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MtsZ is a molybdenum-containing methionine sulfoxide
reductase that supports virulence in the human respiratory
pathogen Haemophilus influenzae (Hi). HiMtsZ belongs to a
group of structurally and spectroscopically uncharacterized S-/
N-oxide reductases, all of which are found in bacterial patho-
gens. Here, we have solved the crystal structure of HiMtsZ,
which reveals that the HiMtsZ substrate-binding site encom-
passes a previously unrecognized part that accommodates the
methionine sulfoxide side chain via interaction with His182
and Argl66. Charge and amino acid composition of this side
chain-binding region vary and, as indicated by electro-
chemical, kinetic, and docking studies, could explain the
diverse substrate specificity seen in closely related enzymes of
this type. The HiMtsZ Mo active site has an underlying
structural flexibility, where dissociation of the central Ser187
ligand affected catalysis at low pH. Unexpectedly, the two main
HiMtsZ electron paramagnetic resonance (EPR) species
resembled not only a related dimethyl sulfoxide reductase but
also a structurally unrelated nitrate reductase that possesses an
Asp—Mo ligand. This suggests that contrary to current views,
the geometry of the Mo center and its primary ligands, rather
than the specific amino acid environment, is the main deter-
minant of the EPR properties of mononuclear Mo enzymes.
The flexibility in the electronic structure of the Mo centers is
also apparent in two of three HiMtsZ EPR-active Mo(V) species
being catalytically incompetent off-pathway forms that could
not be fully oxidized.

Sulfoxides occur naturally in the environment and some can
serve as alternative electron acceptors in bacterial anaerobic
respiration (1). In aqueous environments, degradation of the
algal osmoprotectant dimethyl sulfoniopropionate can lead to
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the formation of dimethyl sulfoxide (DMSO), whereas other
biologically relevant sulfoxides, such as methionine sulfoxide
(MetSO) or biotin sulfoxide (BSO), form predominantly dur-
ing cellular processes where reactive oxygen species are
generated. These processes include aerobic respiration, and in
mammals, the inflammatory response to pathogens and cell
injury (1-3).

We have recently characterized a molybdenum-containing
MetSO reductase, Haemophilus influenzae MtsZ (HiMtsZ),
that is required for interactions of the human pathobiont
H. influenzae with its host (4). H. influenzae typically persists
asymptomatically in the human nasopharynx but can cause
acute respiratory tract diseases such as otitis media and
pneumonia and is known to worsen chronic respiratory con-
ditions such as chronic obstructive pulmonary disease, asthma,
and bronchiectasis (5-8). In addition, H. influenzae has
recently been identified as a major pathogen in respiratory
tract coinfections in patients with COVID-19 (9). HiMtsZ is
required for intracellular survival of H. influenzae in bronchial
epithelial cells and H. influenzae fitness in a mouse model of
lung infection, indicating an essential physiological role for the
enzyme during infection (4).

HiMtsZ belongs to the DMSO reductase family of molyb-
doenzymes and is related to two well-characterized enzymes
that mediate bacterial anaerobic respiration, the DorA DMSO
reductase (DorA) from Rhodobacter sp., and the TorA trime-
thylamine N-oxide (TMAO) reductase (TorA) that has been
characterized in Escherichia coli (Ec) and Shewanella massilia
(Sm) (10—14). In all of these enzymes, the active site contains a
molybdenum atom that is coordinated by the dithiolene sul-
furs of two organic pyranopterin guanine dinucleotide (PGD)
cofactors (15-17). Additional ligands of the Mo atom are an
amino acid ligand, which for Dor/Tor enzymes is a serine, and
a water-based ligand (15, 18). This water-based ligand is
involved in catalysis, and the electrons required for the
reduction of the substrate molecules are supplied via the
cellular quinone pool and a membrane-bound cytochrome
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Molecular basis of molybdenum enzyme diversification

(e.g, DorC/TorC/MtsY) (1, 17). Both DorA and TorA have
undergone extensive characterization by a variety of methods
including X-ray crystallography that revealed a conserved
domain and fold-structure, as well as electron paramagnetic
resonance (EPR), magnetic CD, and X-ray absorption spec-
troscopy (10, 19-25), whereas for other types of enzymes in
this group, such as the BSO reductases (BisC), only limited
kinetic and spectroscopic data are available (26, 27). No
spectroscopic or structural data are currently available for
MtsZ, and a limited characterization of its enzymatic proper-
ties revealed activity with both DMSO and racemic MetSO
(racMetSO), as well as, to a lesser extent, BSO (4).

We have previously published a detailed phylogenetic
analysis of Dor-/Tor-type enzymes, which shows that DorA
and TorA form a distinct phylogenetic group (group 1)
(Fig. S1), while HiMtsZ is part of a second group (group 2) that
also includes the BisC and a putative TMAO reductase from
Ec, TorZ (4), both of which have only undergone partial
characterization. A third group is formed by enzymes related
to a biotin sulfoxide reductase from Rhodobacter sphaeroides
(Rs) (Fig. S1).

Interestingly, all three enzymes in the second group are able
to reduce MetSO (4, 28, 29) and, like MtsZ, BisC also appears
to have a role in host—pathogen interactions (30). The po-
tential shift in the physiological roles of the group 2 enzymes is
also reflected in changes in the types of, and affinities for,
different S- and N-oxides these enzymes convert. Although
both DorA and TorA have low micromolar Ky, values (0.007
and 0.07 mM, respectively) for their preferred substrates,
DMSO and TMAO (11, 12, 31, 32), in the group 2 enzymes,
the lowest Ky values are observed for RSc-Ss-MetSO
(0.017 mM) in BisC, and, to a lesser extent, BSO (0.36 mM) in
the Ec TorZ enzyme (28, 33) (Table 1). These differences in
kinetic properties and substrate specificity between the group
1 and group 2 Dor-/Tor-type enzymes may be associated with

Table 1
Catalytic parameters of Dor- and Tor-type enzymes
Substrate Catalytic parameters DMSO MetSO BSO TMAO
RcDorA (12) Ky [uM] 9.7 - - 193
Kear [s71] 43 - - 134
RsDorA (31) Ky [1M] 7 330 - 2300
Keat [s71] 50 58 - 68
EcTorA (11) Ky [eM] n.d. n.d. - 70
keae [s71] <4 <4 - 150
SmTorA (88) Ky [pM] n.d. n.d. - 17
Keat [s7] <4 <4 - 118.9
HiMtsZ (4) Ky [uM] 140 410 1520 6700
Keat [ 85.4 91.7 1826 434
EcBisC (28) Kyt [uM] - 17° - -
Kear [s7'] - - - -
EcTorZ (29) Ky [uM] nd 800 360 1440
kcat [SII] - B B -
Vo 9 28 11.6 166
RsBisC (26) Ky [uM] 14,440 850 15 11,050
keae [s7] - - - -
Vinax 0.9 0.9 0.9 0.9

2-PicNO, 2-picoline N-oxide; LDAO, N,N-dimethyldodecylamine N-oxide (also:
DDAO); n.d., not determined.

Units: Kyg, HM; Keap s7h

“ RSc-Ss-MetSO.

PV ax reported as [M s7'].

¢ Vmax reported as [pmol min~! nmol™].
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a niche-specific evolution of biological function to facilitate,
for example, the interaction of a bacterial pathogen with the
host. The high degree of structural and sequence similarity
between Dor-/Tor-type enzymes then raises the intriguing
question of how the underlying chemistry is tuned to enable
functional differences to emerge.

Here, we have used a combination of structural, kinetic,
electrochemical, and spectroscopic investigations of recombi-
nant HiMtsZ to better understand the molecular and evolu-
tionary relationships between the enzymes of the Dor/Tor
groups.

Our investigations provide new insights into the evolution
of substrate binding and the role of the direct ligand envi-
ronment of the Mo atom in determining the EPR spectro-
scopic properties of the DMSO reductase family of
molybdoenzymes. This work challenges the long-accepted
concept of Mo-enzyme spectroscopic signatures being linked
to particular types of enzymes.

Results

The HiMtsZ crystal structure reveals significant similarity to
the structures of other respiratory Dor/Tor enzymes

The crystal structure of recombinant HiMtsZ at pH 7.0
(Rree —15.4%, resolution 1.73 A) consists of 765 amino acid
residues (residues 43-420, 434—-766, and 772-825), 722 water
molecules, two Mo—PGD ligands, one molybdenum atom with
a water-based ligand, one chloride ion, and three Hepes mol-
ecules (Table 2). Two loop regions (residues 421-433 and
767-771) are disordered and are not included in the model.
The HiMtsZ 421 to 433 region is equivalent to a loop that is
also disordered in the structure of Rhodobacter capsulatus (Rc)
DorA (PDB ID: 1DMS) (21). The HiMtsZ structure shows the
typical four-domain architecture also found in DorA (PDB ID:
1EU1; 1DMS) (21) and TorA (PDB ID: 1TMO) (10), where
domains I-III form a funnel-like structure that is capped by
the C-terminal domain IV (Fig. 1, Figs. S2—-S4, Table S1).

The four structural domains are noncontiguous in the
protein sequence except for the C-terminal domain IV. All
domains contain a mix of B-sheets and a-helices, as described
in detail (20), and domain I is the only domain that forms no
interactions with the Mo cofactor (20). Domains II and III have
an o-f architecture and share some general fold similarity
(Fig. S3), which has been suggested to have arisen as both
domains bind the guanine moieties of the cofactor (20).

A Dali search indicates that the HiMtsZ structure is most
similar to the Rhodobacter sp. DorA structures (RMSD =
1.3 A, z-score: 53.2 (Rc) and 52.0 (Rs), respectively) (Fig. S5).
This was expected because no crystal structures for any other
group 2 Dor/Tor enzymes such as EcBisC or EcTorZ are
currently available (4) (Figs. S1 and S5).

The HiMtsZ active site and substrate access channel

As anticipated based on the overall structural similarity of
HiMtsZ and Rc/RsDorA, the HiMtsZ active site is located at
the bottom of the substrate access funnel formed by domains I
to IIL; however, the residues surrounding the active site belong

SASBMB



Table 2

Molecular basis of molybdenum enzyme diversification

X-ray data collection and structure refinement parameters for HiMtsZ crystal structures

Catalytic parameters

pH 7.0

pH 5.5

Crystallization conditions

Diffraction source
Temperature
Resolution
Unique reflections
Space group
Cell (a, b, ¢)
Cell (a, B, v)
Completeness
Ruerge (all I+ and I-)", (89)
Rpim (all I+ and 1-)", (89)
Rpneas (all I+ and 1-)°, (90)
CCy) (all I+ and I-)", (91)
Mean /o (I)
Multiplicity
Rworgb

free
Number of nonhydrogen atoms
RMSD (bonds)
RMSD (angles)
Average B-factor
Ramachandran outliers
Side chain rotamer outliers
Clashscore

100 mM Na-Hepes
22% PEG 3350

MX1, Australian Synchrotron
100 K

46.84-1.73 A (1.73-1.77)
75,666 (3691)

P212121 .
582 A, 93.68 A, 132.78 A
90°, 90°, 90°

99.3% (87.9%)

0.108 (0.638)

0.031 (0.188)

0.113 (0.685)

0.999 (0.904)

17.4 (4.0)

13.3 (12.3)

0.132

0.160

5985

0.010 A

1.18°

212 A2

0 (0%)

7 (1.1%)

2

100 mM Na-citrate
100 mM MetSO
22% PEG 3350

100 K )
46.86-2.09 A (2.09-2.15)"
48,647 (38,818)

P 212121

60.47 A, 100.16 A, 132.86 A
90°, 90°, 90°

99.3% (91%)

0.137 (0.629)

0.039 (0.187)

0.143 (0.657)

0.997 (0.853)

13.0 (4.1)

13.3 (11L.5)

0.155

0.190

6006

0.003 A

1.01°

35.0 A?

0 (0%)

6 (0.9%)

2

“ Values in parentheses correspond to the highest-resolution shell.

® Reported by XDS.

mostly to domains II and III. The Mo atom is coordinated by ~ Ser187 (1.95 A), and a terminal water-based ligand at a dis-

four dithiolene sulfur donor atoms originating from the bis—

tance of 2.34 A, resulting in a distorted trigonal prismatic

Mo-PGD cofactor (S-Mo distances: 2.27-2.41 A), the O of geometry (Fig. 14, Table S2). The bond length of 2.34 A

Mo
o . $187
0®

r"\ Y205 ‘L

Figure 1. HiMtsZ domain and active site structure at pH 7.0. A, general fold of HiMtsZ and the structure of the HiMtsZ active site. The four structural
domains are shown in different colors. N-terminal domain I (green), domain Il (pink), domain Il (light blue), C-terminal domain IV (orange). The ‘call out’ shows
the HiMtsZ active site with key residues labeled. The two alternative configurations of Ser187 are shown with the oxygen molecules of the serine and the
corresponding Mo aquo-ligand labeled in turquoise (hexacoordinate structure with an approximately trigonal prismatic shape, 80% occupancy) and red
(pentacoordinate structure, 20% occupancy). B, HiMtsZ structure rotated by 90°. The coloring of the domains is as set out for panel A. C, HiMtsZ substrate
access area. HiMtsZ is shown in yellow. Left panel, the view of the Mo active site from the outside. Right panel, 90° rotated view, presenting a section through

HiMtsZ, with the substrate access funnel located at the top of the protein. HiMtsZ, Haemophilus influenzae MtsZ.
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suggests that the ligand is probably in a hydroxide or aqua
form (c¢f. the shorter Mo"! = O (oxido): ~1.7 A bond length
(34)) possibly as a result of photoreduction of the resting Mo""
oxidation state during data collection. An interesting feature of
this structure is the presence of some disorder at the active site
where, in an alternate conformation, Ser187 (Domain II) is
dissociated from the Mo ion leaving the metal in a five-
coordinate configuration. The relative occupancies of the six-
coordinate (Ser-bound) and five-coordinate (Ser-dissociated)
forms was 80:20 (Fig. 1A).

Two conserved residues, Tyr154 and Trpl56 (domain II),
which have previously been shown to be essential for the
reduction of S- and N-oxides (12, 31), are located in proximity
to the Mo atom, and together with three other conserved
residues (HiMtsZ: Tyr205, Trp236, and Tyr400, all domain IIT)
form a narrow hydrophobic pocket near the active site, which
is in agreement with the DorA and TorA active sites (10, 14,
35) (Fig. 1A). DorA crystal structures with DMSO bound show
that this hydrophobic pocket promotes the correct orientation
of the sulfoxide substrate relative to the Mo center (14).

The two HiMtsZ PGD cofactors that coordinate the Mo
center, designated P- and Q-PGD, form hydrogen bonds with
residues in domains II and III, and are comparatively sym-
metrical in structure, with differences in torsion angles be-
tween the planar pterin and the puckered pyran moiety of only
8.6° (a-angles, a-b-c-d) and 22.4° (B-angles, a-b-c-e), respec-
tively (Fig. 1A, Table S3). This is similar to what was seen for
Sm TorA (1TMO) with a = 13.2° and B = 15.6° and RsDorA
(PDB ID: 1EUL, a =124°, B =16.7°) but differs from other
Rhodobacter DorA structures (PDB IDs: 1DMS, 1DMR,
2DMR, 3DMR, 4DMR, 1E5V, 1H5N), where angles between
12.4 to 22.7° (a) and 16.7 to 38.2° (B) were found (Table S3).
This is an interesting observation, as torsion angles of the
pyranopterin and PGD moieties are considered to be charac-
teristic for different types and families of Mo enzymes (36).

A narrow cavity connects the HiMtsZ Mo center to the
substrate access funnel, which has an overall positive surface
charge because of the presence of Argl66 and His182 (Fig. 1C,
Figs. S3 and S4). The narrow opening near the Mo active site
could prevent access of bulky substrates and might explain
why HiMtsZ is incapable of reducing oxidized methionine
residues found in proteins (4). For comparison, the Ec MsrP/
YedY enzyme, a Mo-containing MetSO reductase from the
sulfite oxidase enzyme family, has a much more openly
accessible active site and is able to reduce protein-bound
MetSO (37, 38).

Redox and EPR properties of the HiMtsZ active site reveal
changes in redox and molecular properties compared with
other Dor-/Tor-type enzymes

Using optical spectroelectrochemistry, we determined the
MoY"Y and Mo"""V redox potentials of HiMtsZ, as electronic
structure and associated redox potentials of the Mo center are
known to affect the catalytic properties of Mo enzymes (36).
This experiment is based on the change in absorbance of the
Mo-PGD, chromophore as a function of the applied potential,

4 Biol. Chem. (2021) 296 100672

which is made possible by the absence of any other chromo-
phores such as heme, Fe-S clusters, or flavin in HiMtsZ, which
would mask redox-induced optical spectral changes at the Mo
active site. In its resting, fully oxidized, Mo state, the HiMtsZ
electronic absorption spectrum exhibits a broad band
maximum at 700 nm with less-pronounced shoulders
observed at 520, 480, and 400 nm (Fig. 2A). These spectral
features are similar to Rc and RsDorA DMSO reductases in a
fully oxidized Mo"" state (39, 40). As the potential was

Spectroelectrochemistry

0.10 MO%I)) 0.08
— Mo .
g 0.08 Z MoV) 8 006 T s
§0,06 E T ‘_*__._.g.,.:_.'...,.a.;.o
>
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§0.04 é £ .
0.02 0.02 AT 2 5790m
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EPR spectroscopy
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C
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£
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o
i
320 325 330 335 340 345 350 355 360
E 2 | HiMtsZ Form 3
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Magnetic Field (mT)

Figure 2. Redox and electron paramagnetic resonance properties of
the HiMtsZ Mo center. Redox properties: A, calculated spectra of the Mo"',
Mo¥" and Mo" forms of HiMtsZ from optical spectroelectrochemistry. B,
single wavelength absorbance plots (579, 653, and 841 nm) versus elec-
trochemical potential. The calculated redox potentials are Mo”"V +11 (+10)
mV and Mo""" —49 (+10) mV versus NHE (at pH 8). These potentials are in a
similar region to those of Rhodobacter sphaeroides DMSO reductase (+83
and +37 mV versus NHE, pH 8.5) (42). Data were modeled with ReactLab
Redox (Ver. 1.1, JPlus Consulting Pty Ltd) using a sequential two-electron
transfer model. Electron paramagnetic resonance: C-E, 135K X-band EPR
spectra of HiMtsZ forms 1 (C) 2 (D) and 3 (E) derived from redox titrations.
The spin-Hamiltonian parameters determined from spectra simulations are
listed in Table 1. EPR spectra for forms 1 and 2 were successfully simulated
with a combination of both sets of spin-Hamiltonian parameters. HiMtsZ
forms 1 and 2 display spectra that are very similar to low-pH and high-pH
forms of EcNarGH, respectively. Form 1 was collected using an oxidation—
reduction potential of +291 mV versus. NHE, form 2 at +34 mV versus NHE,
and form 3 at =7 mV versus NHE. Black lines-experimental data; blue lines-
data from simulations. DMSO, dimethyl sulfoxide; Ec, Escherichia coli; EPR,
electron paramagnetic resonance; HiMtsZ, Haemophilus influenzae MtsZ;
NHE, normal hydrogen electrode.
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lowered, the Mo"" spectrum gave way to that of the interme-
diate Mo" form with a maximum at 650 nm (Fig. 24), which
again is similar to a spectrum reported for RsDorA in its Mo"
form (41). Complete reduction to Mo'" yielded a largely
featureless absorption spectrum. Redox potentials of +11 (+10)
mV for Mo¥"V and -49 (+10) mV for Mo""" versus normal
hydrogen electrode (NHE) (at pH 8) were derived from the
potential-dependent spectral data (n = 2 datasets) and
demonstrate that the Mo" oxidation state is only stable within
a narrow potential window close to 0 V versus NHE (Fig. 2B).
A similarly narrow Mo" potential window, but with a more
positive midpoint potential, was determined for RsDorA
(Mo and MoY"" redox potentials +83 and +37 mV versus
NHE, pH 8.5) (42).

Three EPR spectral forms (forms 1, 2, and 3) were observed
for HiMtsZ during a redox titration with dithionite as the
reductant and ferricyanide as the oxidant. None of these three
forms displayed clearly discernible °>*”Mo hyperfine coupling
to the electron spin, but clear "H hyperfine coupling was
observed for the form 1 spectrum (Fig. 2, C and D).

While being a minor component of these HiMtsZ EPR
spectra, the form 3 EPR spectrum (Fig. 2E, Fig. S6) was able to
be extracted via a global analysis of the potential dependent
EPR redox titration data. The form 3 EPR spectrum is remi-
niscent of previously published Dor/Tor enzyme EPR spectra,
including the high g-split DMSO reductase catalytic interme-
diate that was obtained under turnover conditions with
TMAO as the oxidizing substrate (25, 41). Because the Mo"
signal of form 3 was only present within the same narrow Mo"
intermediate potential window defined by the optical spec-
troelectrochemistry experiments (Fig. 2B), we propose that
form 3 likely represents the catalytically competent form of
HiMtsZ in its paramagnetic Mo" state.

Interestingly, the form 1 and form 3 EPR spectra possess
similar g-tensors (Table 3). In addition, the form 1 HiMtsZ
spectrum observed here not only resembles previously deter-
mined EPR spectra of Dor-/Tor-type enzymes but also pos-
sesses a remarkable similarity to the low pH (lpH) Mo" form of
the NarGH dissimilatory nitrate reductase (NarGH) Mo-
containing nitrate reductase (43, 44). This implies that both
form 1 HiMtsZ and IpH NarGH possess a similar 6-
coordinate, distorted trigonal prismatic Mo" active site ge-
ometry (Fig. 2E, Table S4) but with Os,, coordinated to the
metal in HiMtsZ form 1 instead of the Oy, donor that is
bound to Mo in lpH NarGH. Prominent "H hyperfine splitting

is observed on g; and gz in HiMtsZ form 1, with spectral
simulations yielding an isotropic Fermi contact contribution to
the "H hyperfine interaction (A, = 20.3 MHz) with a dipolar
contribution of As'! = [+4.7, -5.3, +0.7] MHz. The magnitude
of the isotropic Fermi contact contribution to the measured
hyperfine interaction is less than that observed for RsDorA
(Ao = 31.3 MHz; A" = [+6.8, 5.7, —1.2] MHz) or IpH
NarGH (A, = 274 MHz A" = [+6.2, -2.7, -3.5] MHz),
indicating less delocalization of the unpaired Mo electron spin
onto this nucleus in HiMtsZ than in either DorA or NarGH.
This likely results from small differences in the orientation of
the, presumably, hydroxyl proton relative to the Mo redox
orbital (45).

The potential-dependent EPR redox titration data (Fig. S7)
reveal that while reduction of form 1 to its EPR-silent Mo'"
form is facile (E' (Mo¥""Y) =12 mV versus NHE), the species
responsible for the form 1 Mo" signal cannot be oxidized to its
EPR-silent Mo"" oxidation state. This unusual feature has been
observed in potential-dependent EPR studies of other Mo
enzymes (46, 47) and is now understood to derive from off-
pathway, noncatalytically active forms of the protein where
an exchangeable hydroxido/aqua ligand is absent (48) or ac-
cess to this ligand is blocked. This is an important observation
because a water-based ligand is essential to facilitate the
electron transfer half-reactions that are coupled to deproto-
nation events (i.e, Mo'Y-OH, — Mo'-OH + e + H" —
MoY'=0 + e” + H"). If this water-based ligand is absent or
blocked, then the Mo active site is locked into its Mo" form
even at very high applied potentials (48). Although the nature
of the exogenous ligand in form 1 that has replaced the
hydroxido present in form 3 remains unknown, the nature of
the 'H hyperfine coupling indicates that a Mo'-OH may
indeed be present, but with a “blocked” or inaccessible proton
acceptor.

Finally, the HiMtsZ form 2 spectrum was generated from a
redox titration with 10% glycerol added to the buffer. Glycerol
is a known inhibitor of DorA DMSO reductases (49), but
glycerol concentrations up to 30% have no effect on HiMtsZ
catalysis (Fig. 3). Upon addition of the dithionite reductant, an
EPR spectrum emerged that resembles the spectra reported for
the so-called ‘glycerol-inhibited’ form of DorA from Rc (49)
and Rs (40) with similar g-values and no discernible "H hy-
perfine splitting (Fig. 2C). As was observed for the form 1
species, HiMtsZ form 2 also cannot be oxidized to the Mo""
state although it can be reduced to the EPR-silent Mo"" form

Table 3
EPR spin-Hamiltonian parameters for HiMtsZ and selected DMSO reductase family enzymes

Enzyme g1 g g Bave Ay(H) Ay(H) As(H) Agve(H)
Nar IpH (43, 44) 2.001 1.985 1.964 1.983 33.6 24.7 239 27.4
Nar hpH (43, 44) 1.987 1.980 1.961 1.976 8.4 8.4 8.4 8.4
Rs DorA (25) 1.999 1.989 1.972 1.987 38.1 25.6 30.1 31.3
Rs DorA (glycerol inhibited) (40) 1.99 1.98 1.96 1.98 na na na na
MtsZ form 1 2.001 1.985 1.959 1.982 25.0 15.0 21.0 20.3
MtsZ form 2 1.988 1.980 1.961 1.976 7.0 12.0 14.0 11.0
MtsZ form 3° 1.991 1.9780 1.968 1.980 20 8 29 19

Nar, nitrate reductase; hpH, high pH; na, not available.
Hyperfine parameters are given in MHz.
“ The data used to generate these spin-Hamiltonian parameters had a low S/N ratio.
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Figure 3. Characterization of HiMtsZ catalysis. A, Left, activity of HiMtsZ with different stereoisomers of MPTSO (methyl p-tolyl sulfoxide) showing a clear
preference for the S- stereoisomer. Right, effect of glycerol on HiMtsZ activity with 10 mM DMSO at pH 8.0. Glycerol is a known inhibitor of DorA-type
proteins but had no effect on HiMtsZ catalysis up to 30% glycerol. B, exploration of the HiMtsZ substrate range electrochemically driven catalysis at a
GC/MtsZ electrode. S- and N-oxide substrates are shown. C, HiMtsZ activity with varying concentrations of S-R/S-MetSO (contains both sulfoxide stereo-
isomers) at pH 8.0 fit to the Michaelis-Menten equation. The data fit indicates a kw (-r/s metso_app Of 0.115 + 0.025 mM with a k¢ of 45.2 + 2.6 s7'.D, pH
dependence of HiMtsZ activity with Sc-RSs-MetSO, showing peak activity between pH 7 and 9. DMSO, dimethyl sulfoxide; DorA, DorA DMSO reductase;
DPSO, dipropyl sulfoxide; GC, glassy carbon; MetSO, methionine sulfoxide; MPSO, methyl phenyl sulfoxide; NMM-NO, N-methyl morpholine N-oxide; PVSO,
phenyl vinyl sulfoxide; Py NO, pyridine-N-oxide; S-BSO, S-biotin sulfoxide; TEMEDO, tetramethylethane-1,2-diamine dioxide; TMAO, trimethylamine N-oxide.

(E' (Mo“™) ca. -50 mV versus NHE) (Fig. S7). The best
spectral simulations of the experimental HiMtsZ EPR spectra
from this experimental dataset were obtained by including
~20 to 30% of a form 1 component (Table 3), indicating a high
degree of heterogeneity in the sample. The coordination ge-
ometry of form 2 is not known, but its inability to be oxidized
to Mo"" and lack of resolvable 'H hyperfine indicate the
absence of a water-based ligand in the first coordination
sphere. Glycerol is an obvious candidate to occupy this posi-
tion and block the active site from binding a water-based
ligand, resulting in form 2 representing another off-pathway
species. The fact that 30% glycerol does not affect HiMtsZ
catalysis indicates that glycerol may bind to a catalytically
incompetent form of the enzyme. Interestingly, the form 2 EPR
spectrum also closely resembles the high pH spectrum that has
previously been observed for NarGH.

HiMtsZ can reduce a wide variety of S- and N-oxides, with
activity profiles affected by pH

To fully evaluate the substrate range and kinetic properties of
HiMtsZ, we used viologen-based optical and electrochemically
monitored assays. The voltammetric response of HiMtsZ on a
glassy carbon (GC) electrode was characteristic of a catalytically
homogeneous reaction, coupled to a heterogeneous electron
transfer (EC' mechanism) (50). HiMtsZ catalysis on the GC
electrode showed substrate concentration—dependent increases
in the catalytic current for the previously identified substrates
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racMetSO, S-BSO, and TMAOQO, whereas no catalytic response
was observed for the sulfur-based diastereomer R-BSO, which
matches our previous results using optical enzyme assays (Fig. 4)
(4). Saturation of the catalytic current at high substrate con-
centrations indicated that this is a true enzymatic reaction (Fig.
4). At low substrate concentrations, the appearance of a small
prewave at ~-360 mV (e.g, Fig. 44, 800 pM trace) indicated that
the HiMtsZ reaction depleted the substrate in the vicinity of the
electrode, causing the cyclic voltammetry (CV) electrode
response to revert to that of the uncoupled, reversible MV>*'*
response. This behavior has been described by us previously for
different electrode surfaces and enzymes (51-53). Using BV**
(=325 mV) as the redox mediator, similar responses were ob-
tained, despite the smaller electrochemical driving force (Fig. S8).

We then used a combination of electrochemical and spec-
trophotometric assays to further investigate the substrate and
stereospecificity of HiMtsZ catalysis. Using 10 mM RS-, S-, and
R-methyl p-tolyl sulfoxide (MPTSO) as the substrate, we were
able to confirm that HiMtsZ preferentially converts the sulf-
oxide S-enantiomer, as activity with R-MPTSO was only ~16%
of the activity observed with S-MPTSO (Fig. 3A). As, unlike
BSO that was used previously to assess enantioselectivity of
HiMtsZ (4), both MPTSO enantiomers have equally accessible
sulfoxide groups; this activity distribution directly reflects the
chirality of the HiMtsZ active site. In activity tests with a va-
riety of S- and N-oxides, catalysis was observed with methyl
phenyl sulfoxide, phenyl vinyl sulfoxide, dipropyl sulfoxide,
tetramethylethane-1,2-diamine dioxide, pyridine-N-oxide, and
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Figure 4. CVs obtained for the methyl viologen-mediated HiMtsZ reduction of substrates. A, Sc-methionine-R/SS-sulfoxide with 50 pM MV?3*, B, tri-
methylamine N-oxide and 50 uM MV?, C, S(5)-S-biotin sulfoxide with 100 uM MV?*, and D, S(R)-S-biotin sulfoxide with 100 uM MV?* at a glassy carbon/
HiMtsZ-modified electrode in 50 mM Tris Cl buffer (pH 8.0) at a scan rate of 5 mV s™'. Substrate concentrations are shown in the figure legends. CV, cyclic

voltammetry; HiMtsZ, Haemophilus influenzae MtsZ; MV, methyl viologen.

N-methyl morpholine N-oxide (Fig. 3B) but not the sterically
demanding diphenyl sulfoxide, which significantly expands the
range of known HiMtsZ substrates. We also achieved low
levels of catalysis (~4 U/mg) with 6-hydroxyamino purine, a
hydroxylamine that might occur in the human body, whereas
nitrate and cysteine sulfinic acid were not reduced by HiMtsZ.
A determination of kinetic parameters for Sc-RSs-MetSO
revealed a kgy¢ app Of 455 + 2.5 s and a Ky app of 0.114 +
0.025 mM (Fig. 3C). Based on the enantioselectivity of the
HiMtsZ active site, Sc-Rs-MetSO is unlikely to be converted
and its presence in the reaction would thus likely cause some
inhibitory effects through the formation of nonproductive
enzyme—substrate complexes. This is also indicated by the 4-
fold higher Ky .pp we determined earlier for racMetSO
(Knm_app = 0.401 mM (4)), where three of four MetSO forms
present in the racemic mixture (Scheme S1) would not be able
to be converted effectively by HiMtsZ. This suggests that the
Ky app for Sc-Ss-MetSO, the likely natural substrate of this
enzyme, may be up to a factor of 2 below the value determined
for Sc--RSs-MetSO.

At low pH, the serine ligand can dissociate from the HiMtsZ
Mo center, causing inactivation of the enzyme

In our earlier work with HiMtsZ (4), a reaction lag was
observed in some enzyme assays. This lag is similar to what has
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been reported for other molybdoenzymes after recombinant
expression, where redox-cycling of the enzyme with MV" in
the presence or absence of substrate was able to resolve this
issue (54). However, neither reduction of the amount of
reductant in the assay nor incubation of HiMtsZ in the pres-
ence of reduced viologen dye before use in enzyme assays
(‘redox cycling’) had any effect on the observed lag. Interest-
ingly, when testing the pH dependence of HiMtsZ catalysis,
where maximal activity was observed between pH 7.0 and 9.0
(Fig. 3D), it also became apparent that with increasing pH, the
HiMtsZ reaction lag decreased. At pH 8.0 and above, no lag
was observed (Fig. S9).

A second HiMtsZ crystal structure determined at pH 5.5
(resolution: 2 A, Fig. 5) reveals molecular changes that may
explain the catalytic lag (Table 1). While the overall structure
is essentially identical to the structure determined at pH 7.0
(RMSD = 0.5 A), Ser187 no longer coordinated the molyb-
denum (Mo-Ser187 O distance: 4.09 A) at the active site.
This dissociation is apparent although there is no change in
the amino acid backbone position around the active site
(0.07 A distance in Ca positions) (Fig. 5, Fig. S10). In this low
pH structure, the Serl87 side chain is within hydrogen-
bonding distance of Asp185 and Tyr205, both of which are
highly conserved in Dor-/Tor-type enzymes (Fig. S11). The pH
5.5 structure of the HiMtsZ active site is almost identical to
that of the minor (20%) active site conformation observed in
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MGD

MGD

Figure 5. HiMtsZ active site structure and electron density observed at pH 7.0 and pH 5.5. The gray mesh represents a composite omit map (73)
contoured at 1 0. The model is included in stick representation (white/light blue, carbon, main chain; yellow, sulfur; red, oxygen). A, active site at pH 7.0.
Ser187 is coordinated to the molybdenum ion (occupancy of ligated conformation = 80%, shown in turquoise, occupancy of dissociated conformation =
20%, shown in red). The Mo-aquo ligand for each conformation is shown in the corresponding color. B, active site at pH 5.5. No electron density supporting

Mo coordination by Ser187 is observed. HiMtsZ, Haemophilus influenzae MtsZ.

the pH 7 structure. As also indicated by the pH dependence of
HiMtsZ activity (Fig. 3E), the dissociation of the Ser187 Mo
ligand likely reduces HiMtsZ catalytic competency. This is
similar to the effect of mutations of the serine ligand, which
essentially abolish catalysis (6000-fold decrease) in a related
BisC enzyme (55). Structural evidence for dissociation of the
Mo amino acid ligand has not been previously reported in
Dor-/Tor-type enzymes but has recently been proposed as an
intermediate in an alternative mechanism of catalysis for a
TorA TMAO reductase (56).

Substrate and stereospecificity of Dor-/Tor-type molybdenum
enzymes correlate with subtle adjustments in surface
properties near the active site

As the Dor-/Tor-type enzymes for which structures were
solved previously convert small-molecule substrates such as
DMSO or TMAQO, residues involved in stabilizing interactions
with sulfoxides that have significant side chains such as MetSO
had not been identified. In this work, we were unable to obtain
a HiMtsZ crystal structure with MetSO bound. As a result, to
identify relevant residues in HiMtsZ, we used docking studies
(Glide XP) with various sulfoxides. For the known HiMtsZ
substrates, S-BSO, DMSO, and Sc-Ss-MetSO, Glide scores
of -1.578, -2.856, and -3.316 kcal/mol, respectively, were
obtained. These Glide scores indicate significant binding ac-
tivities, and the respective magnitudes of the scores roughly
correlate with the differences in HiMtsZ Kj; values obtained
for these substrates. For both docked DMSO and docked Sc-
Ss-MetSO, the position of the sulfoxide group was similar and
enabled interactions between the sulfur lone pair and Tyr154.
In addition, the docked position of DMSO was nearly identical
to the crystallographically determined orientation of DMSO
bound to RcDorA (PDB: 4DMR). Similarly, S-MPTSO could
be fit to the HiMtsZ active site in an orientation enabling
interaction of Tyr154 with the S-oxide sulfur, but R-MPTSO
could not fit in the active site. Neither R-BSO nor diphenyl
sulfoxide could be fit to the HiMtsZ active site and neither
could be reduced by HiMtsZ in kinetic assays.
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In addition to the placement of the sulfoxide group near
Tyrl54, the interactions of Sc-Ss-MetSO with HiMtsZ also
included a salt bridge between the Sc-Ss-MetSO carboxylic
acid group and Argl66 and between His182 and the Sc-Ss-
MetSO primary ammonium group (Figs. 6, B and C and 7).
These stabilizing interactions could not be efficiently accessed
by any of the other three MetSO stereoisomers, confirming
our previous proposal that only Sc-Ss-MetSO is efficiently
reduced by HiMtsZ.

Comparative analyses then revealed that HiMtsZ Argl66
and His182 are not conserved in either RcDorA, where they
are replaced by Thr126 and Gly142, resulting in a neutral to
slightly negative surface charge or SmTorA (Thr128, Lys144)
(Fig. 6B). Only the equivalent of HiMtsZ His182 is present in
the homology models of the other group 2 Dor/Tor enzymes,
EcTorZ (His171), and EcBisC (His143) (supplemental Data S1
and S2) that are more closely related to HiMtsZ, while the
arginine residue (HiMtsZ: Argl66) is replaced by either a
glutamine (EcTorZ: GInl55) or a serine (EcBisC: Serl27),
respectively (Fig. 6B). In these two enzymes, the positive
charge of the substrate-binding region is further enhanced by
the substitution of the nearby HiMtsZ Phel57 with an arginine
(EcTorZ: Argl47, EcBisC: Arg118), which has the guanidinium
group pointing toward the protein surface in the homology
models.

The functional significance of these changes was revealed by
further docking studies using RcDorA. Here, the presence of
Gly142 and Thr126 prevents the formation of stabilizing in-
teractions with the Sc-Ss-MetSO side chain, which is reflected
in the absence of docking poses where the sulfoxide function
was oriented toward the active site. However, this less-charged
environment is highly suitable for the binding of DMSO,
which does not possess any bulky functional groups, as indi-
cated by a Glide docking score of —4.737 kcal/mol. For the first
time, our docking studies have identified an additional
component of the Dor-/Tor-type enzyme substrate-binding
pocket that is located at a distance of ~10 to 12 A from the
Mo center. This pocket is highly variable in the different Dor-/
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Figure 6. Comparison of electrostatic surface and substrate binding pockets of Dor-/Tor-type S-/N-oxide reductases. A, electrostatic surface rep-
resentation of Haemophilus influenzae MtsZ (HiMtsZ), Rhodobacter capsulatus DorA (RcDorA), and Shewanella massilia TorA (SmTorA). The surface potential is
visualized by a color gradient ranging from -5 k,T/e (red) over 0 k,T/e. (white) to +5 k,T/e. (blue). While the overall shape and fold of the three enzymes are
remarkably similar, the charged surfaces in the substrate access funnel differ significantly, with predominantly positive charges for HiMtsZ (left) and SmTorA
(right), while RcDorA lacks this strong positive charge. In addition, the SmTorA Mo ion is much more solvent-accessible because of the absence of a tyrosine
residue (HiMtsZ numbering: Y154). B, alignment of residues important for substrate binding in Dor-/Tor-type enzymes. Bold, residues important for Mo
binding (Ser187), stabilization of serine dissociation stabilization (Asp185), and catalysis (Tyr154, Trp156). Pink boxes, residues important for binding of the
substrate molecule side chain. HiMtsZ-Haemophilus influenzae MtsZ WP_046067646.1; EcTorZ-Escherichia coli TorZ WP_000176781.1, EcBisC-E. coli BisC
WP_000013950.1, RcDorA-Rhodobacter capsulatus DorA AAD13674.1, RsDorA-Rhodobacter sphaeroides DorA WP_011338998.1, EcTorA-E. coli TorA
WP_001062091.1, SmTorA-Shewanella massilia TorA CAA06851.1, RsBisC-R. sphaeroides BisC AAA74739.1. C, substrate binding to HiMtsZ and RcDorA. The
surface potential is visualized by a color gradient ranging from -5 k;,T/e. (red) over 0 k,T/e. (white) to +5 kpT/e. (blue). Interactions of substrate molecules
(Sc-Ss-MetSO and DMSO) were modeled as described in the Experimental procedures section; additional data are shown in Fig. S12. BisC, biotin sulfoxide
reductases; DMSO, dimethyl sulfoxide; DorA, DorA DMSO reductase; Ec, Escherichia coli; HiMtsZ, Haemophilus influenzae MtsZ; MetSO, methionine sulfoxide;
Rc, Rhodobacter capsulatus; Rs, Rhodobacter sphaeroides; Sm, Shewanella massilia; TorA, TorA TMAO reductase.

Tor-type enzymes, leading to drastic changes in the electro-
static properties of the enzyme surfaces that appear to impact
the enzymes’ ability to accommodate different S- and N-oxide
substrates. Based on this observation, we propose that the
substrate-binding sites of all Dor-/Tor-type enzymes are
asymmetric. They consist of the previously identified, highly
conserved hydrophobic binding pocket that accommodates the
central S-/N-oxide moiety, and the larger and highly variable
part of the substrate-binding pocket identified here, which
appears to be responsible for accommodating the substrate
side chain (Fig. 6, Figs. S11 and S12). Our docking experiments
also suggest that the known S-sulfoxide specificity of HiMtsZ
and other Dor-/Tor-type enzymes (28, 30, 57) is a result of this
binding pocket asymmetry that only allows side chains of S-
Figure 7. Model of the position of methionine sulfoxide within the sulfoxides to form the stable interactions between the S-/N

HiMtsZ active site. S—Ss-MetSO (green); HiMtsZ residues are colored by the : :
structural domain: domain Il (pink) and domain Il (light blue). HiMtsZ, lone pair of the substrates and Tyrls4 that are requlred for

Haemophilus influenzae MtsZ; MetSO, methionine sulfoxide. catalysis in these enzymes (12, 31). Thus, our data indicate that
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the functional evolution of these enzymes is driven by subtle
adjustments of the side chain—coordinating residues in the
variable part of the binding pocket.

Discussion

Over the last 3 decades, a deep understanding of the mo-
lecular and catalytic properties of Mo enzymes has developed
through the integration of structural biology, phylogenetic
analysis, coordination chemistry, and spectroscopic studies
(19, 25, 43). In the case of the Dor-/Tor-type S-oxide/N-oxide
reductases, although it is clear that they form a coherent
phylogenetic group with very high structural similarity
including at the Mo active site (Figs. S10-S12), the molecular
features that lead to their specificity for distinct S-oxides
(Table 1) have not previously been identified. Our work pro-
vides seminal and compelling insight into the likely structural
basis for the increased affinity of HiMtsZ toward its proposed
physiological substrate, Sc-Ss-MetSO.

For all three structurally characterized enzymes of this
group, DorA, TorA, and HiMtsZ, several conserved trypto-
phan and tyrosine residues (HiMtsZ: Tyr154, Trp156, Tyr205,
Trp236, and Tyr400) dominate the immediate amino acid
environment of the Mo active site and form a previously
described hydrophobic pocket that accommodates the S-/N-
oxide part of the substrate molecules. In this work, we have
identified a region with variable surface charge located 10 to
12 A from the Mo active site that is required to stabilize in-
teractions with substrate side chains. The key residues
involved are Argl66 and His182 in HiMtsZ and their equiv-
alent residues in other enzymes (Fig. 6B), where these residues
modulate the surface charge and the shape and chemical in-
teractions of the binding surface.

Our data indicate that this second, variable region, which in
the case of HiMtsZ, is well adapted to binding Sc-Ss-MetSO,
but no other MetSO diastereomer has a significant influence
on the catalytic properties of the Dor-/Tor-type enzymes. This
is supported by the observation in DorA that the lack of sta-
bilization of the MetSO side chain is reflected in the 50-fold
higher Ky; for MetSO in this enzyme compared with the
more charge-neutral DMSO, whereas turnover numbers for
both MetSO and DMSO were essentially the same (31)
(Table 1). A similar phenomenon was also reported for RsBisC,
where the reported V., values for DMSO, BSO, and MetSO
are identical, but BSO had a significantly lower Ky, value than
the other two substrates (26) (Table 1), and again for EcTorA
and two N-oxide substrates with different side chain properties
(11). We therefore propose that reduction of S-/N-oxides by
Dor-/Tor-type enzymes proceeds with similar efficiencies,
while the exact shape and charge of the variable surface area
close to the Mo ion determines substrate preferences and Ky
values.

The discovery of this highly variable part of the substrate-
binding pocket and its significance in Dor-/Tor-type enzyme
catalysis has wider implications for the assignment of enzyme
function based only on sequence similarities, which is a
routine procedure in the analysis of genome sequences. Owing
to the high amino acid sequence identity of Dor-/Tor-type
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enzymes (average Dor/Tor groups 1 and 2: 49%; group 1: 53%,
group 2: 57%), the significance of a variation in only two or
three amino acids, such as we have identified here, as deter-
mining substrate preferences might very easily be missed in the
absence of structural and kinetic studies. This is important,
however, as these subtle changes could mean that the catalytic
diversity of related enzymes may be much greater than pre-
viously assumed. From an evolutionary perspective, substrate
availability in a particular niche would be expected to drive
selection for specific amino acid sequence variations in the side
chain stabilizing part of the substrate-binding pocket. In the
case of HiMtsZ, the specificity for Sc-Ss-MetSO enhances the
fitness of H. influenzae in its human host, where this substrate
is naturally available (58). Taken together, our study provides
new insights into the evolution of substrate specificity in the
Dor/Tor group of S-/N-oxide reductases and its potential to
influence niche-specific bacterial fitness and adaptation.

In addition to these insights into the structural basis of
substrate preferences, our EPR spectroscopic characterization
of the HiMtsZ active site also provides critical insight into the
chemical principles that underpin the spectroscopic properties
of Mo redox centers. Spectroscopic signatures of Mo enzymes
are generally assumed to be influenced by the amino acid
environment and the types and number of ligands that coor-
dinate the central Mo atom (48, 59, 60). However, in addition
to resembling published EPR signatures of the DorA S-oxide
reductase (Table 3, Fig. 2), the form 1 and 2 HiMtsZ EPR
spectra were also strikingly similar to those of the Mo-
containing NarGH nitrate reductase, which has no signifi-
cant sequence similarity to HiMtsZ or DorA (Fig. S1) and
possesses an aspartate ligand in place of serine. This suggests
that the EPR spectroscopic properties of active sites with a
MoS,0, first coordination sphere are primarily determined by
the presence or absence of a hydroxide ligand, and the
orientation of the strongly coupled proton relative to the 4d"
redox orbital (43). These structural properties appear to be
quite similar in HiMtsZ and NarGH, leading to very similar
EPR spectra that are relatively unaffected by the identity of the
amino acid ligand (Oasp/Oser) coordinated to the Mo center.
The HiMtsZ EPR studies also provide further evidence for
another emerging aspect of Mo enzyme EPR studies, namely
the formation of catalytically inactive or ‘off-pathway’ Mo(V)
species (48). The HiMtsZ form 1 and form 2 species could not
be oxidized to the Mo(VI) state although this is required for
catalysis. However, these two forms represent the most
dominant EPR signatures for HiMtsZ. In contrast, the likely
catalytically active Mo(V) form (form 3) could not only be fully
oxidized but also only appeared transiently in EPR redox ti-
trations in a potential range that matched our optical redox
titrations of the Mo center.

EPR signatures of molybdenum enzymes have often been used
to infer details of their catalytic mechanisms based on the types of
ligands coordinated to the Mo ion. Our findings call this into
question and clearly indicate that commonly observed EPR sig-
natures do not necessarily originate from catalytically relevant
states of the Mo center. A similar observation has most recently
been made for the Ec YedY/MsrP enzyme, where initial EPR
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spectral titrations also indicated that the Mo center could not be
fully oxidized. Subsequent studies showed that the YedY/MsrP
EPR spectrum results from an exogenous thiol substituting for
the catalytically relevant hydroxide ligand (47, 48), a situation
reminiscent of the HiMtsZ form 2 spectrum where glycerol is
proposed to displace a hydroxide ligand. It is unclear why some
molybdenum enzymes appear to be more prone to forming such
off-pathway or inhibited EPR active species, but this may be
linked to catalytic plasticity and the existence of alternative
pathways of electron flow through the redox centers (61). Thus,
additional analyses are required to properly ascertain key links
between catalysis and EPR spectroscopic signatures.

Experimental procedures
Standard biochemical methods

Unless otherwise indicated, standard methods were used
throughout this study (62). Methyl viologen (MV) chloride,
benzyl viologen (BV) chloride, racemic S/R-MetSO (rac-
MetSO), and S-methionine-R/S-sulfoxide (Sc-RSs-MetSO) (63),
a mixture of four and two stereoisomers, respectively, (Scheme
S1), TMAQ, as well as all other S- and N-oxides (Scheme S1)
used were purchased from Merck or Sigma-Aldrich and used as
received. The BSO diastereomers S-BSO and R-BSO were
prepared as previously reported (64, 65). All solutions were
prepared with ultrapure water (resistivity 18.2 MQ cm) from a
Millipore Milli-Q system. Protein concentrations were deter-
mined using a BCA-1 Assay Kit (Sigma). SDS-PAGE used the
protocol of Laemmli (66); LMW SDS-PAGE Ladder (Cytiva)
was used as the molecular mass standard.

Production and purification of recombinant HiMtsZ

Recombinant 6-His-tagged HiMtsZ was expressed in Ec
DH5a  containing pProex-HiTorZ-sp, as described (4).
Expression cultures used LB supplemented with 100 pg/ml
ampicillin and 1 mM sodium molybdate. Protein expression
was induced by the addition of 100 uM IPTG at an absorbance
at 600 nm of ~0.8, followed by overnight incubation at 30 °C.
Preparation of cell extracts and protein purification were
essentially carried out as reported (4), using a combination of
immobilized metal affinity chromatography and size-exclusion
chromatography, but with the omission of glycerol from the
final storage buffer (20 mM Tris Cl, pH 8.0). Fractions were
analyzed by SDS-PAGE throughout, pooled according to their
purity, and desalted into storage buffer using PD10 columns
(Cytiva) before storage at —-80 °C.

Crystallization

Purified recombinant HiMtsZ was concentrated to ~9 mg/
ml for screening of crystallization conditions. Screens were set
up at the UQ Remote Operation Crystallization and X-ray
Diffraction (UQROCX) facility by hanging-drop vapor diffu-
sion with a Mosquito (TTP Labtech) pipetting robot and
commercial screening reagent sets: HR2-144, HR2-126, HR2-
098, HR2-082, HR2-084, HR2-247, HR2-211, HR2-219, and
HR2-217 (Hampton Research) and MD1-88, MD1-29, and
MD1-38 (Molecular Dimensions). The initial hit (Screen HR2-
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084/PEGRx 2 reagent 25: 100 mM citrate buffer, pH 5.5, 22%
PEG 3350, 0.10% w/v n-octyl-B-D-glucoside) was reproduced
and conditions refined (changes: detergent and PEG concen-
trations; temperature and inclusion of MetSO) in 24-well
plates by hanging-drop vapor diffusion with 2-ul-sized drops.
The final crystallization conditions were 100 mM Na-citrate
buffer, 100 mM MetSO, 22% PEG 3350, pH 5.5, for acidic
conditions and 100 mM Hepes, 22% PEG 3350, pH 7.0, for
neutral conditions.

Data collection and processing

Crystals were mounted onto CryoLoops (Hampton
Research) and immediately soaked in Paratone-N (Hampton
Research) for 30 s before flash-cooling in liquid nitrogen.
Diffraction data were acquired at the Australian Synchrotron
MX-2 beamline via remote control with an EIGER 2 9M de-
tector (Dectris) at 100 K. The X-ray energy was 13,000 eV, and
the rotation angle was 180°. Image files were indexed and
integrated using XDS (67), scaled, and merged with Aimless
(CCP4 suite). Phasing was achieved by molecular replacement
using the BALBES pipeline (68). For density modification and
model building, AutoBuild (69) was used and phenix.refine
(70) for structure refinement. Ligand restraints for the Mo—
PGD ligands were generated using eLBOW (71). In the pH
7.0 MtsZ crystal structure, the coordinates for the terminal
water-based ligand with 80% occupancy were restrained to the
peak of the electron density. The PGD ligands, the molybde-
num atom, and the water-based ligand were fit into the elec-
tron density using the COOT (72) interface. Manual
corrections were also performed through COOT. For valida-
tion, composite omit maps were generated with phe-
nix.composite_omit_map using simulated annealing to remove
model bias (73). Molecular graphics presented in this work
were created with PyMOL (Schrodinger). Electron densities
are shown as composite omit maps contoured at 1 o. The
structure of HiMtsZ was compared with other structures using
Dali (74, 75). Docking of potential HiMtsZ substrates to the
active site for identification of residues important for substrate
specificity was performed with Glide in the extra-precision
mode (76) through the Maestro interface (Schrodinger).
Briefly, the protein and potential substrates were processed for
docking using the Protein Preparation Wizard and LigPrep
(77). States for the receptor were generated at pH 7.5 and
states for the substrates for pH 7.4 + 2.0. For the receptor grid,
a 20 x 20 x 20 A cubicle surrounding the active site was
defined. A metal constraint to the Mo ion and postdocking
energy minimization were incorporated into the docking
protocol. Homology models of Ec BisC (WP_000013950.1) and
TorZ (WP_000176781.1) were built using Prime (Schrodinger)
with HiMtsZ as the template. Electrostatic surface represen-
tations were generated using Adaptive Poisson—Boltzmann
Solver (78) after preprocessing the models through PDB2PQR
(79). The numbering of the residues in the HiMtsZ structure
follows the amino acid numbers of unprocessed HiMtsZ W'T
protein (consistent with the gene sequence). We note that the
numbering for residues in crystal structures of other Dor/Tor
enzymes in the literature is often based on the mature,
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processed protein that lacks the signal peptide required for
export of the protein to the periplasm (14, 21). As a result, the
residue numbers in these different crystal structures differ by
~ 30 amino acids.

S- and N-oxide reductase activity assays

MtsZ S- and N-oxide reductase activity was determined
using a methyl-viologen—based enzyme assay, as reported
previously (4). Assays were performed anaerobically at 37 °C
and contained 0.2 mM MV?** and 0.3 mM sodium dithionite in
20 mM Tris Cl, pH 8.0. Standard assays contained 10 mM
DMSO or MetSO; all other substrates were used in concen-
trations up to 10 mM. Buffers for analysis of HiMtsZ activity
pH dependence contained 20 mM sodium dihydrogen phos-
phate, 20 mM Tris base, and 20 mM glycine and were titrated
with sodium hydroxide or hydrochloric acid; assays for the pH
dependence of the MtsZ reaction used 10 mM Sc-RSs-MetSO
as the substrate. Absorbance changes were monitored over
time at 600 nm using a Cary 60 spectrophotometer (Varian).
For calculation of S-/N-oxide reductase activity, an extinction
coefficient of 13.7 mM ™! cm™! for MV?* was used (80). Direct
nonlinear data fitting to the Michaelis—Menten equation was
performed with Prism 8.0 (GraphPad).

Electrochemical measurements and enzyme electrode
preparation

CV determines the potential-dependent catalytic current be-
tween the catalyst tested and an electrode. At potential values
where catalysis is effective, a strong increase in the current is
normally observed. Each measurement consists of forward and
reverse sweeps of the potential range used, and typically, these
sweeps do not yield identical profiles. CV experiments were
carried out with a BAS 100B/W electrochemical workstation and
a three-electrode system comprising a GC disk working elec-
trode, a Pt wire counter, and an Ag/AgCl reference electrode
(+196 mV versus NHE). Experiments used 50 mM Tris Cl, pH
8.0, that had been purged with Ar gas for at least 30 min, and an
Ar blanket was maintained during the measurement. GC elec-
trodes were polished with 0.50 and 0.05 pm alumina slurries,
rinsed thoroughly with water, and sonicated in water for 5 min to
remove any adsorbed alumina particles, before drying in a ni-
trogen atmosphere. A 3-ul droplet of HiMtsZ (15 pM) was
pipetted onto the conducting surface of an inverted, freshly
cleaned GC working electrode and allowed to evaporate to a film
at4 °C. To prevent protein loss, the electrode was then carefully
covered with a presoaked dialysis membrane (molecular weight
cut-off 3500 Da), confining HiMtsZ under the membrane while
allowing diffusion of the mediator, substrate, and product mol-
ecules. The dialysis membrane was fastened to the electrode with
the help of a Teflon cap and a rubber O-ring. The resulting GC/
MtsZ electrode was stored at 4 °C in 50 mM Tris Cl (pH 8.0)
when not in use. Electrochemically driven catalysis of HiMtsZ
was pursued using the mediators MV>* and BV** and S- and N-
oxide substrates as indicated. The variation of the observed
limiting catalytic current (i) as a function of the substrate
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concentration followed Michaelis—Menten kinetics, and the data
were fit to Equation 1.

iymax [Substrate)

. 1
K pt app+[Substrate] 1)

iim =

Where i, is the catalytic current at saturation and Ky qpp is
the apparent Michaelis constant.

In all cases, racMetSO was used as the substrate (Scheme
S1). No attempt was made to separate this mixture or estab-
lish which isomer was the most reactive.

Protein spectroelectrochemistry

Spectroelectrochemistry determines changes in the UV/Vis
absorption spectrum of redox-active components in proteins as a
function of the redox potential of the working solution. Experi-
ments were conducted with a Pine Instruments quartz spec-
troelectrochemical cell (1.7-mm optical path length) using a Pt
‘honeycomb’ working electrode, a Pt auxiliary electrode, and an
Ag/AgCl reference electrode. The cell contained 200 pM
HiMtsZ in Tris Cl buffer (50 mM, pH 8.0). To ensure efficient
electrochemical communication, the mediators [Fe(tacn),]**,
[Fe(¢rans-diammac)]®*, [Co(NMesMEN,S;sar)]*, and
[Co(AMMEN,S,sar)]** were present each at a concentration of
20 uM; the structures and properties of these compounds have
been published (81-83). These mediators span the oxidation-
reduction potential range +200 to -200 mV versus NHE and
have small molar extinction coefficients, so they make little
contribution to the visible spectra at micromolar concentrations.
They have no absorbance at wavelengths longer than 600 nm,
which was the region of interest here. Spectra were acquired
within an anaerobic glovebox with an Ocean Optics USB2000
fiber-optic spectrophotometer and a DT-MINI-2-GS miniature
deuterium/tungsten/halogen UV-Vis-NIR light source. Poten-
tials were set with a BAS100B/W potentiostat operating in a
constant potential chronocoulometry mode, and UV-Vis spectra
were taken when equilibrium was established and all absorbance
changes ceased. Spectra were acquired at 50 mV intervals, and
reversibility was established by stepping the potential firstly in
negative and then in positive directions. No significant hysteresis
was found. Data were modeled with ReactLab Redox (Ver. 1.1, ]
Plus Consulting Pty Ltd) using a sequential two-electron transfer
model, which afforded the Mo""" and Mo""" redox potentials
as well as the spectra of the fully oxidized (Mo""), single-elec-
tron—reduced (Mo") and fully reduced (Mo") forms.

EPR spectroscopy

EPR spectroscopy is used to study the electronic in-
teractions between atoms surrounding, for example, a metal
center, such as the HiMtsZ Mo active site. To generate an
EPR signal, redox centers must contain unpaired electrons;
the shape of the signal depends on orbital interactions be-
tween the metal center and the surrounding atoms.
Continuous-wave X-band (ca. 9.385 GHz) EPR spectra were
recorded on a Bruker ElexSys E540 spectrometer equipped
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with an ElexSys Super High Sensitivity Probe head and LN,
cooling (Eurotherm temperature control). The magnetic field
was calibrated with 2,2-diphenyl-1-picrylhydrazyl (g =
2.0036), and measurements were carried out at 135 K using a
modulation amplitude of 0.5 mT, a modulation frequency of
100 kHz, and a microwave power of 5.024 mW (16 dB of
200 mW, nonsaturating condition). EPR samples used
50 uM HiMtsZ. The following redox mediators were present
each at a concentration of 40 uM: dichlor-
ophenolindophenol, 1,2-naphthoquinone-4-sulfonate, 2-
hydroxynaphthoquinone, 2,6-dimethylbenzoquinone, 2,5-
dihydroxybenzoquinone, anthraquinone-2-sulfonate, and
BV. The reductant was sodium dithionite and the oxidant
potassium ferricyanide (ca. 1 mM solutions).

Computational studies and EPR spectral simulations

Ground-state geometry optimizations were performed at
the density functional level of theory using the ORCA suite
(version 4.1.0) (84). The B3LYP hybrid functional and a def2-
TZVP basis set were used in these calculations with the RIJ-
COSX approximation. These optimized geometries were then
used to compute the spin-Hamiltonian parameters. The zero-
order regular approximation (ZORA) (85, 86) was turned on
for these calculations. For the EPR calculations, Old-ZORA-
TZVPP, ZORA-def2-TZVPP, and ZORA-def2-TZVP basis
sets were used for the Mo atom, S atoms, and the light atoms,
respectively. Experimental EPR spin-Hamiltonian parameters
were obtained from spectral simulations performed using the
EasySpin suite (version 5.2.28) (87), which is embedded within
the MATLAB (version 9.8.0.1359463) (R2020a) platform. A
multicomponent EPR model was used to fit EPR spectra with
nonlinear parameter optimization (g-values, hyperfine cou-
plings, and linewidths) carried out using a Newton—Gauss—
Levenberg/Marquardt algorithm and the linear parameters
(component intensities) computed using linear least-squares
with the constraint that the component intensities are non-
negative. This was achieved with the ‘lsqnonneg’ function in
MATLAB.

Data availability

The crystal structures of HiMtsZ, pH 5.5 and pH 7.0, have
been deposited with the Protein Data Bank (PDB) under
accession numbers 7L51 (pH 7.0 MtsZ structure) and 7L5S
(pH 5.5 MtsZ structure) (to be released on acceptance of the
article). Homology models of Escherichia coli BisC and TorZ
are available as part of the supplementary material. All
remaining data are contained within the article.

Supporting article  contains

information.
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