monodentate to bidentate
coordination as suggested by Pcr structures
and mutagenesis studies (16) (Fig. 1).
However, these mechanistic details still
need to be confirmed and crystal structures
in the presence of either the substrate or
the product or in other redox states are still
lacking.
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Figure 1: Proposed catalytic scheme for nitrate reduction by the respiratory nitrate reductase
NarGH. The atoms originating from the nitrate substrate are indicated in red. The structure of
the Mo(V) species at high pH is still hypothetical as well as its involvement in the catalysis.
This scheme includes the possible switch in aspartate coordination as proposed for the

catalytic mechanism of Pcr (16).

While the precise catalytic role of the high
and low pH species remains to be
elucidated and especially within the context
of proton transfer, their interconversion is
likely to be strongly influenced by the H-
bond network around the Mo cofactor
rather than by a simple acid-base
equilibrium (20).

As recognized in all structures of Mo/W-
bisPGD enzymes, the deeply buried Mo/W
active site is connected to the bulk by a
tunnel postulated to control substrate access
on the basis of various sterical and physico-
chemical properties (10, 11, 15, 16, 26-37).
A buried active site can be a means to
control substrate specificity (38, 39), to
create a suitable environment for specific
chemical reactions by controlling solvent
access to the active site (40, 41) and/or to
influence the redox potential of the metal
site through controlling the dielectric
constant of the environment (42).
Furthermore, it has been established that the
amino acid composition and structural
dynamics of such substrate tunnels can be
important  factors that influence the
reactivity of an enzyme (43-45).

By combining site-directed mutagenesis
with detailed kinetic and EPR studies, we
have identified a set of strictly conserved
amino acid residues in NarG located at the
bottleneck of the tunnel and at a remote

distance from the Mo active site. Supported
by molecular dynamics, this work has shed
light on the pivotal role of Glu-581 and a
number of polar residues in its close
proximity in substrate affinity and proton
transfer to the Mo active site likely via the
stabilization of a water tunnel.

Materials and Methods

Structural analysis. The substrate tunnel in
Nar was mapped using the Caver 3.0 plugin
tool for PyMOL (46) employing the default
modeling parameters but using a probe size
of between 0.8 and 1.2 A. The structure
images were created using PyMOL
(DeLano Scientific LLC)

Site-directed mutagenesis. NarGH variants
were generated using the overlap-extension
PCR method with pNarGHy;ssJ as template
(47). For the cloning of the DNA fragment
containing the Glu-581 and Tyr-217
variants, the restriction sites Sacl and Xagl
were utilized. The Asp-801 mutant
fragments were cloned using Sacl and Nsil
restriction sites (See Table S1 for primer
sequences). PrimeStar high-fidelity DNA
polymerase (Takara) was used for all
amplification steps. Restriction enzymes
were purchased from Invitrogen. T4 DNA
ligase was from Promega. Purification Kits
for PCR products and DNA extraction from



gel were from Thermo Scientific. The PCR-
amplified sequences were verified by
Sanger sequencing (GATC  Biotech,
Germany).

Protein expression and purification. The
Wild-Type (WT) and NarGH variants were
overproduced in the nitrate reductase-
deficient JCB4023 E. coli strain using the
pNarGHyissd plasmid (47). For Kinetics
measurements, protein production was
performed in LB medium supplemented
with 5 uM of sodium molybdate. For the
production of **Mo-enriched NarGH, the
growth was performed in M9 minimal
medium (47) supplemented with 5 pM
Na®MoO, (Oak Ridge  National
Laboratory, USA). Protein production and
purification were carried-out as described
earlier ~ (47) using nickel  affinity
chromatography and proteins were dialyzed
in a buffer containing 100 mM MOPS (pH
75 and 1 mM EDTA. Protein
concentrations were determined using the
Lowry method (48). Molybdenum content
analysis of purified WT and NarGH
variants was performed using inductively
coupled plasma mass spectrometry (ICP-
MS) as described before (49).

Enzymatic activity assays. Steady-state
kinetics were performed at room
temperature (24 £ 1 °C) in a Ny-filled
anaerobic glovebox (Jacomex, [0;] < 2
ppm) using dithionite-reduced benzyl
viologen (Sigma) as artificial electron
donor (0.2 mM) and NOj3 or ClO;s as
electron acceptors (50, 51). Reduced
bipyridylium compounds (benzyl viologen
or methyl viologen) are classically used as
electron donor of choice for molybdenum-
containing enzymes. Although they are
artificial compounds, the K,""™¢ calculated
using reduced BV on the soluble NarGH
complex in this study and in (51) is of the
same order of magnitude as that obtained
using reduced menaquinone analogs on the
membrane-associated NarGHI  complex
(52). We can therefore assert with high
confidence that the use of an artificial
electron donor like BV is unlikely to have
an impact on substrate recognition. The
activity was followed by measuring

oxidation of benzyl viologen
spectrophotometrically at 600 nm (gg00, Bv =
7.0945 mM*cm?) (Safas  Monaco

spectrophotometer). Measurements were
started by addition of nitrate or chlorate to a
solution containing the enzyme and reduced
BV, and the reaction was monitored for 5
minutes. The rate of the BV oxidation was
corrected by subtracting the slope occurring
without substrate. All measurements were
done using a mixed buffer composed of
CAPS, MES, CHES and HEPES, each
component at a concentration of 20 mM.
The effect of the pH on the Kinetic
parameters was systematically determined
for all the variants except for E581Q and
Y217F/D801L due to their strongly
diminished activity. Each measurement was
performed at least three times with
independent protein purifications.

The kinetic parameters (kea, Km™ and
KCM"®) were obtained by fitting the initial
benzyl viologen oxidation rates as function
of nitrate or chlorate concentration with the
Michaelis-Menten equation. Although the
Michaelis constant, Kp, is not a
thermodynamic binding constant, in the
case where two enzymes have similar Kcy
values, a strong variation of their K, values
can be interpreted as changes in affinity for
the substrate. The catalytic constants K,
were calculated in respect to one
catalytically active protomer NarGH
(molecular mass = 198 kDa). The pH
profiles of the ke and K, of each tested
variant were fitted using Eq. 1 or a
modified form of it depending on how
many pK, values are fitted. For example,
Eqg. 1 accounts for a situation where the K,
evolution as function of pH increases then
decreases. Herein Apmax is the maximal Key
or Ky simulated and pK, (h = 1 or 2)
denotes a pKj, value.

Amax Amax
A(pH) =

1+10PK1-pH ~ 1110PK2-PH

Eq. 1

Eq. 2 was used to calculate the differences
in  transition-state  energies  (44Ggs’)
between the WT and the variants or
between two substrates with the same
variant (53). The superscript  denotes the
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transition state. The parameters used for the
calculation were from the measurements at

pH 6.5. )
()

&9
Eq. 2

Here, the superscripts A and B denote WT
and variants, respectively, when one is
interested in the change in transition-state
energy due to the introduction of a
substitution. If the aim is to calculate the
energy change concerned with the change
of substrate, then A and B represent nitrate
and chlorate, respectively. A negative
outcome indicates that the transition-state
energy has increased and vice versa.

Redox  potentiometry and  electron
paramagnetic resonance (EPR)
spectroscopy. Redox titration experiments
were performed in an anaerobic glove-box
(Jacomex, [O2] < 2 ppm) at room
temperature in titration buffer (50 mM
MOPS, 25 mM Bicine, 1 mM EDTA, pH
7.5) containing 10 pM of the following
redox mediators: N,N,dimethyl-p-
phenylenediamine; 1,4-benzoquinone; 2,6-
dichlorophenolindophenol; 2,5-dimethyl-p-
benzoquinone; 1,2-naphtoquinone;
phenazine methosulfate; phenazine
ethosulfate; methylene blue; resorufin; and
indigo carmine. Reduction and oxidation
steps were performed by injecting small
volumes of solutions of 10 mM sodium
dithionite or 100 mM  potassium
ferricyanide, respectively and the potentials
were measured with a combined Pt-
Ag/AgCI/KCI (3M) microelectrode. Redox-
poised aliquots were transferred into quartz
EPR tubes that were frozen inside the
glovebox, and subsequently stored in liquid
nitrogen prior to EPR experiments. All
redox potentials in the text are given with
respect to the standard hydrogen electrode
(SHE). X-band EPR spectra were recorded
using a Bruker-Biospin EleXsys E500
spectrometer equipped with a standard
rectangular Bruker EPR cavity (ST 4102)
fitted to an Oxford Instruments helium flow
cryostat (ESR900). The total Mo(V)
content in the samples was quantified

AAGz+ = —RTIn

relative to the FesS, cluster (FS4) content
measured in a fully oxidized sample using
double integration of their respective EPR
signal as previously described (20). The
quantity of each individual Mo(V) species
was determined on the basis of its relative
proportion to that of the total Mo(V)
content inferred from spectral simulation
(see hereafter). Plotted against the ambient
redox potential, their corresponding spin
intensity ratio [Mo(V)]/[FS4] (in %) was
fitted to a theoretical curve corresponding
to two successive one-electron redox
processes:

M V ROCC
[ C( %34] = 1t ea(E—El) + ea(Ez_E)
Eqg. 3

where o = F/RT. E; and E; are the midpoint
potentials of the n = 1 Mo(VI)/Mo(V) and
Mo(V)/Mo(1V) redox couples, respectively,
R and F are the molar gas and Faraday
constants, respectively, T is the absolute
temperature in Kelvin, and o = 39.18 V* at
23°C. Ry is the occupancy level of the
active site. It corresponds to the fraction of
the site occupied by either Mo(VI), Mo(V)
or Mo(IV). The midpoint potential of the n
= 2 Mo(VI)/Mo(lV) couple, which
corresponds to the maximal amount of
Mo(V), is Em = (E1 + E2)/2.

Simulation of Mo(V) EPR spectra.
Simulations of frozen solution EPR spectra
were carried out using the Easyspin
package (54) (release 5.1.11) that works
under MatLab (the MathWorks, Inc.,
Natik). Experimental magnetic fields were
corrected for an offset against a standard
with known g-value (weak pitch, g =
2.0028). Mo(V) EPR spectra were then
simulated by adding the contribution of
one, two or three independent species
(Table S2). Anisotropic spectral broadening
was considered through  unresolved
hyperfine couplings (HStrain function) for
simulations of Mo(V) spectra. The Hstrain
parameters Aj,3 correspond to the full
width at half maximum (in MHz) of
Gaussian lines along the three g-tensor
principal axes. Simulations of the low-pH
Mo(V) species were carried out by
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considering an additional proton hyperfine
coupling tensor with principal axes
assumed to be collinear to those of the
Mo(V) g-tensor.

Molecular Dynamics. The AMBER ff03
force field (55) was used for all the
systems, including the original parameters
for the protein and the parameters for the
FeS clusters and GDP that were extracted
and re-implemented from (56) and (57),
respectively. Owing to the inherent
difficulties to obtain meaningful parameters
for the molybdenum cofactor (Mo-bisPGD)
in all redox states, we focused on the
structure of the apomolybdo-NarGHI (PDB
ID: 1SIW) with negligible structural
differences (RMSD 0.24 A) with NarGHI
(PDB ID: 1Q16) and a comparable
resolution between 1.9 and 2.2A. The fact
that the apo structure is strictly compatible
(to the experimental precision given by the
resolution) with that of the holo structure,
rules out the possibility that major
structural  changes  accompany the
adaptation of the prosthetic group. The apo
structure is thus pertinent for exploring the
major conformational landscape accessible
by the structures, particularly at sites not
directly involved in prosthetic group
accommodation. The catalytic subunit of
the apomolybdo-NarGHI structure
comprises a non-covalently bound GDP in
the same position as the guanine nucleotide
moiety of one of the PGD molecule in the
native complex and the FSO center. All the
resolved water molecules present in the
structure of the apomolybdo-NarGHI were
included in the starting conformation of the
MD simulations. The PROPKA software
(58) was used to determine the protonation
states of each protonatable amino-acid. The
protein was solvated in the center of a
TIP3P water filled cubic box of 15 nm?®
while 0.15 mM of NaCl was used with an
excess of Na* ions to neutralize the global
charge of the system. Solvation of the entire
system in the water box also resulted in the
introduction of additional molecules that fill
voids, particularly at the active site cavity.
Molecular dynamics (MD) simulations
were performed with  GROMACS 5.1.4

(59-62) wusing Particle Mesh Ewald
electrostatics with a real-space Coulomb
cutoff of 1.2 nm (63) and a van der Waals
interactions cutoff of 1.2 nm with a long-
range dispersion correction. The neighbor
searching algorithm was updated every 10
steps. The timestep was 2 fs with a
modified Berendsen thermostat and a 0.1
ps time constant at a temperature of 300 K
(64). For the pressure control, an isotropic
Parinello-Rahman barostat was used with a
2 ps time constant and a compressibility of
4.5 10 bar™ at a pressure of 1 bar (65).
After a minimization consisting of 3000
steps of steepest descent, a two-step
equilibration procedure was set up, first for
stabilizing the temperature for 0.1 ns, and a
second for the establishment of the pressure
control in an additional 0.5 ns. Two
simulations were run for 20 ns and the third
one was run for 200 ns. The same starting
conditions were used for all three
simulations, except that the initial atomic
velocities were generated from different
random distributions. This change in the
early stages of the simulations was
sufficient for the exploration of slightly
different regions of the accessible
conformational space. All the calculations
were done using 96 processors on the
OCCIGEN supercomputer at the CINES
center (Montpellier, France). RMSDs in the
range of 2 A were measured for the whole
structure (chain A) along the trajectories of
each simulation showing no major
reorganization at the level of the quaternary
structure (Fig. S1). Moreover, all atoms in a
range of 15 A around Glu-581 showed low
atomic fluctuations (about 1.5 A). After
centering and fitting the protein using gmx
trjconv tool of GROMACS, the simulations
were visualized using VMD (66). The
Volmap tool was used to compute the water
density maps. Hydrogen bonds were
computed using gmx hbond. All the scripts
used in this work are available at
https://framagit.org/msidore/thesis_energeti
cs_lipids/-/tree/master/Notebooks/Nar
under the WTFPL license.

Results
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Substrate access to the active site is
restricted by a group of conserved polar
and acidic residues. Scrutiny of the X-ray
structures of Nar from E. coli indicates that
nitrate needs to traverse a distance of about
25 A from the solvent to reach the Mo
active site through a partially constricted
tunnel (Fig. 2). This putative substrate entry
tunnel does not reach all the way through to
the active site but instead terminates at
about 10 A away from the Mo atom at Glu-
581. Glu-581 is strictly conserved in all

type nitrite oxidoreductases (nNxr), all of
which are clustered in the Mo/W-bisPGD
clade of enzymes that have Asp as Mo
ligand (Fig. S2) (1). In most X-ray
structures of Nar from E. coli, the side
chain of Glu-581 has a relatively high b-
factor (Fig. 2) suggesting that this residue is
dynamic and possibly involved in
controlling substrate access. The Mo active
site being shielded from the bulk implies
that protein motion is important for the
substrate to interact with the active site.

archaeal and bacterial Nar as well as in n-

Figure 2. The Mo active site in NarGH is protected from the bulk by the conserved Glu-581. Left:
surface representation of NarG (light gray) along with the cofactors showing the location of Glu-581
(green) at the bottom of the substrate tunnel and the proximal polar amino acids. Right: The substrate
tunnel (red) is simulated using the Caver tool (with a probe radius of 1.2 A) showing the bottleneck
residue Glu-581 at about 10 A from the Mo atom while the cavity located immediately above the Mo
atom (light blue) involved a probe radius of 0.7 A. The white arrow symbolizes the solvent access to
the tunnel. Water molecules present in the tunnel (PDB ID: 1Q16) are shown as red spheres. The
average distances (based on the PDB ID: 1Q16, 1R27 and 1Y4Z) between the side-chain oxygens of
Glu-581 and Asp-801 is 2.4 + 0.1 A; Glu-581 and GIn-234 3.6 + 0.2 A; and Glu-581 and Tyr-217 4.4
+ 0.3 A. Residues are colored according to the b-factor value, where blue indicates structural rigidity
and red indicates flexibility. The shape of the substrate tunnel in all three structures is nearly identical
and therefore not shown for each structure separately. The images were created with PyMOL using
PDB ID: 1Q16 (1.9A resolution).

Interestingly, Glu-581 is surrounded by a residues, determination of the Kkinetic

set of conserved polar amino acids (Tyr-
217, GIn-234 and Asp-801) and forms a
hydrogen bond with Asp-801 (Fig. 2). To
address the involvement of the hydrogen-
bonding network of Glu-581 as well as the
mechanistic importance of protonatable

parameters (K, and kc) was performed at
different pH values (Fig. 3 and S3).
Remarkably, the K, turned out to be highly
sensitive to pH, increasing by one order of
magnitude between pH 6 and 8.5 while key
was barely affected. This observation



strongly suggests the presence of one or
more protonatable residues (apparent pK,
about 7.7) of which the deprotonation
impacts  substrate  affinity and or
accessibility to the Mo active site. At higher
pH values, the k., decreases indicating that
deprotonation (apparent pK, about 9) also
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leads to the loss of activity. Owing to the
difference in these apparent pK, values, this
suggests that the two phenomena are not
fully correlated and that the parameters that
control substrate access and proton transfer
are distinct.
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Figure 3. The pH dependence of the kinetic parameters ks and K./Kn. For each pH value, the values
and errors (SD) of the kinetic parameters are obtained from at least two Michaelis-Menten curves each
with at least 10 points. The k. values were fitted according to Eq. 1 except for the E581D/D80L1E (see
text). The pH profiles of the K, are found in Figure S4.

Glu-581 is crucial for substrate binding
and turnover. To get insight in the catalytic
importance of the strictly-conserved Glu-
581 in terms of hydrogen-bond formation
and proton transfer capacity, E581D and

E581Q variants were generated. Asp has a
shorter side chain than Glu and the E581D
variant is assumed to structurally influence
the H-bond network while maintaining the
proton transfer capability whereas the
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E581Q variant is supposed to maintain the
H-bond network while being unable to
exchange protons. Such substitutions were
shown to be very useful to probe the
function of glutamate residues in other
oxidoreductases such as hydrogenases (67)
and ribonucleotide reductases (68). At first,
the kinetic parameters of all enzyme
variants were determined at pH 6.5, a value
within the physiological pH range of the
enzyme and giving a high ke./Kr, (Table 1).
E581D displays a kcq: for nitrate lower than
that of the WT (about 3.5 fold) but of the
same order of magnitude suggesting that
catalysis is not drastically impacted. This is
consistent with the similarity between the
functional groups of Glu and Asp. In
contrast, the Ky, of E581D was significantly
increased (by two orders of magnitude)
indicating a crucial role of the precise
localization of the carboxyl group of Glu-

581 for substrate affinity and or
accessibility. The kinetic parameters of
E581D as a function of pH showed a
similar pattern to those of the WT (Fig. 3
and S3). On the contrary, the ke, of E5S81Q
was decreased by three orders of magnitude
while the K, was identical to the WT
within statistical error (Table 1). Due to the
diminished activity, the kinetic parameters
of this variant were only determined at pH
6.5. Interestingly, comparing the Kinetic
parameters of E581Q and E581D at pH 6.5
shows an inverted effect (Table 1). These
data clearly reveal the importance of the
acidic character of Glu-581 for turnover. At
the same time, the role of Glu-581 in
participating in the H-bonding network
seems to be important for substrate affinity
and or accessibility as indicated by the
unaffected Km of E581Q.

Table 1. Kinetic parameters k.,; and K, of the NarGH variants assayed at pH 6.5 with either nitrate or

chlorate.
NOj5™ as substrate ClO; as substrate Keat/Ki ratio
Keat Km Keat/Kim Keat Km Keat/Kim NO;- vs. ClO;-
(G (mM) (s*mM™) () (mM) (s*mMm?)

WT 396 + 16 0.10 + 0.06 3960 + 2381 1031 + 20 0.42 +0.03 2455 + 182 16

E581D 113+3 1142 12+1.9 230+9 112 21+39 0.6

E581Q 0.14+0.004  0.15+0.02 0.93+0.13 0.16 +0.01 0.20 + 0.04 0.8+0.2 12

E581D/D80IE  121+8 34+5 3.6+0.57 99+3 14+2 71+1 05

D801N 522 0.03 +0.01 1733 £582 72+3 0.09 +0.02 800 + 181 2.2

D801L 18+1 1341 1.4+0.13 14+1 32+05 4.4+0.75 0.3

Y217F 136+ 1 0.44 +0.03 309 +21 84+3 0.36 +0.06 233 + 40 13

Y217F/D80IL  1.1+0.03 14+1 0.079 +0.01 20+0.1 12+2 0.17 £0.03 0.5

Ratio of the specificity constants of the variants compared to the WT with nitrate or chlorate as
substrates. The values and error estimations (SD) are obtained from at least two Michaelis-Menten

curves with at least 12 points each.

Acid-base properties and H-bonding ability
of Glu-581 are strongly modulated by its
polar environment. According to the
available crystal structures, the closest
residue able to form strong H-bonds with
Glu-581 is Asp-801 (Fig. 2). Evaluation of
the role of such H-bonds and of the acid-
base properties of Asp-801 was performed
using the D80IN and D801L variants.
D801N is a neutralization polar variant
lacking the acidic property but still able to
maintain H-bonds (substitution analogous

to E581Q), while the hydrophobic D801L
variant prevents both the proton exchange
and the formation of H-bonds. The kinetic
parameters of the D801N variant show a
lower K, by nearly an order of magnitude
than that of the WT and E581Q variant. In
contrast, the D801L variant displays a
major increase in K, (Table 1). With
comparable kg Vvalues for both D801
variants, one can assume that the H-bond
forming ability of Asp-801 plays a major
role in substrate affinity. Moreover, D801N
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displays a high catalytic activity of nearly
400-fold higher than that of E581Q (Table
1) showing that the acidic character of Asp-
801 is not as essential as that of Glu-581
but its H-bonding  capability is.
Interestingly, the pH-dependence profiles of
Keat and Ky, of the Asp-801 variants (Fig. 3
and S3) show a global shift to a more acidic
pH when compared to the WT. Notably, by
comparison with WT and E581D (pKj
about 9), the ke, acidic profile is shifted by
one pH unit for D801N (pK, about 7.8) and
reaches about two pH units for D801L. This
suggests that the Asp-801 substitutions
affect the same protonatable group involved
in catalytic proton exchange. Considering
that this protonatable group corresponds to
the carboxylic chain of Glu-581, these
results suggest that the H-bonding between
Asp-801 and Glu-581 induces a strong
acid-base  cooperativity  between the
carboxylic/carboxylate  pairs of these
residues. Acid-base cooperativity refers to
the fact that the pK, of an acid can depend
on the ionization state of the acid-base pairs
in its vicinity. This is notably the case when
the acid-base pairs are linked by H-bonds
where pKj shifts of several units have been
observed (69). In NarGH such cooperativity
could increase the pK, of Glu-581 and
facilitates protonation/deprotonation during
turnover at physiological pH.

Furthermore, H-bonding potential of these
residues appears critical to control substrate
access as deduced from the increase by two
orders of magnitude of Ky, for the D801L
variant with poor pH dependency except at
very high pH, while k. decreases only 20-
fold in comparison to WT (Fig. S3 and S4).
This is also supported by the similar K,
values observed for the WT, E581Q and
D801N variants, while the strong increase
of K, for E581D suggests either a
disruption of the E581-D801 H-bond or a
significant change of the relative
arrangement of these two acidic residues.
Hence, reversing the position of the two
residues was expected to restore this H-
bond and lowers Ky, Surprisingly, while the
E581D/D801E variant exhibits an activity
similar to that of E581D and WT, which is

consistent with the presence of an acidic
residue at position 581, its K, value
increased by more than two orders of
magnitude with respect to WT (Table 1). In
addition, the pH-dependence of the
E581D/D801E Ky, shows at least one order
of magnitude increase between pH 6 and
8.5, similarly to the WT and E581D (Fig.
S3). Altogether, these observations indicate
that the existence of a H-bond between Glu-
581 and Asp-801 is important for substrate
affinity but is likely not the sole
determining factor. The data also indicate
that the precise spatial positioning of the
acidic groups of Glu-581 and Asp-801 is
also required for efficient substrate binding
suggesting the involvement of other polar
residues in a rather intricate and dynamic
H-bonding network.

To gain more insight in the effect of the
polar environment of Glu-581 on the
workings of the enzyme, we identified Tyr-
217 as an interesting target based on its
short distance from Glu-581 (Fig. 2) and its
localization in the same loop as the Mo
coordinating ligand (Asp-222). Two
hydrophobic Y217F and Y217F/D801L
variants were generated and subjected to
kinetic measurements. The data show that
the ke value of Y217F is reduced by a
factor of about 3 by comparison with WT
while K, has increased by a factor of about
4 (Table 1). Importantly, the maximum
activity of Y217F has shifted to the more
acidic pH region with respect to the WT
similar to what was observed in the Asp-
801 \variants, supposedly due to the
perturbation of the H-bonding network
(Fig. 3 and S3). In contrast, the
Y217F/D801L double variant showed both
a major decrease of ke and an increase in
Km (Table 1). The behavior of the Y217F
and Y217F/D801L variants suggests that
the hydroxyl group of Tyr-217 helps to
fine-tune the pK, values of acidic residues
involved in the catalytic proton exchange,
and that the effects of the hydrophobic
substitutions on the kinetic parameters are
additive.
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H-bond network involving Glu-581 is
responsible  for substrate selectivity.
Consistent with the peculiar positioning of
Glu-581 at the bottleneck of the substrate
channel, Kkinetic studies performed with
nitrate as substrate unequivocally show that
its acidic character and H-bonding ability
with  Asp-801 are essential for both
turnover and substrate affinity (Fig. 3 and
Table 1). To analyze the influence of Glu-
581 and its polar environment in substrate
selectivity, we have extended our Kinetic
measurements to include chlorate (ClO3),
an alternative substrate for Nar. Chlorate
has a slightly larger ionic radius than nitrate
and, in contrast to the latter, it has a dipole
moment due to its pyramidal structure.
NarGH has slightly higher specificity
constant given by the ke./Ky, ratio towards
nitrate together with a lower K, for nitrate
(Table 1 and Fig. S4) (16). Overall, the K
variations with chlorate with respect to WT
follow the same trends to that observed
with nitrate (Table 1 and Fig. S4), the
strongest decrease being observed for
E581Q, D801L and Y217F/D80L1L. This
shows that the same factors are responsible
for catalysis with the two anions, namely
the acid-base properties of Glu-581.
Changes in ke and Kp result in the
modification of the substrate selectivity of
the enzyme that can be assessed by
comparing the specificity constant (70).
With the exception of D801N, in most of
the studied variants the ratios between the
Keat/ K OF nitrate versus chlorate approaches
one (E581Q, Y217F) or is even lower
(E581D, E581D/D801E, D801L,
Y217F/D801L) which indicates that these
variants have lost their discriminatory
capacity between nitrate and chlorate
(Table 1). Overall, the data show that all
substitutions suggested to compromise the
H-bonding ability of Glu-581 with its polar
environment, change the  substrate
specificity leading to a higher specificity
constant towards the polar substrate,
chlorate (Table 1).

To get more insight in the contribution and
interplay of the polar residues in the H-
binding network, differences in transition-

state  energies, A4Ggs,” have been
calculated from the kq/Km values (Eg. 2).
Briefly, with this approach one can assess
the thermodynamic  contributions  of
structural components that are involved in
the stabilization of the transition state of the
substrate-enzyme complex, ES* (53). The
difference in transition-state energy was
calculated for each Nar variant relative to
the WT either with nitrate or with chlorate
as well as for a given variant with chlorate
relative to nitrate (Table S3). The negative
AAGes' values of the variants relative to the
WT (regardless of the substrate) show that
all substitutions increase the transition-state
energy, leading to less efficient catalysis.
The lowest perturbation of the AAGes'
value is found for D801N in which the H-
bond with Glu-581 is likely maintained
with the same structural organization. In
contrast, the most negative values are
obtained in variants where the H-bonding
capacity of Glu-581 and Asp-801 is
potentially disrupted (D80O1L,
Y217F/D801L, E581D) and in this case the
AAGgs" value is close to the energy of an H-
bond (4-5 kcal/mol). It is notable that the
variant vs. WT 44Ggs' of Y217F/D801L
corresponds well to the sum of the values
obtained for the Y217F and D8O01L single
variants revealing independent effects of
the substitutions on catalysis. This suggests
that the H-bonds of Glu581 with Asp-801
and Tyr-217 act as independent factors on
substrate selectivity and catalysis by
controlling the acid-base properties of Glu-
581 and ensuring a good positioning of its
side-chain.

Influence of the hydrogen bond network
involving Glu-581 on the molybdenum
cofactor ~ spectroscopic  and  redox
properties. Wild type nitrate reductase has
two well characterized Mo(V) species
whose relative proportions depend on pH,
namely a high pH species with gi,3 =
1.987, 1.980, 1.962, and a low pH species
with g123 = 2.001, 1.985, 1.964. The latter
displays a resolved proton hyperfine
splitting characterized by an anisotropic
hyperfine coupling tensor with principal
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values A;,3(*H) = (1.17, 0.88, 0.99) mT.
The g-tensor analyses indicate a similar
first coordination sphere of the Mo(V) ion
in both species (5, 71). It has been shown
that their interconversion does not
correspond to a simple acid-base
equilibrium but is rather due to distant
modifications of the H-bond network
around Mo cofactor (20, 21). To analyze
the role played by Glu-581 and its polar
environment on the structural and redox
properties of the Mo active site and other
metal centers, we used EPR spectroscopy.
To this end, the E581D, E581Q and
Y217F/D801L variants were selected based
on expected alteration of the H-bonding to
Glu-581 induced by each of the
substitution. The NarGH variants enriched
in the nuclear spin 1 = 0 *Mo isotope were
prepared at pH 7.5, titrated and studied by
EPR spectroscopy, together with the WT
for comparison. The typical Mo(V) EPR
signatures detected in these samples are
shown in Figure 4 while their redox
behavior is depicted in Figure S5. The WT
exhibits the two well characterized high pH
and low pH Mo(V) species, both
representing a maximal total amount of
about 0.4 spin/NarGH (Fig. 4A-B) which is
typical of NarGH preparations (17, 19-21).
More generally, such sub-stoichiometric
amounts of Mo(V) EPR species are
commonly observed in the enzymes of the
Mo-bisPGD family and are even lower in
enzymes such as Nap, where they account
for less than 0.2 spin/molecule (72-74). In
contrast, only the high pH Mo(V) species is
detected in the E581Q variant with a
maximal amount of 0.25 spin/NarGH (Fig.
4C). This holds also true when the sample
is prepared at pH 6.4 (Fig. S6C), a value at
which the low pH species is predominant in
the WT (Fig. S6A-B). The E581D
substitution strongly affects the intensity
and the shape of the detected Mo(V) EPR
signal (Fig. 4D). The latter could be
simulated by considering three different
Mo(V) species, namely the high and low
pH species, and an additional species with
0123 = 2.0263, 1.9896, 1.9739 (Fig. 4E and
Table S2). The latter possesses a

remarkably high g; value and is not
observed in the EPR spectra of the WT or
of the E581Q variant. It is referred to as
“high g1” species in the remainder of the
text. The Mo(V) EPR signal maximally
accounts for about 0.08 spin/NarGH in the
E581D variant, where the maximal
contribution of the high g1 species
represents about 30% of the total Mo(V)
content. Strikingly, only the high g; Mo(V)
species amounting to about 0.02
spin/NarGH was observed in the
Y217F/D801L variant while no high pH or
low pH Mo(V) species were detected (Fig.
4F). Interestingly, the g-values of this high
g1 Mo(V) species are correlated to those of
the high and low pH species observed in
Nar from different organisms (Fig. S7).
Such correlation is indicative of a similar
first coordination sphere of the Mo ion in
these three species and, in this case,
corresponds to a coordination of the
MoS,0,-type (5, 63, 64). Overall, these
observations suggest that perturbations of
the H-bond network around the Mo
cofactor or at remote positions such as near
Glu-581 induce conformational fluctuations
responsible for the different Mo(V) EPR
species observed. The results of Glu-581
substitutions indicate that the acidic
character rather than the H-bonding
capacity of Glu-581 is necessary for the
generation of both the low and high pH
Mo(V) species in NarGH which show no
significant variations of their g-values
between variants. Moreover, whereas the
redox potential of the one electron
Mo(V)/Mo(lV) transition (E;) has been
barely modified by Glu-581 substitutions,
that of the Mo(VI)/Mo(V) transition (i.e.
Ei) is more significantly affected, with
about 130 mV increase for the high pH
Mo(V) intermediate and about 70 mV
decrease of the low pH one (Table 2 and
Fig. S5). In addition, the redox properties of
the high g: Mo(V) species in E581D and
Y217F/D801L variants are very similar
(Table 2).
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g value
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Magnetic field (mT)

Figure 4. Mo(V) EPR spectra of ®Mo-enriched
NarGH enzymes poised at different potentials
at pH 7.5: (A) WT, +161 mV; (C) E581Q, +197
mV; (D) E581D, +124 mV; (F)
Y217F/D801L, +200 mV. Experimental
spectra are in black and simulations are
superimposed as red dotted lines. Simulations
were performed by adding the spectral
contribution of high-pH (orange), low-pH
(green) and high-g; (blue) Mo(V) species with
parameters and proportions given in Table S2.
These spectral contributions are shown in (B)
for WT and in (E) for E581D. Experimental
conditions: temperature, 50 K, microwave
frequency, 9.4803 GHz (A), 9.4789 GHz (B),
9.4802 GHz (C), 9.4799 GHz (D); microwave
power, 0.25 mW (A, C) or 4 mW (D, F); field
modulation amplitude, 0.2 mT (A, C) or 0.4 mT
(D, F); number of scans, 4 (A, C), 1 (D), or 10
(F). The asterisk on spectrum F shows the
contribution of a contaminant radical species.

Table 2. Molybdenum redox properties in wild type NarGH and in the E581Q, E581D and

Y217F/D80LL variants, at pH 7.5.

E,*’75 (M0Y/Mo"™) (mV)  E;°’-5 (Mo"'/MoY) (mV) E. (mV)

WT HighpH 35+10 230+ 10 135

LowpH 20+10 > 440 > 245
E581Q HighpH  70+20 360 + 25 215
E581D HighpH 10+ 10 365+ 15 190

LowpH 30+10 370 + 40 200

Highg,  25+20 > 450 > 250
Y217F/D801L Highg,  75+20 > 470 > 265

Overall, these results show that in all
variants studied, the intermediate Mo(V)
species have the same first coordination
sphere and retain a broad stability domain
of several hundred mV around circa +200
mV, suggesting that the chemistry at the
Mo site is not altered. These species likely
differ in the conformation of the Mo
surrounding and, in agreement with our
previous data (19), our results indicate that
the high pH and high g; Mo(V) species
alone do not enable enzymatic activity. On
the other hand, the results support the
previous hypothesis that the low pH Mo(V)

intermediate is linked to enzyme catalysis
(75) and that interconversion of high to low
pH Mo(V) species is possibly involved in
enzyme turnover (19-21).

Beside the EPR signal of the Mo cofactor,
the detectable EPR signatures of the NarH
S = Y% FeS clusters were similar in the three
variants and in the WT. In addition, the two
characteristic low-field components at g =
5.0 and 5.6 of the S = 3/2 FSO cluster with
Eo’ ~ -55 mV in the WT enzyme (12, 18,
47) (Fig. S8A) were detected in both Glu-
581 variants (Fig. S8B and C). In contrast,
these were not resolved in the
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Y217F/D801L variant (Fig. S8D and E),
even at much lower (about -430 mV) redox
potentials,  revealing a  significant
perturbation of the FSO structure and/or
redox properties upon disruption of the H-
bond network around Glu-581. In
conclusion, the EPR data point to an
important structural role of the H-bond
network involving Glu-581, Tyr-217 and
Asp-801 for maintaining the structural
conformation and surroundings of the
molybdenum cofactor.
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Glu-581 motions reconfigure the local
hydrogen bond network. The X-ray
structure of Nar from E. coli indicates that
Glu-581 is located at the middle of an L-
shaped loop (His-576 to Pro-585) that
contacts the Mo atom at the level of Gly-
579 which is only 3,65 A apart, hereinafter
referred to as Glu-loop (Fig. 5A). As
evidenced by three distinct MD simulations
of the wild type NarGH apoprotein (see
Materials and Methods), the Glu-loop and
Glu-581 exhibit important conformational
changes (Fig. 5B).

Figure 5: Conformation of the Glu-loop supporting the Glu-581 residue (from 575 to 586) (A) in the
NarG holo structure (PDB 1D:1Q16) and (B) in the three simulations. In B, the three loop structures
averaged over the simulation time are shown in cartoon representation along with the Glu-581 residue
in bond representation. Simulation 1 (grey) retains the loop structure found in the apoprotein crystal
structure (cyan). In Simulation 2 (red), a structural refolding involves the Glu-loop. In Simulation 3

(orange), the structure of the loop is retained but a flip of the Glu-581 side-chain occurs.

Furthermore, the analysis of potential H-
bonds involving the Glu-581 side chain
(Table 3) indicates that the local dynamics
of the Glu-loop strongly influences the H-
bond network. The structure of the Glu-
loop from simulation 1 is very similar to
what is observed in the crystal structure
(PDB ID: 1Q16) showing one H-bond
between Glu-581 and Asp-801. Conversely,
simulation 2 displays important local
refolding (Fig. 5B) with two major sterical
consequences. First, the distance between
Glu-581 and Asp-801 is increased leading
to the breakage of the Glu-Asp H-bond and
the formation of a transient H-bond
between Glu-581 and GIn-234 (Table 3).
Second, the local refolding displaces the
loop slightly away from the Mo active site.

Interestingly, in simulation 3, the backbone
remains at the same position as for
simulation 1 but the Glu-581 side-chain
reorients towards GIn-234 instead of Asp-
801 resulting in a stable H-bond.
Importantly, none of the simulations show
the formation of a H-bond between Glu-581
and Tyr-217. These results provide
computational evidence for the dynamics of
the Glu-loop buried in NarG as suggested
by the high b factor observed in the X-ray
structure and correlate these dynamics to
changes in the H-bonding network in the
vicinity of the active site. Interestingly,
Table 3 shows that Glu-581, Asp-801 and
GIn-234 participate to numerous H-bonds
with water molecules. These residues are on
average involved in one to four H-bonds
(H-bond occurrence ranging from 100 to
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nearly 500%). The degree of hydration of
these residues is highly modulated by the
motion of the Glu-581 side chain. While
simulation 1 shows that Asp-801 forms a
H-bond with a single water molecule,
simulations 2 and 3 show increased
hydration of Asp-801 upon disruption of
the H-bond with Glu-581. If the motions
recorded in MD simulations are related to
functional roles, their alterations, for
example by substitutions, could reconfigure

the local H-bond network. These results
support the involvement of Glu-581 and
Asp-801 in the H-bonding network near the
active site as was suggested by mutational
and kinetic experiments in this work. In
addition, the MD simulations suggest an
important role for water molecules in
mediating the effect of amino acid
substitutions at positions distant from the
Mo active site.
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Table 3: Hydrogen-bond occurrence in MD simulations and in the NarGH X-ray structure

H-Bond Simulation 1 Simulation 2 Simulation 3 H-bond in PDB ID:1Q16
E581-D801 93.2% 0.2% 2.5% 1
E581-Q234 3.4% 18.2% 94.2% 0
E581-Y217 0% 0% 0% 0
Q234-water 279% 259% 169% 1
E581-water 215% 307% 291% 1
D801-water 104% 323% 472% 3
Y217-water 9.5% 4.8% 0.3% 0

H-bond occurrence is defined when the distance between donor (D) and acceptor (A) is < 3.5
A and the angle formed by atoms H, D and A is < 30 °

Glu-loop motions connect the bulk cavity to
the active site via a “water wire”. TO
further evaluate the relationship between
protein motions and hydration, the average
water density was computed for the three
MD simulations (Fig. S9) and the diffusion
of individual water molecules followed
during the course of the simulations (Fig.
6). In simulation 1, water molecules can be
distinguished into three spatial groups (Fig.
6A and movie S1): the first one is located in
the substrate tunnel (cyan), the second one
is positioned in a site located between Glu-
581 and Asp-801 (green) and a third one is
located in the Mo active site cavity (blue).
Importantly, the water molecules do not
move between the different areas,
consistent with the water density data (Fig.
S9) which show that the different cavities
are not interconnected. Upon local
refolding of the Glu-loop as seen in
simulation 2, water molecules (cyan) can
diffuse through the three cavities (Fig. 6B
and movie S2) testifying to the opening of a
channel. First it explores the active site

area, then it crosses a newly open
intermediate tunnel to end its diffusion to
the bulk through the substrate tunnel.
Another water molecule (dark blue) whose
trajectory overlaps with the former is able
to diffuse to a place where the Mo should
be and find a coordination site nearby. Such
behavior could be made possible through
the opening of an intermediate tunnel
originating from the Glu-loop displacement
described in Figure 5. The existence of this
tunnel along the trajectory is confirmed by
water density calculations (Fig. S9). When
the Mo-bisPGD cofactor is superimposed to
this water trajectory, no overlap is observed
indicating that the opening of this channel
is compatible with the structure of the
holoprotein. Given the small water volume
available in the active site pocket of the
holoprotein, diffusion of water or substrates
towards the Mo through this channel can
therefore be very efficient. Since water can
go from the bulk to the Mo position in
simulation 2, this situation can be seen as
an open state.
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Figure 6: The Glu loop motions can open a water tunnel from the bulk to the active site. On each
panel, the Glu-loop is represented as in Figure 5. To depict the position of the active site, the Mo-
bisPGD cofactor (represented as mixed bonds and van der Waals spheres) has been fitted on the
protein (see Materials and Methods). The motion of various water molecules (depicted by distinct
color codes) is represented over multiple frames for simulation 1 (A), simulation 2 (B) and simulation
3 (C). On each panel residues that delineate the border of a potential channel are represented as bonds,
including GIn-234 (brown), Glu-581 (purple), Asp-801 (yellow) Tyr-157 (green) and Arg-260 (blue).

In simulation 3, where only the E581 side
chain has flipped, two water molecules
initially present in the intermediate tunnel
can reach the substrate tunnel and the bulk
of solvent (cyan and dark blue) (Fig. 6C
and movie S3). In the timescale of this
simulation (extended to 200 ns), two other
water molecules more deeply embedded in
the tunnel structure remain trapped close to
their original place (gray and green). These
MD simulations suggest that the motion of
the Glu-581 side chain as for simulation 3
allows to connect the intermediate tunnel to
the substrate entry tunnel but the Glu-loop
movement seen in simulation 2 s
obligatory to achieve a complete connection
and the transport of water molecules
between the bulk and the Mo active site.
Considering that the same channel could be
involved in substrate transport from the
bulk to the active site, it is not surprising
that our designed substitutions have strong
effect on the substrate affinity. Furthermore,
in the intermediate tunnel of the open form
(simulation 2), the water organizes into a
single row of four successive molecules
forming hydrogen-bonded chains of water
molecules (Fig. 7). Such a water wire
connects the acidic side chains of Glu-581
and Asp-801 to the bottom of the main
entry cavity and next to the His-576 residue

(which is located at the top of the active site
cavity) thus promoting the possibility of
proton transfer through a Grotthuss hopping
mechanism (76, 77). The residues that
could participate in proton transfer via the
coordination of water molecules are given
in Figure S10. Interestingly, almost all the
residues proposed are conserved in the two
structurally ~ well-characterized  Mo/W-
bisPGD enzymes (nitrate reductase and
perchlorate reductase), further supporting
the existence of the channel (Table S4).

His-576
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Figure 7: A water wire in the path of a
candidate channel. In the open state
conformation (final structure in simulation 2)
four successive water positions (green) connect
the bottom of the main entrance cavity
(represented as a yellow water molecule and a
transparent surface) to the acidic E581 and
D801 residues until the H576 residue.

Discussion

The yet uncovered range of reactivities of
Mo/W-bisPGD enzyme superfamily
members sharply contrasts with the limited
chemical diversity of their Mo/W active
sites. This prompted us to investigate the
importance of remote positions in fine-
tuning the reactivity of the active site. In all
members, the Mo/W active sites are buried
inside the protein and connected to the bulk
solvent through a funnel-like entrance,
which likely acts as the exchange pathway
for the substrates, products and solvent
molecules during the catalytic cycle.
Importantly, for many of them including
Nar (PDB ID: 1Q16), Pcr (PDB ID: 4YDD)
or Ebd (PDB ID: 2IVF), the funnel-like
entrance terminates at a location distant
from the active site raising the question on
how substrate or solvent access is made
possible. Enzymes often possess the
structural elements for controlling the
transport of substances through tunnels by
means of a gate which can switch between
open and close  states  through
conformational changes and by this way
controls the passage of molecules into and
out of the protein (78). Here, we provide
strong evidence that a set of conserved
polar residues remote from the active site
controls the transport of substrates and Mo
reactivity.

Determination of Kkinetic parameters at
different pH values revealed that
deprotonation events are associated with a
strong decrease in substrate affinity or
accessibility but also in catalytic turnover
suggesting the involvement of one or more
protonatable residues. Our rationale was
that if access to the active site is distantly
controlled by a gate involving a series of
polar residues, protein substitution can

modulate the solvation of the active site but
also ligands exchange and thus enzyme
activity and selectivity. Two interconnected
but distinctive roles have been associated
with these residues, proton transfer and
substrate affinity or accessibility.

The conserved Glu-581 located at the
bottleneck of the tunnel is suggested here to
play the most important role in proton
transfer. While being surrounded by several
conserved polar residues and exhibiting a
strong acid-base cooperativity with Asp-
801, the acidic character of Glu-581 is
essential for turnover but its ability to form
H-bonds appears to be a criterion for
substrate  affinity. The molecular
simulations presented here suggest that H-
bonding ability of Glu-581 with its polar
environment and in particular with Asp-801
controls the hydration inside the protein
core. We observed that the motion of Glu-
581 (and Glu-loop) results in the formation
of a proton-conducting water channel that
connects the active site to the bulk solvent.
Those observations are consistent with the
fact that perturbations of the H-bond
network at remote positions such as near
Glu-581 influence the generation of low
and high pH Mo(V) species as well as
induce conformational fluctuations of the
Mo cofactor resulting in novel Mo(V)
species with similar first coordination
sphere but different catalytic activities. This
is in complete agreement with the
demonstration that the conversion between
the low pH and the high pH Mo(V) species
is not related by a simple acid-base
equilibrium (20). The presence of the low
pH Mo(V) species being correlated with a
high ke Value supports the involvement of
this species in enzyme turnover as
suggested before (19). Substitutions of Glu-
581 thus influence the Mo redox properties
as those of residues coordinating the
pyranopterin moieties in Nar (8) or in
arsenite oxidase (9). Our study underlines
the importance of the H-bond network of
the substrate channel in fine-tuning the
reactivity of the Mo active site.
Experiments also support a mechanistic role
of Glu-581 in substrate affinity.
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Disturbance in the H-bonding between Glu-
581 and Asp-801 upon substitution, by
diminishing  the  strong  acid-base
cooperativity, likely reduces the apparent
pKa of Glu-581 whose role in proton
exchange is essential during turnover.
Spatial positioning of the corresponding
functional groups is also key for high
substrate affinity and supports the Glu-581
motion observed by molecular dynamics
simulations. Given that polar charge-neutral
E581Q and D801IN variants display high
substrate affinity, both residues are likely
protonated  upon  substrate  binding.
Interestingly, the K., pH-profile of D801N
shows weak pH-dependence consistent with
the non-deprotonatable asparagine and thus
suggesting that the increase in K, for the
WT is mainly due to the deprotonation of
Asp-801. Based on this analysis, it is very
plausible to assign a pK, of about 7.7 to
Asp-801. Assuming that turnover is directly
dependent on the ability of Glu-581 to
exchange protons, the decrease in activity
of WT Nar at higher pH values may be
prescribed to the deprotonation of Glu-581
(pK4 about 9). This is supported by the Kca
pH-profile of D801N, which displays a shift
to lower pH pointing to a decrease in the
pK,. Strong acid-base cooperativity as well
as charge-dipole interactions can highly
modulate amino acid properties, such as the
pKa, to serve protein stability or catalysis as
reviewed in (69) and explain the high pK,
values we report here. Deprotonation of
Glu-581 may also be favored by a
modification of its immediate environment
during side-chain motions. Furthermore,
substrate affinity and selectivity appear to
relate to the H-bonding potential of a series
of conserved polar residues located between
the bottleneck of the funnel-like entrance
and the Mo active site. All substitutions
compromising the H-bonding ability of
Glu-581 with its polar environment impede
the enzyme specificity towards nitrate and
chlorate albeit a similar trend is observed
for both substrates in the variants. Our data
demonstrate that Glu-581 has multiple
functions as it serves in proton transfer,
substrate selectivity and, suggested by

molecular simulations, as a gate that opens
and closes the pathway to the Mo active
site. Gates provide enzymes with advanced
capabilities for selecting the molecules
allowed to enter the active site but also
control their rate of transport as illustrated
in NiFe hydrogenases (38, 79) and can also
facilitate proton transport through water-
gated transitions such as in the respiratory
complex 1 (80).

Given the strong structural similarities
between Nar and perchlorate reductase or
ethylbenzene dehydrogenase (15, 16) as
well as their grouping in a distinct clade in
the phylogenetic tree of Mo/W-bisPGD
enzymes (1, 81), we not only considered the
conservation of the above-mentioned
residues but also looked at the conservation
of putative gating mechanisms in other
members of the enzyme superfamily. As
stated before, the funnel-like entrance
dimensions are similar in Azospira suillum
Pcr and Escherichia coli Nar as well as the
distance between the bottleneck and the Mo
atom (16). Furthermore, most of the
residues involved in the water path
coordination are conserved or can maintain
the same type of interactions (Fig. S11 and
Table S4). The gating residue Glu-581 in
Nar is replaced by the aromatic Trp-461 in
PcrA which occludes the access to the
active site. Interestingly, the W461E variant
shows a defect in both chlorate and nitrate
affinity or accessibility as evidenced by the
large increase in K, (3 to 700-fold,
respectively) while ke is little affected
(16). As illustrated in Figure S11, it is
likely that the W461E substitution is not
sufficient to allow optimal nitrate access,
and thus a change in selectivity, due to the
involvement of a dedicated polar amino
acid network as revealed in our study of
Nar. In the crystal structure of the reduced
enzyme, alternative conformations have
been found for Phe-164 (equivalent to Phe-
216 in EcNar) resulting in tunnel closing or
opening (16). In the crystal structure of
Aromatoleum  aromaticum  Ebd, the
substrate tunnel is significantly deeper and
clearly features a bottleneck at a distance
about 15 A from the Mo atom made up of
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hydrophobic amino acids Trp-200, Phe-
956, Val-489 and the charged Asp-485
(15). Thereof, access to the active site for
the bulky substrate ethylbenzene requires
local conformational changes.

Those observations prompted us to verify
the situation in the distantly-related
periplasmic nitrate reductases (Nap) which
display a different first coordination sphere
of the Mo/W atom while performing the
same reaction. Their funnel-like entrances
share some similarities such as being
occluded at approximately the same
distance from the active site, about 10 A
(Fig. S11). The residue that constricts the
tunnel is a conserved arginine (Arg-418, E.
coli Nap numbering) involved in a salt
bridge with a conserved aspartate (Asp-
194) in all X-ray structures available for
Nap (29, 34, 82, 83). Site-directed
mutagenesis of the conserved Arg has been
performed in several Naps (84, 85) or even
in the phylogenetically related assimilatory
nitrate reductases (86, 87). The R421E
variant in Ralstonia eutropha Nap shows a
complete loss of activity (84), whereas the
R392A  substitution in  Rhodobacter
sphaeroides Nap increases K,,""™¢ by more
than one order of magnitude without
affecting ke, testifying to a problem of
affinity or accessibility for the substrate
(85). The absence of Mo(V) signals in this
variant (85) is consistent with the long-
range repercussions observed in Nar during
this study. A similar observation is made
with the assimilatory nitrate reductase from
Synechococcus sp. PCC 7942 (87) or
Cyanothece sp. PCC 8801 (86) where
substitution of the conserved Arg results in
a dramatic decrease of the activity and
modification of the redox properties of the
Mo center. As such, the overall mechanism
described here for Nar could be conserved
in other members of this enzyme
superfamily and suggests the participation
of remote residues in tuning enzyme
reactivity.

However, deeper understanding of Mo/W
active sites reactivity requires more
structural information, for example at
different redox states, which is only

available for a few members of the Mo/W-
bisPGD superfamily, namely A. suillum
perchlorate reductase (16) and
Desulfovibrio  vulgaris  Hildenborough
formate dehydrogenase (DvFdh) (37). In
both  enzymes, redox-induced local
conformational changes were sufficient to
strongly influence accessibility to the
Mo/W active site with the remarkable
absence of modification of the hydrogen-
bond network surrounding the pterin
moieties. While alternative conformations
of a Phe residue controls tunnel opening in
Pcr, a conserved His residue in DvFdh
switches between two tunnels that are
considered to be mutually exclusive.
Interestingly, protein motion has long been
observed in NADH:ubiquinone
oxidoreductase and suggested to contribute
to long range proton translocation. Indeed,
molecular simulations revealed that those
local  conformational  changes  are
responsible  for cooperative hydration
changes which result in the formation of
proton-conducting channels connecting the
protein interior and surface, even
responding to the presence and redox state
of the substrate quinone (80, 88-90).

In conclusion, our work underscores the
significance of a remote region of the
Mo/W-bisPGD catalytic protein core, the
bottleneck region in modulating reactivity
and fine-tuning Mo active site properties.
Most importantly, this work paves the way
to future studies aiming at defining
molecular determinants for Mo/W-bisPGD
enzyme reactivity and possibly oxygen
resistance in oxygen-sensitive enzymes.

Supporting information

Figure S1: Root mean square deviation
calculations of the NarGH subunits relative
to that of the minimized experimental
structure.

Figure S2: Conservation degree of residues
identified at the bottleneck of the funnel-
like entrance in Escherichia coli nitrate
reductase A.

Figure S3. The pH dependence of the
Kinetic parameters Kcqr and K.
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Figure S4. Kinetic properties of wild-type
and NarG variants assayed at pH 6.5 with
either nitrate or chlorate as substrate.
Figure S5: EPR-monitored redox titrations
of Mo(V) species in NarGH at pH 7.5.
Figure S6: Experimental and simulated
Mo(V) EPR spectra of *Mo-enriched
NarGH WT (A), E581Q (C), E581D (D).
Figure S7: Plot of the g-values of Mo(V)
species against g-anisotropy in Nar or in
Aio from different organisms.

Figure S8: EPR spectra of FSO in wild type
NarGH (A), E581Q (B), E581D (C) and
Y217F-D801L (D, E) variants.

Figure S9: Water densities calculations
averaged over the trajectories during the
closed and open state simulations.

Figure S10: Water coordination in the path
of a candidate selectivity channel.

Figure S11: Comparative analysis of amino
acid residues involved in the bottleneck of
the funnel-like entrance in (A) periplasmic
nitrate  reductase, (B) Ethylbenzene
dehydrogenase, in the oxidized or reduced
form of perchlorate reductase (C).

Movie S1: Motion of selected water
molecules in the closed channel (simulation
1).

Movie S2: Motion of selected water
molecules in the open channel (simulation
2).

Movie S3: Motion of selected water
molecules in the semi-open channel
(simulation 3).

Table S1: Oligonucleotides list

Table S2: Simulation parameters of the
Mo(V) species detected in the wild type and
NarGH variant enzymes at pH=7.5.

Table S3. The transition-state energy
differences (AAG') of the variants
compared to the WT with nitrate as
substrate (vs. WT with NOg3) or chlorate
(vs. WT with CIOg3") as substrates and those
for the same variant but with chlorate
compared to nitrate (CIO3" vs NO3).

Table S4: Residues displaying polar
contacts with  water molecules in
Escherichia coli Nar showing their degree
of conservation in Nar, Nxr, Pcr and Ebd.
Table S5: Molybdenum content analysis
obtained by ICP-MS. The measurement

uncertainty for the detection of Mo is
estimated to 5%.
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