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ABSTRACT

The peptidoglycan biosynthetic pathway involves a series of enzymatic reactions in which UDP-N-
acetylglucosamine-enolpyruvate reductase (MurB) plays a crucial role in catalyzing the conversion of UDP-N-
acetylglucosamine-enolpyruvate (UNAGEP) to UDP-N-acetylmuramic acid. This reaction relies on NADPH and
FAD and, since MurB is not found in eukaryotes, it is an attractive target for the development of antimicrobials.
MurB from Brucella ovis, the causative agent of brucellosis in sheep, is characterized here. The FAD cofactor in
MurB of B. ovis is reduced to the hydroquinone state without semiquinone stabilization with an estimated Eox/hq
of —260 mV. MurB from B. ovis catalyzes the oxidation of NADPH in a slow process that is positively influenced
by the presence of the second product, UNAGEP. The crystallographic structure of the MurB,y:UNAGEP complex
confirms its folding into three domains and the binding of UNAGEP, positioning its enolpyruvyl group for hy-
dride transfer from FAD. MurB shows a complex thermal unfolding pathway that is influenced by UNAGEP and
NADP™, confirming its ability to bind both molecules. Molecular dynamics (MD) simulations predict that the
nicotinamide of NADP™ is more stable at the active site than the enolpyruvyl of UNAGEP, and suggests that MurB
can simultaneously accommodate NADPH and UNAGEP in the substrate channel, increasing overall protein-
ligand flexibility. Sequence and evolutionary analyses show that MurB from B. ovis conserves all motifs pre-
dicted to be involved in catalysis within the Type Ila family.

1. Introduction

The peptidoglycan (PG) biosynthesis pathway involves a sequence of

FAD-dependent enzyme involved in the biosynthesis of the N-acetyl-
glucosamine-N-acetylmuramyl pentapeptide, the main building block
of the PG polymer [3,5,6]. MurB catalyzes the reduction of

over twenty enzymatic reactions that constitute a crucial process for
bacterial cell wall biogenesis, structural integrity, and resilience against
fluctuations in osmotic pressure [1-4]. UDP-N-acetylglucosamine-
enolpyruvate reductase, known as MurB (EC 1.3.1.98), is a

UDP-N-acetylglucosamine-enolpyruvate (UNAGEP) to UDP-N-acetyl
muramic acid (UNAM), using the reduction equivalents provided by
the coenzyme NADPH. UNAGEDP, the substrate of MurB, is provided by
the previous enzyme in the PG biosynthetic pathway,

Abbreviations: MurB, UDP-N-acetylglucosamine-enolpyruvate reductase; UNAG, UDP-N-acetylglucosamine; PEP, phosphoenolpyruvate; UNAGEP, UDP-N-ace-
tylglucosamine-enolpyruvate; UNAM, UDP-N-acetylmuramic acid; PG, peptidoglycan; (PDDA) polymer, poly (diallyldimethylammonium chloride); HT, hydride
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UDP-N-acetylglucosamine enolpyruvyl transferase (MurA), that adds
the enolpyruvyl moiety from phosphoenolpyruvate (PEP) to
UDP-N-acetylglucosamine (UNAG). The MurB catalyzed reaction has
been particularly studied in Escherichia coli, Staphylococcus aureus and
Streptococcus pneumoniae, being reported to occur through a ping-pong
bi-bi mechanism (Fig. 1A) [5,7-14]. In the MurB flavin reductive
half-reaction, its FAD cofactor is reduced to the hydroquinone state
(FADH ") by hydride transfer (HT) from NADPH. Upon NADP™ release,
UNAGEP binds to reduced MurB, and subsequently during the flavin
oxidative half-reaction reduction of the vinyl enol ether of UNAGEP
produces UNAM. In this reaction, HT from the MurB FADH™ cofactor to
the C3 atom of the UNAGEP enolpyruvyl moiety generates a carbanionic
intermediate that is then protonated at C2 by a solvent proton [5,8,9].
Due to its essential housekeeping role and the absence of homologues in
eukaryotes, bacterial MurB enzymes were proposed as targets for the
discovery of antimicrobials [6,15-21]. However, MurB enzymes from
nearly all pathogenic bacteria remain widely unexplored and their
functional features have not been reported [22]. In addition, there is
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currently no antimicrobial use for any bacterial MurB as target, despite a
few potential inhibitors have been reported [23].

MurB enzymes classify into two major types (Table SP1) [24]. The
Type I is characterized by a Tyr-loop and a prominent feature that folds
into a fapp architecture in domain III, whereas Type II specifically lacks
the aforementioned features. Examples of Type I are MurBs from E. coli,
Mycobacterium tuberculosis and Pseudomonas aeruginosa [25-27]. Type I
MurBs are further subdivided into subclasses “Ila” and “IIb”, according
to the nature of the catalytic residue acting as a proton donor to the
carbanion intermediate, which are Ser and Cys, respectively [24]. MurBs
of Type Ila are structurally exemplified by those from S. aureus [28],
Listeria monocytogenes [29] or Bacillus licheniformis [30], whereas MurB
from Thermus caldophilus is of Type IIb [31]. MurB is highly conserved
within o-proteobacteria [12], and is one of the 42 flavoenzymes
belonging to the core proteome in Brucella [32].

This work focuses on MurB from Brucella ovis. This is a Gram-
negative, non-zoonotic pathogenic bacterium with a major economic
impact in countries and regions with sheep (Ovis aries) breeding
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Fig. 1. - Catalytic mechanism in MurB enzymes and murB genomic context in Brucella ovis. Proposed catalytic mechanism in MurB enzymes. In the flavin
reductive half-reaction (top) the MurB FAD cofactor is reduced to FADH™ upon HT from NADPH, whereas in the flavin oxidative half-reaction (bottom) HT from
FADH™ to the UNAGEP enolpyruvyl group reduces it to a lactoyl and converts UNAGEP to UNAM. (B) Scheme of the dcw operon involved in PG biosynthesis where
murB gene is located in B. ovis (top). Genes are shown in light blue with the exception of murB that is in yellow, arrowheads indicate the direction of transcription and
numbers below genes the intergenic distance (negative numbers indicate overlapping genes). Underneath, the location of murB within the genome (NC_009505.1:
1393M-13984 M), accounting for 969 bp (bottom) Two boxes depict the Pfam domains formed by the 322 amino acids present in the final product, the MurB
enzyme; the FAD_binding 4 (PF01565, commonly found in enzymes that use FAD, including many oxygen-dependent oxidoreductases), illustrated in orange, and the
MurB_C (PF02873, unique to MurB enzymes) in green. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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activities, causing placentitis in sheep and genital lesions in rams, which
affect fertility and semen quality [33]. In B. ovis, the murB gene (NCBI ID
45124764, BOV_RS06850) is part of the division and cell wall (dcw)
cluster, which contains other genes encoding enzymes involved in PG
biosynthesis [32,34] (Fig. 1B). Here, MurB from B. ovis has been het-
erologously produced, and its in vitro stability, redox functionality and
structural features evaluated. This study provides the first insights into
the molecular characterization of the mechanism of action of MurB from
B. ovis, including the allocation of substrates in its active site, paving the
way for future mechanistic studies and further exploration of its po-
tential as a drug target. In addition, it classifies B. ovis MurB as Type IIa,
and evaluates it within the context of the MurB family in different
organisms.

2. Materials and methods
2.1. Cloning, overexpression and purification of MurB from B. ovis

Two constructs for the B. ovis ATCC 25840 BOV_RS06850 (murB)
gene, encoding for the MurB protein (ABQ61769.1), were cloned into
the Ncol/BamHI sites of the pET-28a(+) plasmid by GenScript. One of
them encoded for the protein residues (hereafter MurB), while the other
contained an additional 70 bp extension at the 5'-end encoding a Hisg-
tag, the PreScission protease cleavage site, and a Ndel restriction site
(hereafter HisgMurB). Both pET28a-MurB constructs were used to
transform E. coli BL21(DE3) competent cells by heat shock at 42 °C.
Clones of transformed E. coli were selected on LB/agar plates with 30 pg/
mL kanamycin and then grown in LB media. Cultures were incubated at
37 °C until O.D.goonm reached 0.5. Overexpression was induced by
adding 1 mM of isopropyl p-b-1-thiogalactopyranoside, and cultures
were further incubated at 30 °C for 5 h. Cells were harvested by
centrifugation at 3,500 g for 10 min at 4 °C, washed with 0.15 M NaCl,
and stored at —20 °C. For purification of HissMurB, cells were thawed
and resuspended in 75 ml (2 mL/gr cell pellet) cell lysis buffer (50 mM
Bis-Tris Propane, pH 7.6, 250 mM KCl, 1 mM DL-dithiothreitol (DTT)
and 10 mM imidazole) with ! tablet of cOmplete™ (Roche). Cells were
then disrupted by sonication at 4 °C (10 cycles of 30 s) in a DRH UP200
DR sonicator (Hielscher). Cell debris was removed by centrifugation at
44,800 g for 1 h at 4 °C. To purify HisgMurB, the supernatant was filtered
and loaded onto a 5 mL His-Trap™ HP column (Cytiva) equilibrated
with cell lysis buffer and connected to the AKTA™ system (Cytiva).
Unbound proteins were washed with 3 column volumes of the same
buffer and then HisgMurB was eluted with a 10-500 mM imidazole
gradient in 50 mM Bis-Tris Propane, pH 8.0, 100 mM KCI, 1 mM DTT.
Aliquots containing HisgMurB (checked by 12 % SDS/PAGE) were
pooled and dialyzed overnight against 50 mM Bis-Tris Propane, pH 8.0,
100 mM KCl, 1 mM DTT. The HisgMurB solution was concentrated using
10 kDa Merck Amicon ultrafiltration devices (Millipore) and further
purified by size exclusion chromatography (SEC) using a Superdex 200
10/300 GL column (Cytiva) pre-equilibrated with 50 mM Bis-Tris Pro-
pane, pH 8.0, 100 mM KCl, 1 mM DTT buffer. To purify MurB, after
sonication and centrifugation, the supernatant was adjusted to 30 % of
ammonium sulfate ((NH4)2SO4), stirred on ice for 1 h, and centrifuged at
44,800 g for 10 min at 4 °C. The supernatant was then collected, and the
procedure was repeated with 60 % and 80 % of ammonium sulfate. In
the last step, the appearing yellow precipitate was collected and dis-
solved in 50 mM Tris/HCI pH 8.0, 0.5 mM DTT and 30 % ammonium
sulfate, applied to a DEAE-Sepharose column pre-equilibrated with the
same buffer, and eluted with a reverse gradient from 30 % to 0 % of
ammonium sulfate in 50 mM Tris/HCl, pH 8.0 and 0.5 mM DTT. The
yellow fractions were pooled and dialyzed in 50 mM Tris/HCI, pH 8.0,
0.5 mM DTT. The protein was then applied to a DEAE-Sepharose col-
umn, pre-equilibrated with 50 mM Tris/HCl, pH 8.0, 0.5 mM DTT, and
eluted with a linear gradient from 0 to 500 mM KClI in the same buffer.
The yellow fractions were pooled and dialyzed in 50 mM Tris/HCI, pH
8.0 and 0.5 mM DTT, loaded onto a 5 mL HiTrap™ Q FF column
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(Cytiva), and eluted with a linear gradient of 0-500 mM KCl. The frac-
tions were pooled and concentrated, and a final SEC purification step
was performed as described above for HisgMurB by using 50 mM Tris/
HCI pH 8.0, 100 mM KCl and 0.5 mM DTT. SEC,12 % SDS-PAGE and 15
% CN-PAGE were used to assess both protein purity and molecular
weight (Mw). Typical yields after purification were ~4.5 mg of MurB
per liter of E. coli culture. Pure protein fractions were pooled, concen-
trated, and stored at —80 °C in 50 mM Bis-Tris Propane, 100 mM KCl, pH
8.0, 1 mM DTT until used.

2.2. Production of the UNAGEP substrate of MurB

UNAGEP is not commercially available, so its preparation was car-
ried out in 1 mL solutions containing 200 pM UNAG (Sigma-Aldrich),
660 pM PEP (Roche) and 50 nM MurA from B. ovis in 50 mM Bis-Tris
Propane, pH 7.5 (this buffer is a requirement for MurA to exhibit ac-
tivity, unpublished results). The reaction was incubated at 37 °C for 4 h,
followed by the addition of 50 nM MurA and further incubation at 37 °C
overnight. MurA was then separated using a 10 kDa Merck Amicon ul-
trafiltration device (Millipore), and the eluate containing the reaction
products was concentrated using a Savant SpeedVac (Thermo Scienti-
fic). The amounts of UNAG/UNAGEP in these solutions was quantified
for UDP by measuring its absorbance at 262 nm (ez62nm = 9.8
mM‘em™1). The formation of UNAGEP was confirmed by NMR. 'H and
13C NMR spectra were recorded at the NMR Research Support Service of
the Instituto de Sintesis Quimica y Catalisis Homogénea (iSQCH, Uni-
versity of Zaragoza).

2.3. Spectroscopic characterization

UV-Vis spectra were routinely recorded in 50 mM Bis-Tris Propane,
100 mM KCl pH 8.0, 1 mM DTT at 25 °C, using either a Specord 200 Plus
(Analytik Jena) or a CARY 3500 (Agilent Technologies) spectropho-
tometer. The molar extinction coefficient for MurB in the flavin band-I
(€463nm) Was determined spectrophotometrically by thermal denatur-
ation of the protein for 10 min at 90 °C, followed by centrifugation to
separate the precipitated apo-protein, and spectroscopic quantification
of the FAD released to the supernatant as previously described [35]. The
ability of MurB to be photoreduced by photoirradiation in protonated
buffers was evaluated in samples containing 20 pM of the protein in 50
mM Bis-Tris Propane, 100 mM KCl, pH 8.0, 1 mM DTT, 20 % glycerol
and 50 mM EDTA in a closed anaerobic cuvette. Anaerobic conditions
were achieved by several cycles of evacuation and bubbling with O,-free
argon in a Schlenk line system [36]. Each sample was then stepwise
photoirradiated for 5 s periods with a blue LED strip tube that provides
an intensity of 900 pmol photons/(m?.s) around the cuvette. Photore-
duction was followed by recording Vis spectra after each irradiation by
using a CARY 3500 spectrophotometer (Agilent Technologies). Potential
changes in the FAD cofactor environment upon NADP" binding to MurB
samples were investigated by difference spectroscopy, titrating the
protein with increasing concentrations of NADP' as previously
described [37]. Fluorescence spectra were monitored using a Cary
Eclipse fluorimeter (Agilent Technologies) with 10-20 pM of protein and
a scan speed of 5 nm/s, using quartz cells of 1 cm of optical path length.
Circular dichroism (CD) spectra were recorded on a Chirascan spec-
tropolarimeter (Applied Photophysics Ltd.) with 0.5 nm/s steps and 8 s
of measurement time per point. Far-UV (200-260 nm) and near-UV/Vis
(260-700 nm) CD spectra were registered in 0.1 and 1 cm path length
cuvettes, respectively, with MurB at ~5 pM for far-UV and 20 uM for
near-UV. Fluorescence and CD measurements were performed in 10 mM
potassium phosphate (KPi), pH 8.0, at 10 °C.

2.4. Determination of the midpoint reduction potential for the FAD
cofactor of MurB and of the MurB ability to conduct current to UNAGEP

The reduction of MurB by the xanthine/xanthine oxidase (XO)
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method [38,39] was carried out in a closed anaerobic cuvette with a
final concentration of ~10 pM of HisgMurB, 2 pM benzyl viologen, 500
pM xanthine, 5 pM of the phenosafranine dye (E; = -252 mV), 10 mM
glucose and 10 U/mL glucose oxidase, in 50 mM Bis-Tris Propane pH
8.0, 100 mM KCl, 1 mM DTT. After achieving anaerobic conditions, as
indicated above using an anaerobic cuvette and a Schlenk line, 7.8
pg/mL of bovine milk XO (Sigma-Aldrich) were added from the side arm
to the mixture in the cuvette, and spectra were recorded every 5 min
scanning from 350 to 700 nm at 25 °C, in a CARY 3500 spectropho-
tometer (Agilent Technologies). To ensure thorough equilibration of the
components during the experiment, the concentration of XO was set at
30 nM (within the recommended range of 1-100 nM) allowing the
reductive process to proceed over a period of 2-3 h. The absorbance
changes accompanying reduction of the indicator dye at 525 nm and of
the flavoprotein at 412 nm at each time point during the xanthine/XO
reduction were used to determine the MurB Ey,1q value using the Nernst
equation as previously reported [38,39]. Cyclic voltammetry (CV)
measurements were performed using an Autolab PGSTAT12 potentiostat
controlled by the GPES3 software (Ecochemie, The Netherlands). The 1
mL glass electrochemical cell was equipped with a platinum wire
counter electrode, an Ag/AgCl (3 M NaCl, E;,, = +220 mV) reference
electrode and a 3 mm diameter glassy carbon working electrode (BASi,
USA). The glassy carbon electrode was modified with a mixture of the
protein and poly (diallyldimethylammonium chloride) (PDDA) polymer
as follows: 5 pL of PDDA was mixed with 5 pL of HisgMurB (147 pM) and
drop coated onto the electrode [40]. The modified bioelectrode was
stored at 4 °C overnight. The CV measurements were carried out at 25 °C
under anaerobic conditions obtained by flushing the samples under a
nitrogen saturated atmosphere. The potential was scanned between
0 and -700 mV at a scan rate of 120 mV/s. Control experiments were
carried out in the absence of the protein with buffer. Additionally, FAD
was immobilized onto the electrode and subjected to scanning in the
same manner as the protein solution. The supporting electrolyte was 50
mM KPi buffer, 100 mM KCl, pH 7.4. CV was also used to evaluate the
ability of the electrochemically reduced MurB to transfer electrons to
UNAGEDP. For these measurements, HisgMurB (73.5 pM) was incubated
with UNAGEP (~1 mM) for 3 h, at 4 °C. 10 pL of this mixture was drop
coated on the glassy carbon electrode and covered with 5 pL of PDDA.
The modified electrode was stored at 4 °C overnight. In this case, CV
measurements were carried out by applying a potential between —150
and —650 mV at a lower scan rate of 5 mV/s. Chronoamperometry was
also used to measure changes in the current over time upon titrating
HissMurB with UNAGEP. For these experiments, the glassy carbon
electrode was modified using a mixture of the HisgMurB (147 pM) and
PDDA as described above. Measurements were carried out under ni-
trogen atmosphere by applying a potential bias of —700 mV for 20 min
at 25 °C. At two different time points during the chronoamperometry (3
and 8 min) 25 pL of UNAGEP (~3 mM) were titrated into the electro-
chemical glass cell and the increase in the current recorded. HPLC was
used to confirm transformation of UNAGEP into UNAM in reaction
mixtures containing MurB and UNAGEP and resulting from the CV and
chronoamperometry experiments. HPLC was performed at 25 °C using
an Alliance Waters 2707 autosampler, with a Waters 2996 photodiode
array (PDA) detector and a Waters HSST3 C18 column (4.6 x 50 mm,
3.5 mm), preceded by a precolumn (4.6 x 20 mm, 3.5 mm) of the same
material, using as mobile phase 5 % methanol (vol/vol) in 5 mM
ammonium acetate, pH 4.0.

2.5. Kinetic methods to evaluate the MurB redox functionality

The ability of MurB and HisgMurB to oxidize NADPH was analyzed
by monitoring changes in absorbance in the 300-600 nm range in a
CARY 3500 spectrophotometer (Agilent Technologies) to evaluate for
both coenzyme oxidation and FAD spectroscopic properties during
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turnover. A screening of different experimental conditions was con-
ducted in order to detect activity: including enzyme, NADPH and
UNAGEP concentrations, working buffers, pH values, presence of uni-
valent and divalent cations, NADH instead of NADPH, temperatures,
glycerol presence, reaction times, and aerobic/anaerobic conditions. In
summary, all conditions previously reported in the literature for
assessing MurB activity in other species were tested [5,8,9,11,12,41].

Reduction of the FAD cofactor of MurB was also evaluated by fast
kinetic stopped-flow by using a SX.18 MV spectrophotometer (Applied
Photophysics Ltd.) interfaced with a PDA detector according to estab-
lished protocols [36]. To follow the reduction kinetics, anaerobic solu-
tions containing MurB (10-16 pM) in the absence or presence of
UNAGEP (200 pM), NADPH (200 pM) and sodium dithionite (NaxS204,
300 pM) were produced. These samples were loaded into separate
stopped-flow syringes and then mixed as indicated in the results section
ina 1:1 ratio in 50 mM Bis-Tris Propane pH 8.0, 100 mM KCl, 1 mM DTT
at 25 °C, all under anaerobic conditions. To follow the kinetics of
photoreduction of MurB within the stopped-flow chamber, an anaerobic
protein solution (10 pM) was prepared in 50 mM Bis-Tris Propane pH
8.0, 100 mM KCl, 1 mM DTT, 20 % glycerol and 50 mM EDTA and then
mixed 1:1 with the same anaerobic buffer. The mixture was then
exposed to photoirradiation from the instrument source lamp (150
W/CR OFR Xenon Short Arc Lamp, OSRAM) in the reaction chamber for
long periods of time (up to 8000 s). In all cases, multiple wavelength
absorption data (400-700 nm) were collected. Observed rate constants
(kobs), as well as potentially interesting spectroscopic properties of in-
termediate species, were determined by fitting absorption decays at 462
nm, as a combination of exponential or linear processes, as well as by
deconvolution of time spectral evolutions by global analysis and nu-
merical integration methods using Pro-Kineticist (Applied Photophysics
Ltd.) [36]. The estimated error of the determined rate constant values
was £15 %.

2.6. Thermal denaturation assays for MurB stability study

The thermal stability of MurB samples, both in the absence and
presence of ligands, was evaluated by following changes in the far-UV
CD (at 222 nm) as well as in the tryptophan and FAD fluorescence
emission bands upon increasing temperature. Denaturation curves were
recorded from 10 to 90 °C (283.15-363.15 K) in 10 mM KP; pH 8.0, with
scan rates of 1 and 1.5 °C/min for CD and fluorescence assays, respec-
tively. The MurB concentration was 5 pM for far-UV CD assays (signals
recorded at 222 nm in a 0.1 cm path length cuvette), while samples
containing 10 pM of MurB were used when following tryptophan (Aex =
280 nm and Aep = 330 nm) and FAD (Aex = 460 nm and Ay, = 527 nm)
fluorescence. When present, UNAG and UNAGEP were in a 10-fold
excess, while NADP"/H was in 20-fold excess.

Individual experimental data sets were globally analyzed as one-
transition  (native—unfolded, N«U), two-transition (native-
—intermediate~unfolded, N«I—~U) or three-transition processes
(native—intermediatel <intermediate2<unfolded, N<l;<Ily-U) by
applying the following equations [42]:

_(ac
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(AG) +AGy+AGs)
RT

Sobs =

where Syps is the measured protein signal at a given temperature (T), Sy,
S11, Si2, and Sy are the signals (origin intercept) of native, intermediate
and unfolded protein conformations at 0 K, respectively, and my, myj,
myg, and my are the slopes of the linear temperature dependence of those
signals. The free energy difference in Eq. (1) or Eq. (2) follows, AG; =

AH; (1 — ﬁ) + ACp; <T — T — Tln %) where AHj, Ty and ACp; are

the van’t Hoff enthalpy, the mid-transition temperature and the heat
capacity change for each unfolding transition, and R is the ideal gas
constant.

2.7. Crystallization and structure resolution of MurB

Initial crystallization trials of MurB samples were performed using
commercial screens as JBScreen Classic, JBScreen Basic, JBScreen PEG/
Salt and JBScreen JCSG ++ (Jena Bioscience), as well as Morpheus and
MIDAS (Molecular Dimensions). Typically, 0.5 pL of 10 mg/mL of MurB
in 50 mM Tris/HCl pH 8.0, 100 mM KCl, 1 mM DTT were mixed with 0.5
L of each condition, and equilibrated against 60 pL of the precipitating
solution. Crystals of the complex were obtained in a solution of MurB
(25 mg/mL) with UNAGEP (1 mM, produced as above indicated) in the
C1 condition of the JBScreen Classic HTS (16 % PEG 4000, 200 mM
lithium sulfate, 100 mM Tris/HCl, pH 8.5). Crystals grew in 4 days and
were cryoprotected with 20 % ethylene glycol and cooled to 100 K with
liquid nitrogen. Diffraction data from a single crystal of the MurBy:
UNAGEP complex were collected using a Dectris Pilatus 6 M detector at
the BL13-XALOC beamline of ALBA, Barcelona (Spain), to a maximum
resolution of 2.10 A. The best data set was processed, scaled and reduced
with XDS [43] and SCALA [44] from the CCP4 package [45,46]. The
structure was solved by molecular replacement using the MOLREP
program [47] from CCP4 and the AlphaFold [48] model for MurB from
B. ovis (code AS5VRHS5) as a search template. Automatic refinement was
performed by REFMACS [49] from CCP4 and alternating manual model
building by COOT [50]. Final refinement steps were performed using
refine from PHENIX [51]. The final model included residues 1-322, one
FAD, one UNAGEP (identified as EPU), and 120 water molecules. Mol-
probity [52] was used to assess the final structure quality. Relevant data
collection statistics and refinement parameters are presented in
Table SP2. The coordinates and structure factors for the MurBgx:
UNAGEP complex are deposited in the Protein Data Bank under the
accession code 9DTK.

2.8. Molecular dynamics (MD) simulations

To evaluate the potential dynamics of the interaction of MurB from
B. ovis with its substrates four structural models were produced
(Figure SP1): (i) free MurB with oxidized FAD cofactor (hereafter FAD)
(MurBy), (ii) MurB with FAD in the anionic hydroquinone state (here-
after FADH") and in complex with UNAGEP (MurBq:UNAGEP), (iii)
MurB with FAD and in complex with NADPH (MurB,x:NADPH), and (iv)
MurB with FAD and in complex with both UNAGEP and NADPH (Mur-
Box:NADPH:UNAGEP). Structural models were derived from former
crystallographic and AlphaFold data. The NADPH position was adjusted
considering the MurB,:NADP' complex from P. aeruginosa (PDB ID
4JAY and 4JB1), while for UNAGEP the structure here presented (PDB
ID 9DTK) as well as that MurB from T. caldophilus (PDB ID 2GQU) were

<A_G1> ((AGI+AGZ)> ((A61+A62+AG3))
“\ RT - RT - RT
1+e +e +e

Eq. 3

considered. Before initiating any MD simulation, the structural models
were meticulously prepared. This involved the removal of all crystal-
lographic water molecules and the fine-tuning of the protonation of
residues at pH 7.0 utilizing the PROPKA software [53]. MD simulations
were carried out using GROMACS 2018.4 software [54], and the protein
parameters were defined with the AMBER ff03 force field [55]. Standard
residue topologies were assigned using the GROMACS pdb2gmzx tool,
while FAD, FADH ™, UNAGEP and NADPH molecules were parameter-
ized using ab initio methods. Charges for each atom were determined
through the restrained electrostatic potential (RESP) technique using
Multiwfn [56], following structure optimization at the HF/6-31G(d,p)
level in Gaussian 09 [57]. These charges served as the initial parame-
ters for the subsequent parameterization using the GAFF force field [58]
via ACPYPE [59]. To set periodic boundary conditions, the system was
enclosed within a rhombic dodecahedron box. Explicit water molecules
were modeled using the TIP3P model. The system was neutralized by
replacing random solute molecules with sodium ions. Prior to running
production simulations, the studied systems underwent steepest descent
minimization to alleviate close contacts or clashes. Equilibration was
achieved through short 100 ps simulations under the NVT ensemble,
with initial velocities generated according to a Boltzmann distribution at
310 K. Subsequently, a 100 ps simulation under the NPT ensemble at 1
atm was conducted. During both equilibration stages, harmonic poten-
tials with a force constant of 1000 kJ/(mol-nm) were applied to restrict
the movement of the heavy atoms in the protein and ligand. Once the
desired equilibrated conditions were met, the productive MD phase
began with unrestrained positions for all atoms except hydrogen atoms,
which were constrained using the LINCS algorithm [60]. Simulations
were performed under an NPT ensemble at 310 K with a leap-frog
integrator using 2 fs time steps, and data were collected every 10 ps.
Long-range electrostatic interactions were computed using the Particle
Mesh Ewald method, pressure was controlled via the Parrinello-Rahman
method, and temperature equilibration was maintained through a
modified Berendsen scheme. The simulations extended up to 100 ns, and
each trajectory was replicated twice. All MD simulations were executed
on the CESAR supercomputer at BIFL. Analysis of the simulations was
performed using custom scripts that use GROMACS tools, the MDTraj
library [61] and PyMOL [62].

2.9. Sequence and structural analysis

The NCBI database [63] was used to analyze the genetic context of
BOV_RS06850 (murB gene). MurB-related amino acid sequences in the
a-proteobacteria family and in other phyla were found, using the server
PSI-Blast, and PDB (https://www.rcsb.org/) and NCBI (https://www.
ncbi.nlm.nih.gov/) as search databases. All this information was sup-
plemented and supported by UniProt (https://www.uniprot.org/). The
protein domains were identified using InterPro server [64]. The Logo
sequence was generated with WebLogo (https://weblogo.berkeley.
edu/) [65]. Multiple sequence alignments (MSAs) were produced
using ClustalW within MEGA11 software [66] and Clustal Omega (http
s://www.ebi.ac.uk/jdispatcher/msa/clustalo). Phylogenetic trees were
constructed using the Maximum Likelihood (ML) method and the JTT
matrix-based model [67] within MEGA11 and NGPhylogeny [68-70].
500 or 1000 bootstrap replicates were conducted during the construc-
tion of each phylogenetic tree to test the confidence or reliability of the
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branches. Initial tree(s) for the heuristic search were obtained auto-
matically by applying Neighbor-Join and BioNJ algorithms to a matrix
of pairwise distances estimated using the JTT model, and then selecting
the topology with superior log likelihood value. The trees and clado-
grams were midpoint-rooted and plotted with FigTree (http://tree.bio.
ed.ac.uk/software/figtree/). The algorithm TM-align [71] was used
for protein structure comparisons. PyMol software was used to visualize
and generate structural figures [62].

3. Results

3.1. Spectroscopic and redox properties of recombinant MurB from B.
ovis

The absorption spectra of the purified MurB and HisgMurB forms
exhibited maxima at 270, 380 and 463 nm (last two characteristic bands
II and I of the flavin cofactor, respectively), and a shoulder at 489 nm
(Fig. 2A). Extinction coefficients of MurB and HisgMurB were respec-
tively determined as e463nm = 11.6 &+ 0.4 mM~'em™! and e463nm = 12.1
4+ 0.3mMlem ™! in 50 mM Bis-Tris Propane pH 8.0, 100 mM KCl, 1 mM
DTT. Protein denaturation identified FAD in the supernatant as the sole
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non-covalent compound that binds to MurB and absorbs in the UV-Vis
region (Fig. 2A). When purified to homogeneity, MurB shows an
Abso7onm/Abssgsnm value around 5.5, in agreement with the low tryp-
tophan content of the protein (W34, W242 and W300 residues). The
determined theoretical Abssgonm (considering a theoretical extinction
coefficient contributed by the unfolded protein plus that of FAD and the
protein concentration as evaluated from Abssgsnm) differed less than 10
% from the experimental value. Given that extinction coefficients for
protein and flavin at 280 nm may change upon holoprotein formation,
the FAD:protein ratio can be assumed to be close to 1:1. Both MurB
forms accepted electrons through photoirradiation by undergoing FAD
photoreduction (Fig. 2B), recovering the original oxidized spectrum
upon exposure to molecular oxygen. No evidence of FAD semiquinone
stabilization was observed during flavin reductive and oxidative pro-
cesses, and an isosbestic point at 341 nm was observed during the
reductive process. MurB and HissMurB also exhibited similar fluores-
cence emission spectra, with maxima at 331 and 528 nm upon excitation
in the tryptophan (280 nm) and flavin band I (460 nm) regions,
respectively (Fig. 2C-D). Fluorescence quantum yields of MurB in both
spectroscopic regions were slightly higher than those of HisgMurB,
suggesting that the His-tail somehow quenches the tryptophan and FAD

e e

1=} o

> ®
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Fig. 2. - Spectral properties of MurB from B. ovis. (A) UV-Vis absorption spectrum of MurB (14 pM) (black line) and HisgMurB (6.5 pM, violet line) in 50 mM Bis-
Tris Propane pH 8.0, 100 mM KCl, 1 mM DTT at 25 °C, and of their released FAD cofactors (respectively grey and light violet lines) upon incubation for 5 min at
90 °C. (B) Spectral evolution for the photoreduction of MurB (8 pM) and HissMurB (8.5 pM, inset) in the visible region. Spectra recorded in 50 mM Bis-Tris Propane
pH 8.0, 100 mM KCl, 1 mM DTT, 20 % glycerol, 50 mM EDTA at 25 °C. Emission fluorescence spectra of MurB (7.8 pM, black line), HissMurB (7.9 pM, violet line) and
free FAD (7.9 pM, orange line) in the (C) tryptophan region, A.x = 280 nm and in the (D) flavin region, Aex = 460 nm. The excitation spectra (respectively grey, light
violet, and light orange lines) are shown when collecting emission at 330 and 528 nm, for panel C and D, respectively. In all cases, fluorescence intensity was
collected at 600 V. CD spectra for the (E) far-UV, and (F) near-UV/Vis regions for MurB (5 and 20 pM, respectively, black lines) and HissMurB (2.5 and 10 pM,
respectively, violet lines). Emission and CD spectra were recorded in 10 mM KPi, pH 8.0, at 10 °C. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)
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emissions. Furthermore, the FAD fluorescence within MurB and Hise.
MurB was 3.6-fold and 2-fold higher, respectively, than that of free FAD.
These observations agree with the fluorescence of free FAD being
quenched by its adenine nucleotide that fold over the isoalloxazine, and
indicate that FAD is tightly bound in both MurBs in an extended
conformation and with an isoalloxazine ring exposed to the solvent
(resulting in minimal fluorescence quenching by the protein environ-
ment). The far-UV CD spectra of both MurB forms showed minima at 208
and 221 nm, envisaging a high content of a-helixes (Fig. 2E). In both
MurB and HisgMurB forms, the near-UV/Vis CD spectra displayed
minima at 271, 368, and 460 nm, with additional shoulders at 317 and
494 nm (Fig. 2F).

MurB underwent also reduction of its FAD by the non-physiological
electron donor xanthine/XO system, with the phenosafranin two-
electron exchanger (Eqx/rqg = -252 mV, vs HNE) being the dye that bet-
ter equilibrated with FAD reduction. Fig. 3A illustrates the optical
changes observed throughout the MurB/dye reductive process. The
dependence of the logarithmic oxidized/reduced concentrations of the
enzyme versus those of the dye showed a slope close to 1. This
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observation aligned with a two-electron exchange and allowed for the
estimation of a mid-point reduction potential, Egy/ng, of —260 &+ 3 mV
(inset Fig. 3A), which is more negative than that of free FAD (EEQ}?,Q =
-219 mV [38]). CV also demonstrated the ability of the FAD of MurB to
accept electrons from an electrode source, producing a cyclic voltam-
mogram that showed the presence of a redox couple with well-defined
oxidation and reduction peaks for the simultaneous exchange of two
electrons (Fig. 3B). In these electrochemical experiments either free FAD
or MurB were immobilized on the surface of carbon electrodes, and only
one redox couple was observed for each with a mid-point potential of
—135 and —180 mV (vs NHE), respectively. Given the potential of free
FAD [38], the electrochemically determined redox potential of MurB
was corrected by taking into account the difference between solution
and electrode values for FAD, obtaining for immobilized MurB a cor-
rected value of —264 + 5 mV, in close agreement with that reported in
the in-solution experiment.
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Fig. 3. - Midpoint reduction potential of MurB and its role as an electron transfer mediator to UNAGEP. (A) Spectral evolution upon mid-point reduction
potential assessment using phenosafranin as a dye. The black spectrum corresponds to the enzyme before mixing XO, while colored Vis absorption spectra from
purple to orange degradation correspond to different time points along protein reduction after adding 200 pL XO to 1000 pL final volume (final concentration 30 nM).
Spectra shown were recorded every 5 min for up to 2 h in 50 mM Bis-Tris Propane pH 8.0, 100 mM KCl, 1 mM DTT, at 25 °C. The inset presents the logarithm ratios of
oxidized/reduced HisgMurB and oxidized/reduced dye at various time points, as calculated based on absorbance readings taken at 525 nm for the dye and 412 nm for
MurB (these specific wavelengths are indicated by black full line arrows in the main figure). (B) Cyclic voltammogram of HissMurB as recorded at 25 °C under
anaerobic conditions obtained by applying a potential between 0 and -700 mV with a scan rate of 120 mV/s (black line). The figure shows also the control baseline
(dashed black line) and the baseline corrected CV (green). (C) CV of HissMurB co-immobilized on the electrode in the presence of UNAGEP as recorded at 25 °C under
anaerobic conditions by applying a potential between —150 and —650 mV with a scan rate of 5 mV/s. First (blue) and second (magenta) scans are shown. (D)
Chronoamperometry of HisgMurB titrated with two additions of UNAGEP at the time points indicated by an arrow. In B, C and D, the supporting electrolyte was 50
mM KPi pH 7.4, 100 mM KCl, with an Ag/AgCl reference electrode. (E) Overlay of HPLC chromatograms at 260 nm for the UNAGEP substrate of MurB (magenta line)
and the product of a CV experiment (black line) in which MurB and UNAGEP were immobilized on the electrode in a 1:5 ratio. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. - Kinetics for the transformation of NADPH into NADP™ by hydride transfer to MurB of B. ovis. Spectral evolution for the oxidation of the NADPH (100
pM) by (A) MurB (1 uM), (B) a MurB-UNAGEP mixture (respectively 1 pM and 5 pM) and (C) UNAGEP (5 pM) in the absence of the enzyme. (D) Normalized
absorbance changes of NADPH at 340 nm for panels (A), (B), and (C). Experiments carried out under aerobic conditions.

3.2. The activity of MurB from B. ovis

MurB enzymes are reported to use NADPH as a reducing power for
the reduction of their FAD cofactor to subsequently catalyze the
reduction of UNAGEP to UNAM, in a process activated by monovalent
cations (Fig. 1). The best conditions for detecting MurB reduction by
NADPH were obtained in 50 mM Bis-Tris Propane pH 8.0, 30-100 mM
KCl, 1 mM DTT, while minimizing light exposure and employing a
relatively high enzyme concentration for a steady-state assay (Fig. 4).
Oxidation of NADPH to NADP"' upon hydride transfer to the FAD of
MurB was a slow process, with initial velocities normalized to protein
concentration ranging from 0.045 to 0.090 min~! over the range of
NADPH:MurB ratios (20:1 to 100:1) evaluated. Both, MurB and Hisg.
MurB exhibited similar behavior in the assays when molecular oxygen
was used as the potential final MurB electron acceptor. In addition, the
previous mixing of MurB with UNAGEP enhanced the MurB activity as
followed by its ability to transform NADPH into NADP" (Fig. 4D).

Time-resolved spectroscopy under anaerobic conditions, using the
stopped-flow equipment, was employed to further investigate the ki-
netics of FAD reduction in MurB by NADPH. Notably, achieving anaer-
obic conditions in the dark was critical for observing FAD reduction.
Fig. 5A-D summarize the spectral evolution during FAD reduction by
NADPH. Reduction proceeded as a slow process composed of several
phases: an initial absorption decay (**Pkops around 6.7 min~1), which
accounts for only a small change in absorbance and occurs after a brief
lag-phase (Fig. 5B), followed by a second short lag phase that transits
into a long linear absorption decay (*PPkgope, linear slope 522 x 107
min~1) and is then suddenly followed by the activation of the reduction
of the remaining oxidized cofactor (PPkyys around 0.22 min~')
(Fig. 5C-D). Pre-incubation of MurB with the second substrate,
UNAGEDP, significantly impacts the kinetics of MurB reduction by
NADPH. As shown in Fig. 5E-G, the addition of UNAGEP nearly elimi-
nates both lag phases and significantly accelerates the initial small
decrease in amplitude (*PPkys around 25 min~'). However, it has little
impact on the later phase, which corresponds to the complete reduction
of FAD (®Pk,y,s around 0.16 min™b).

To further evaluate the source of the different phases observed
during reduction by NADPH, we similarly evaluated the kinetics of the
reduction of MurB by non-physiological reductants, namely

photoirradiation and sodium dithionite, using also the anaerobic
stopped-flow system. Prolonged photoirradiation of MurB by the in-
strument lamp achieved the slow reduction of FAD to the hydroquinone
state (3PPkops around 6.0 x 10~2 min™!), without traces of semiquinone,
after a very long lag phase (Fig. 5H). Notably, this reduction resembles
that observed by NADPH when evaluating at long reaction times
(Fig. 5D). Reduction of MurB to the FAD hydroquinone state upon
mixing with sodium dithionite resulted in a faster process (*PPkps of 630
min~!) with no traces of semiquinone being detected (Fig. 5I), but also
after a short lag period (0.2 s) before bleaching of the FAD band started.

CV was used to explore whether electrochemically reduced MurB
was able to reduce the UNAGEP substrate. As shown in Fig. 3C, co-
immobilization of MurB with UNAGEP on the electrode produced
notable changes in the CV signal, shifting the peak corresponding to the
reductive flavin process towards lower potentials, while considerably
decreasing the flavin peak in the oxidative process. These features
indicate that UNAGEP binds close to the flavin isoalloxazine, and sug-
gest that electrons pass from reduced FAD in MurB to UNAGEP. To
further support the second fact, chronoamperometry of MurB at the
fixed potential of —700 mV was evaluated, showing increase in the
current upon two consecutive additions of UNAGEP (Fig. 3D). This
feature further supports reduction of UNAGEP by electrochemically
reduced MurB. Furthermore, HPLC analysis of the products of CV and
chronoamperometry experiments with MurB and UNAGEP confirmed
the disappearance of UNAGEP in favor of the appearance of a new and
single peak, which considering the properties of the enzyme and
UNAGEP substrate, must be the UNAM product (Fig. 3E). This UNAM
peak was also detected when the MurB FAD was reduced by dithionite or
light in the presence of UNAGEP (not shown). In these cases, additional
peaks appeared in the chromatogram, likely resulting from damage to
the substrates or products caused by these treatments.

3.3. Impact of ligands in the thermal stability of MurB

To detect binding of ligands to MurB we first evaluated the potential
ability of the NADP™ product to disturb the spectroscopic properties of
FAD when the nicotinamide of the cofactor comes into close proximity
to the isoalloxazine by using difference spectroscopy. No spectroscopic
change consistent with this potential competent binding at the active
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Fig. 5. - Kinetics for the reduction of the cofactor FAD of MurB of B. ovis. (A) FAD spectral evolution in the 400-700 nm region during the reduction of MurB
(~8 pM, final concentration) by mixing with NADPH (100 pM) in the stopped-flow system. Spectra are shown at different times in the 0-5000 s range after mixing.
Evolution of absorbance decay at 462 nm as measured along total times of (C) 50 s, (D) 1000 s and (E) 5000 s. (E) Evolution of spectral features for the FAD cofactor
in the 400-700 nm range during the reduction of MurB previously incubated with UNAGEP (~8 uM and 100 pM respectively) by mixing with NADPH (100 pM) in the
stopped-flow system. Spectra are shown at different times in the 0-1000 s range after mixing. Evolution of absorbance decay at 462 nm as measured in total times of
(F) 50 s and (G) 1000 s. All measurements were conducted in 50 mM Bis-Tris Propane pH 8.0, 100 mM KCl, 1 mM DTT, under anaerobic conditions (obtained in the
strict dark) at 25 °C. (H) Spectral evolution for the photoreduction of MurB (~10 pM, final concentration) upon photoirradiation by the stopped-flow detection light
in the 400-700 nm region, in 50 mM Bis-Tris Propane pH 8.0, 100 mM KCI, 1 mM DTT, 20 % glycerol, and 50 mM EDTA at 25 °C. Spectra are shown at different times
in the 0-8000 s range after mixing the protein with an equal volume of buffer in the reaction chamber. (I) Spectral evolution of MurB (~5 pM, final concentration)
upon fast mixing with sodium dithionite (150 pM) in 50 mM Bis-Tris Propane pH 8.0, 100 mM KCl, 1 mM DTT at 25 °C. Spectra are shown at different times in the
0-2 s range after mixing. In (H) and (I) the insets show the time dependent absorbance evolution at 462 nm.

site was detected.

As an alternative to evaluate the binding of substrates/products or
analogs to the enzyme, even far from the isoalloxazine, we evaluated
their impact on MurB stability by monitoring its thermal unfolding
through changes in far-UV CD, as well as in tryptophan and flavin
fluorescence (Fig. 6). In general, global analysis of data indicated that
MurB and HissMurB suffer complex thermal denaturation processes with
formation of intermediate species. In their substrate-free states MurB

data best fit to a four-state unfolding process (N—I;<I,«<U), while for
HissMurB a three-state unfolding process (N~I—U) explains the
experimental data (Table 1). The three Ty, values characterizing the
MurB unfolding are lower than the two characterizing the HissMurB
unfolding (Fig. 6A-B, Table 1). The contributions of secondary structure
unfolding, as well as tryptophan or FAD exposure to the solvent to the
process also differed between the two MurB forms for each transition.
The presence of the substrates NADPH/UNAGEP or its precursor,
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Fig. 6. - Impact of ligands on the thermal stability of MurB of B. ovis. Thermal unfolding curves for (A) MurB and (B) HiseMurB. Unfolding was monitored by
changes in far-UV CD (222 nm, open circles), tryptophan fluorescence (hexy = 280 nm and Ay, = 330 nm, closed squares) and FAD fluorescence (Aex = 460 nm and Aep
= 527 nm, closed circles) signals. Thermal unfolding curves for (C) MurB and (D) His¢MurB in the presence of NADP*, UNAGEP, UNAGEP + NADP* and UNAG,
respectively shown in violet, green, cyan and orange (symbols as in (A) and (B)). For clarity in (C) and (D) only tryptophan and FAD fluorescence curves are shown.
Curves were recorded in 10 mM KPi, pH 8.0 from 290 to 350 K, and are shown roughly normalized from 1 to O with global fits for each condition shown in continuous
lines. Protein concentrations were 5 pM for far-UV CD, and 10 pM for fluorescence. UNAG and UNAGEP concentrations were in 10-fold excess regarding MurB, and
NADP™ was in 20-fold excess. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1

Impact of ligands on the thermal stability parameters for MurB and HissMurB. Values obtained by global fitting of far-UV CD thermal denaturation curves,
together with those followed by tryptophan and FAD fluorescence. Data obtained in 10 mM KPi pH 8.0. (n = 3, error on Ty, values is +2 and in AH<20 % of the value).

Sample Ligand Tm1 AH; (kcal/ Tm2 AH, (kcal/ Tms AHj (kcal/ Fitted ATm ATz ATms
X) mol) (X) mol) (K) mol) Mechanism (K) (K) (X)
MurB - 309 53 315 175 318 104 N-I;-»I,-»D - - -
NADP* 312 82 322 96 328 74 N—I;»I,—D 3 7 10
NADPH 309 51 320 85 328 93 N-I;»I,—D 1 5 10
UNAGEP 315 68 321 93 328 68 N-I;»I,—U 6 6 10
UNAGEP + 320 50 323 316 331 55 N-I;»I,—U 11 8 13
NADP*
UNAG 313 53 321 91 327 53 N-I;»I,-»U 4 7 9
HisgMurB - 314 53 322 120 N-I-U - - -
NADP* 318 81 320 154 N-I-U 4 -2
NADPH 315 61 319 77 N-I-D 1 -3
UNAGEP 314 80 318 91 329 105 N-L-»I-»U 0 -4 7°
UNAGEP + 316 101 321 82 326 44 N-I;»I,—U 2 -1 4"
NADP*
UNAG 315 80 318 80 320 60 N-I;»I,—U 1 —4 —2°

2 This AT corresponds to Tp,3 in the presence of ligand minus Ty, in its absence.

UNAG (lacking the redox active enolpyruvyl moiety), or the NADP™"
product increased the T, values for MurB thermal unfolding
(Fig. 6C-Table 1). These temperatures further increased when simulta-
neously incubating with NADP" and UNAGEP. The presence of either
UNAGEP or UNAG induced the appearance of an additional state during
HissMurB unfolding, while NADP*/H did not alter the three-state
unfolding process (Fig. 6D-Table 1). UNAGEP or UNAGEP + NADP™"
also differently impacted Ty, values: changes in Tp,; hardly envisaged
stabilization by ligands; the small changes in Tpy suggested slight
destabilization of the second intermediate state; and changes in Tp3
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suggested stabilization of some molecules of HisgMurB versus total
unfolding. Noticeably, the mixing of UNAG with HissMurB did not
promote any stabilization, but contributed to a slight earlier unfolding.
Notably, FAD fluorescence was the primary contributor to Ty, across all
MurB forms and substrate conditions, while tryptophan fluorescence
contributed most significantly to Tp;. Altogether these data indicate
that ligand binding has a moderate impact on protein stability.
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Fig. 7. - Structural features of the crystal MurB,,:UNAGEP complex of B. ovis. (A) Overall structure (two views related by 180° rotation) with the FAD cofactor
and the UNAGEP substrate shown as sticks with C atoms in orange and teal respectively. Domains I, II and III are colored in dark salmon, olive and smudge,
respectively. (B) Detail of the FAD and UNAGEP binding sites. Residues involved in H-bonds (dotted grey lines) are colored by domain. Water molecules are rep-
resented as red spheres. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.4. The MurB,:UNAGEP crystal structure

The structure of MurB from B. ovis is here solved in its oxidized state
in complex with UNAGEP, MurB,,:UNAGEP. Like other MurB structures,
it folds into three distinct domains (Fig. 7A and SP2, Table SP1).
Domain I (residues 1-88 and residues 301-322) consists of three «-he-
lices and six p-strands, which form a four-stranded mixed f-sheet and a
two-stranded parallel f-sheet. Domain II (residues 89-225) is made of a
five-stranded antiparallel B-sheet and six a-helices. Both domains, I and
II, create the binding site for the FAD cofactor. On the other hand,
domain III (residues 226-300) folds into a three-stranded antiparallel
B-sheet and two a-helices and, together with domain II, contribute to the
binding of the UNAGEP substrate (Fig. 7). Noticeably, MurB from B. ovis
is the only one out of the Type II crystal structures having a 12-16 amino
acids extension at the C-terminus, due to its longer sequence
(Figures SP2B-D). These residues make a loop that runs parallel to the C-
terminal a-helix (residues 276-293), being stabilized by a H-bond be-
tween the N atom of F317 at the C-terminal loop and the OE1 atom of
E284 in the helix (Figure SP2E).

The FAD binds in an extended conformation, similarly to other
MurBs, and is stabilized by a network of H-bonds with two arginine
residues (R182 and R218) situated in close proximity to the isoalloxa-
zine (Fig. 7B, SP3A, Table SP3). The UNAGEP substrate is bound in a
competent orientation for HT with respect to the FAD isoalloxazine
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(Fig. 7B and SP3B), since its enolpyruvyl moiety’s C3 atom is positioned
3.2 A from the N5 of the FAD that serves as the hydride source
(Tables SP3 and SP4). R182 (domain II) and S231 (domain III) sit in
close nearby of the enolpyruvyl of UNAGEP. This envisages for them
some role in the HT mechanism: R182 might stabilize the transient
carbanion expected at C2 of the enolpyruvate, while S231, whose hy-
droxyl is 3.1 A away from C2, might act as proton donor to quench this
carbanion when the D-lactyl ether product is formed.

3.5. Dynamics in complexes of MurB with substrates

To further characterize the interaction and dynamic properties of
both NADPH and UNAGEP, structural models of MurB free and in
complex with substrates were investigated by MD simulations. Models
were produced for the MurB;,:UNAGEP as well as for the MurBoy:
NADPH and MurB,x:NADPH:UNAGEP complexes. Thus, all generated
models would correspond to those for the reactants for the flavin
reductive and oxidative half-reactions. Simulations hardly showed
changes in the gyration radius and equilibrated average Ca RMSD
fluctuations of 1.8 + 0.3, 1.2 + 0.1, 1.5 + 0.3 and 1.5 + 0.3 1°\, respec-
tively, for free MurB,y, MurByq:UNAGEP, MurB,:NADPH and MurBoy:
NADPH:UNAGEP), suggesting overall equilibrium reached by all
systems.

Domain III was identified as the most flexible in free MurB,, being
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the one contributing mostly to substrate binding (Figure SP4A). Loops
making the N- and C-terminals, both at domain I, also showed high
mobility. Regions of domains I and II binding to the adenine, pyro-
phosphate and ribityl moieties of FAD were the ones exhibiting lower
flexibility (Figure SP5A). Binding of either NADPH or UNAGEDP slightly
reduced the mobility of domain III, while simultaneous binding of both
substrates exhibited an intermediate behavior (Figures SP4 and SP5).
The C-terminal of a helix 213-225 in domain II and the loop/a helix
234-247 in domain III are also relatively flexible. These regions are at
the entrance of the substrates binding cavity and therefore allocate the
non-reactive moieties of NADPH and UNAGEP. Noticeably, the simul-
taneous incorporation of the two ligands into the system did not induce a
significant increase in the isoalloxazine ring environment mobility, and
the reactive moieties of both substrates were allocated in the cavity.
Nonetheless, the stacking of the reactive nicotinamide of NADPH on the
FAD isoalloxazine was favored over that of the enolpyruvate of UNAGEP
(Figs. 8 and 9), in agreement with the expected sequential reaction
mechanism.

FAD showed very low mobility of its ribityl, pyrophosphate and,
particularly, adenine moieties. Consistent with this observation, the
protein regions making their environment (overall domain I) exhibited
very little fluctuation thus maintaining the protein-FAD interaction
pattern (Figure SP5-SP7). Moreover, in both, MurBy,y and MurB:
NADPH, main interactions between the isoalloxazine and the protein
were preserved; namely 02, N3 and O4 of the isoalloxazine being sta-
bilized by side chains of R182 and, particularly, R218 (Fig. 10A-B and
SP7A-B). However, UNAGEP disturbed the interactions between the
isoalloxazine and domain II upon MD energetic optimization. Of notice
are the new interactions established by Q222 with the N5 and O4 of the
isoalloxazine, while interactions of O2 and N3 with the 146-147 resi-
dues are replaced by those with the side chain of R182 (Fig. 10C and
SP7C).

In both MurB,x:NADPH and MurB,x:NADPH:UNAGEP the nicotin-
amide was considerably less flexible than the pyrophosphate and
adenine nucleotide portions (Figures SP6B-D). These latter moieties sit
at the entrance of the binding cavity, are highly exposed to the solvent
and establish sporadic contacts with residues from domains III (N235)
and II (N145 and H217). On the contrary, the nicotinamide nucleotide
moiety maintains a more stable position, providing in all models,
equivalent environments and competent contacts between the nicotin-
amide and the isoalloxazine for HT from the C4 of the reduced nico-
tinamide to the N5 of oxidized isoalloxazine (Figs. 8, 9C and 10). Beyond
the reacting atoms, close contacts between O2 and N3 of the isoalloxa-
zine and N7N of the NADPH suggest that they contribute to the reaction
environment. In addition, in general, S231, the catalytic residue, re-
mains close to the nicotinamide (Fig. 10B and SP8). Evaluation of
UNAGEP in the MurB},:UNAGEP model showed the coupling of both the
N5 of the FADyq isoalloxazine and the side-chain of S231 with the
reactive enolpyruvate group of UNAGEP as highly populated (Fig. 9A-B
and 10C). This envisage competent relationships for catalysis that match
with the crystal structure of MurB,x:UNAGEP (Fig. 7). Nonetheless,
within the active site cavity the enolpyruvyl of UNAGEP exhibits larger
mobility than the nicotinamide of NADPH (Figure SP6).

3.6. Sequence analysis and phylogeny of MurB in Brucella spp. and other
bacterial species

To evaluate the representativeness of MurB of B. ovis within its
genus, 52 protein sequences from Brucella species (Table SP5) were
compared. MurB of B. endophytica showed the lowest identity (82 %)
with regard to the B. ovis protein, while for the others identity ranged
from 90 to over 99 % (Figure SP10). All MurBs from Brucella lack the
typical Tyr-loop of Type I and preserve the catalytic serine of Type Ila.
The phylogenetic analysis of MurBs from Brucella revealed their distri-
bution into three major clades separated by short branches (Fig. 11A),
what indicates high structural similarity and minor divergences at the
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active site. The study further examined 80 MurB sequences from 74
different bacteria (certain organisms exhibited two MurB isoforms),
including representatives from the ESKAPE group, as well as other
human and animal pathogens (Table SP6). MSA leads to their classifi-
cation into Types I and II, based on the presence of the Tyr-loop in the
first case (Figure SP11). Notably, the A. phagocytophilum sequence
displayed a tyrosine residue at the position expected for the catalytic
serine or cysteine. MurB homologues from B. quintana,
B. schoenbuchensis, and S. meliloti exhibited the highest sequence identity
(76 %) to MurB from B. ovis within Type Ila, with other sequences
showing identities ranging from 71 to 48 %. A considerable number of
conserved residues groups in motifs that are involved in substrates and
cofactor binding (Figure SP12). Motifs corresponding to FAD binding
showed specific sequences for different MurB Types (Table SP7) and
amino acids contributing to UNAGEP or NADPH binding (including
N149, Y181, R182, R218, Q222, V224, N235, W242, S244, R251, H264,
C265 and E301, B. ovis numbering) are in general highly conserved or
represent conservative substitutions in Type II MurBs. Some of them are
also conserved in enzymes of Type I, and, again, the motifs containing
them slightly differ depending on the MurB Type. A gene with a unique
ORF that encoded a fused MurB/C protein was also identified in some
Verrucomicrobia and Methylacidiphilales during the search [72]. The
phylogenetic analysis of the selected MurB sequences revealed a distri-
bution into four major distinct clades (Fig. 11B). The MurB Type I cluster
is the most divergent clade, with a bootstrap value > 98. MurB Type Il is
distributed in three clades, highlighted in blue (Type Ila) and green
(Type IIb) with bootstrap values > 92. All MurB Type Ila analyzed (47)
cluster together but distribute in two subgroups. One of them, the most
divergent, contains sequences of a-proteobacteria. MurBs of Type IIb
separate in two groups, with the most divergent including
gram-negative and gram-positive bacteria isolated from soil and marine
sediments involved in the methane and nitrogen cycles, and legu-
me-microbiome interactions. The other subgroup clusters within the
clade of MurB Type Ila, and includes sequences of a variety of species
from diverse families.

4. Discussion

4.1. Recombinant MurB from B. ovis catalyzes a slow oxidation of
NADPH

The MurB enzyme from B. ovis and its Hisg-tagged variant were
successfully purified to homogeneity, as well as folded and incorpo-
rating the FAD cofactor similarly (Fig. 2). Both forms exhibited high
solvent accessibility of their isoalloxazine rings, with the Hise-tag
slightly increasing the fluorescence quenching of both tryptophan and
FAD. Structural models, including those generated by AlphaFold 3
(https://alphafoldserver.com/), showed no significant differences in
folding between MurB and HisgMurB, though a segment of the Hisg-tag
(residues 12-23, particularly F17) interacted with W34, whose side-
chain is solvent-exposed and directly in contact with the FAD isoallox-
azine, as well as with domain III (Fig. 7B). This interaction may explain
the differences in fluorescence quenching (Fig. 2C-D), thermal stabili-
zation (Fig. 6), and activity in the presence of certain ligands like
UNAGEP (Figs. 4-5). Thermal unfolding experiments confirmed the
binding of NADPH, NADP™, and UNAGEP, and suggested that NADP™
and UNAGEDP could bind simultaneously (a feature also envisaged by MD
simulations (Fig. 8C and 9C)). These findings also indicated that domain
III of MurB, involved in substrate binding, may be more susceptible to
thermal denaturation than domains interacting with FAD.

MurB from B. ovis catalyzes a two-electron exchange with a midpoint
potential comparable to that reported for E. coli MurB (Eox/nq = —234
mV). It accepts a hydride from NADPH slowly, a process enhanced in the
presence of UNAGEP, which also acts as an electron acceptor to produce
UNAM when MurB is reduced either by NADPH, light or electrochemi-
cally (Figs. 3 and 4). Fast kinetic analyses under anaerobic conditions
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reveal lag phases before FAD reduction (Fig. 5), potentially due to re-
sidual oxygen reoxidizing reduced MurB. However, given low oxygen
levels, MurB’s non-oxidase nature, and the high reductant concentra-
tion, oxygen alone is unlikely the cause. An alternative hypothesis at-
tributes the lag phases to conformational rearrangements at MurB’s
active site, facilitating FAD reduction [73]. This is here supported by
shorter lag phases and reduced initial absorption decay when UNAGEP
is present, indicating that this substrate influences nicotinamide moiety
accommodation, as well as by absorption decay occurring in two
distinguishable steps: an initial minimal decay likely linked to NADPH
accommodation and a subsequent major decay corresponding to FAD
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reduction (Fig. 5). MD simulations presented in this manuscript suggest
that both substrates may interact with the enzyme simultaneously,
increasing the overall protein-ligand flexibility. This highlights the po-
tential importance of UNAGEP-induced conformational changes in
enhancing the MurB’s catalytic efficiency.

It is noteworthy that kinetic parameters for MurBs have only been
reported from three species so far (Table SP8): MurB Type I from E. coli
(gram-negative) [5,8,10,13], and MurBs of Type Ila from S. pneumoniae
[11] and S. aureus [28]. Given the potential of MurB as an antimicrobial
target and the fact that the PDB contains nearly 20 structures from at
least 8 distinct species (Table SP1), the number of enzymes kinetically
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characterized appears low. Additionally, reported kinetic parameters
exhibit significant heterogeneity in k.;: and Ky, values, and as a conse-
quence in catalytic efficiency (Table SP8), as well as by substrates
producing important inhibition effects [7]. Thus, the values reported for
MurB of E. coli range from 900 to 2700 min~!, 11 to 100 pM’lmin’l,
and 72 to 1160 pM’lmin’1 respectively for keat, KﬁADPH and KHINAGEP.
For MurB of S. aureus, the corresponding values are 270-474 min~}, 73
pMmin~! and 15 to 41 pM 'min~!, while the values reported for
S. pneumoniae are 800-1080 min~!, 53-79 pM’lmin’1 and 89
pM 'min 1. These features could also relate with some of these enzymes
exhibiting low turnover numbers. Moreover, the observed low reaction
velocity of MurB from B. ovis may be associated with the bacterium’s
slow growth rate, a characteristic adaptation of intracellular pathogens.
This contrasts with the higher growth rates observed in bacteria such as
E. coli, S. aureus and S. pneumoniae. Future studies aimed at determining
steady-state kinetic parameters and potential inhibition constants for
substrates during the catalytic cycle of MurB from B. ovis will be surely
of help to the understanding of its mechanism.

4.2. The crystal structure of the MurB,,:UNAGEP complex reveals a
catalytically competent organization

Structural comparisons of the crystal B. ovis MurBo,:UNAGEP com-
plex (Fig. 7) with Type I MurBs (Table SP1 and Figure SP2A) show
RMSD values ranging from 1.26 to 2.62 A (based on 195 to 201 Ca
atoms). MurB of B.ovis features an additional N-terminal tail of 20-25
residues forming an extra a-helix. Additionally, it lacks two regions
critical to Type I MurBs: the Tyr-loop (residues 189/204 to 212/225 in
enzymes of P. aeruginosa/E. coli, respectively) that includes a conserved
Tyr (Y196/210) involved in UNAGEP interaction and regulating access
to the active site (Figure SP2A) [8], and the papp fragment on the
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opposite side of the substrate access channel [9,24,26]. When compared
with Type Ila (the group it belongs to) it yielded RMSD values from 0.87
to 1.14 A (Figures SP2B-D). It also aligns well with Type ITb MurB from
T. caldophilus (RMSD 0.98 A for 181 aligned Ca atoms), which features a
catalytic cysteine (C198) rather than the serine (S231 in B. ovis) typical
in Type Ila enzymes.

Residues at the active site of MurB interacting with UNAGEP align
with previously proposed roles for equivalent residues in the MurBy:
UNAGEP complex of E. coli [8,9]. Structural comparisons with Type I
(MurB of E. coli, 2BMR) and Type IIb (MurB of T. caldophilus, 2GQU)
show that the UNAGEP’s enolpyruvyl motif consistently faces the FAD
isoalloxazine in a conserved orientation (Figure SP2F). However, the
UDP moiety differs in position, constrained in MurB of E. coli by two
H-bonds between the hydroxyl of Y190 and the O1A/O3A atoms of
UNAGEP. This interaction is absent in Type II MurBs, which lack the
Tyr-loop. Despite these differences, structures of MurBs, with or without
UNAGERP, are highly similar, and the residues forming the active site and
mediating H-bonds with FAD and UNAGEP are highly conserved across
species (Figures SP11-12). Exceptions include variable positions such as
H217 and M263 that are respectively situated near the conserved R218
and within the 258AxxSxxHx(N/G)F267 motif (B. ovis numbering),
reflecting subtle species-specific adaptations.

4.3. Theoretical models envisage competent binding for catalysis of
NADPH to MurB,y of B. ovis

Theoretical energetically optimized models for the MurB,x:NADPH
reactant complex from B. ovis suggest that the nicotinamide portion of
NADPH is stably positioned within the active site, with its C4 hydride
donor atom optimally aligned for transfer to the N5 acceptor on the
isoalloxazine ring (Figs. 8 and 10). In contrast, the adenine nucleotide
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Fig. 11. - Phylogeny of MurB. (A) Phylogenetic cladogram of 51 Brucella species. Clade 1 comprised the sequences of B. thiophenivorans, B. gallinifaecis, B. pseu-
dogrignonensis, B. rhizosphaerae, B. grignonensis and B. pituitosa with a bootstrap value of 95. Clade 2 includes sequences from B. oryzeae, B. daejeonensis, B. tritici,
B. pecoris, B. intermedia, B. peseudintermedia, B. lupini, B. cytisi and B. anthropi with a bootstrap value of 92. The remaining sequences are grouped within clade 3 with
bootstrap values of 97: B. canis, B. microti, B. suis, B. ceti, B. pinnipedialis, B. neotomae, B. ovis, B. melitensis, B. pinnipedialis, B. abortus, B. vulpis, B. inopinata, and diverse
Brucella spp. (B) Phylogenetic cladogram of 80 bacteria species. SdhA of B. ovis was selected as outgroup to highlight the clear evolutionary separation among Type I,
Type Ila and Type IIb MurBs. Sequence alignment and phylogenetic analysis were performed as described in Materials and Methods. The likelihood aLRT
(‘approximate likelihood-ratio test) statistical test and a bootstrap value of 1000 were used.

moiety is less firmly anchored and more exposed to solvent, indicating
that it does not play a crucial role in the catalytic incorporation of the
nicotinamide. Residues such as N149, Y181, H217 and N235 interact
transiently with different atoms of the adenine nucleotide moiety, which
suggests it does not significantly impact catalysis. In contrast, the crystal
structure for Type I MurB,:NADP" (Figure SP13) reveals that the
adenine moiety is more tightly fixed by the Tyr-loop and foff motif. This
suggests that Type I and Type II MurBs may differ in their affinity for the
adenine part of NADPH, potentially affecting access of the nicotinamide
to the active site. MD simulations of MurBy,:UNAGEP indicate that the
enolpyruvyl group of UNAGEP is highly mobile in the active site,
possibly due to the reduced state of the flavin (Figures SP9). Its UDP
moiety also exhibits flexibility (as ADP of NADPH), forming transient
interactions with Y242, R251 and H264. Finally, the pyrophosphate half
interacts with N235, a position conserved in most MurBs.

These models further envisage a key role for the highly conserved
R218 residue in all MurB Types (Figures SP11) [74]. Its side chain in-
teracts with the reactive regions of FAD, UNAGEP and NADPH, and is
particularly close to the N5 of the isoalloxazine ring (Figs. 7-10 and
SP7-9). It likely helps to set the redox properties of the cofactor as well
as to modulate catalysis. The catalytic residue, S231, H-bonds with the
O1E of the enolpyruvyl group of UNAGEP. Likely facilitating proton
transfer during the HT from the FAD cofactor (Fig. 7 and SP3). In
addition, S231 interacts with the N7N and O7N of the NADPH nicotin-
amide (Figs. 7 and 10). Another important residue, Q222 -highly
conserved in Type II, is in close proximity to the ribose of UNAGEP and
the nicotinamide of NADPH (Fig. 10), suggesting it may assist in the
correct positioning of substrates in Type II MurBs. R182, conserved
across MurB types, interacts with NADPH and is highly mobile, which
could further influence substrate binding and catalytic efficiency
(Figures SP11-12).

4.4. MurB of B. ovis displays all the characteristics of a type Ila enzyme,
and could facilitate the development of inhibitors across different species

MSAs of MurB sequences across various bacterial species, including
B. ovis, reveal that over 40 % of residues are highly conserved, indicating
their crucial role in maintaining the enzyme’s structure and/or function.
In most Brucella the murB gene is present in an operon closely resembling
that of B. ovis, together with other enzymes also involved in PG
biosynthesis (Fig. 1B). A similar operon organization is found in many
bacteria with Type Ila MurB. In contrast, in some species, the murB gene
is either not part of any operon or is co-transcribed within a regulon that
includes other enzymes [32,34,75]. These findings collectively confirm
that the B. ovis enzyme shares all key characteristics of Type Ila MurBs.

The conservation of specific residues and motifs within the active site
of the MurB family offers potential for developing inhibitors targeting
different species. Crystallographic complexes of MurB from P. aeruginosa
with 3 fragment inhibitors (PDBs: 70R2, 70RZ and 70SQ) illustrate how
these inhibitors, all sharing a phenylpyrazole scaffold, bind within the
catalytic pocket (Table SP1, Figure SP14) [21]. The binding of two of
them involves two n-n interactions; one between their phenyl rings and
the isoalloxazine, and the other between their pyrazole group and Y132.
In the third fragment, a triazole replaces one pyrazole, but both z-x in-
teractions with the isoalloxazine are preserved, and an additional
H-bond forms with R166. This suggests that Y132 and/or R166 are key
to inhibitor binding. Y132, conserved in Type I MurBs, corresponds to
N149 in MurB from B. ovis. This residue is highly conserved in Brucella
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species and transiently interacts with the non-reactive moieties of
UNAGEP and NADPH. However, N149 is less conserved in other Type Ila
MurBs. On the other hand, R166 (R182 in B. ovis) is a key conserved
residue at the active site across all MurB types [74] (Figures SP11-12).
The phenylpyrazole scaffold of these inhibitors could provide the basis
for the design of compounds with higher affinity and specificity for
MurBs. By modifying the pyrazole moiety to specifically interact with
N149 it will be possible to aid in the development of targeted inhibitors
for this pathogen.

In conclusion, the overexpressed MurB from B. ovis is correctly fol-
ded, redox active, and capable of interacting with and transforming its
substrates. Both experimental and theoretical models demonstrate sub-
strate binding modes that align with expected HT processes. Nonethe-
less, additional research is needed to confirm the enzyme’s overall
catalytic parameters, as well as their potential regulation by reaction
substrates, which might vary across species. While our results confirm
the conservation of key active site residues within MurBs, they also
highlight particular features that could be exploited in the development
of species-specific antimicrobials targeting the peptidoglycan biosyn-
thetic pathway through this particular enzyme.
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