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ABSTRACT: Low G+C Gram-positive Firmicutes, such as the clinically important pathogens Staphylococcus aureus and Bacillus
cereus, use the low-molecular weight thiol bacillithiol (BSH) as a defense mechanism to buffer the intracellular redox environment
and counteract oxidative stress encountered by human neutrophils during infections. The protein YpdA has recently been shown to
function as an essential NADPH-dependent reductase of oxidized bacillithiol disulfide (BSSB) resulting from stress responses and is
crucial for maintaining the reduced pool of BSH and cellular redox balance. In this work, we present the first crystallographic
structures of YpdAs, namely, those from S. aureus and B. cereus. Our analyses reveal a uniquely organized biological tetramer;
however, the structure of the monomeric subunit is highly similar to those of other flavoprotein disulfide reductases. The absence of
a redox active cysteine in the vicinity of the FAD isoalloxazine ring implies a new direct disulfide reduction mechanism, which is
backed by the presence of a potentially gated channel, serving as a putative binding site for BSSB in the proximity of the FAD
cofactor. We also report enzymatic activities for both YpdAs, which along with the structures presented in this work provide
important structural and functional insight into a new class of FAD-containing NADPH-dependent oxidoreductases, related to the
emerging fight against pathogenic bacteria.
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produced in most eukaryotes, Gram-negative bacteria, and
some Gram-positive bacteria, is the most abundant LMW thiol
antioxidant, contributing to the control of redox homeostasis.
In redox reactions, GSH is continuously oxidized to
glutathione disulfide (GSSG), which can be rapidly converted
back to GSH by glutathione reductase (GR),” to maintain the
required GSH/GSSG ratio that is important for the cellular
redox balance. Furthermore, an important post-translational
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8 BSSB to BSH following protein de-bacillithiolation or ROS
detoxification by BSH in Firmicutes.

glutathionylation) on proteins.’
predominant LMW thiol in eukaryotes and Gram-negative
bacteria, most Gram-positive bacteria utilize other, distinctly
different LMW thiols. High G+C Gram-positive bacteria ]
(Actinobacteria) produce mycothiol (MSH, AcCys-GIcN- Rec.elved: September 7, 2020
Ins),” whereas low G+C Gram-positive bacteria (Firmicutes) ReVI?Ed: December 9, 2020
produce bacillithiol (BSH, Cys-GlcN-Mal)®*~” (Scheme 1 A), Published: December 16, 2020
serving functions analogous to those of GSH. BSH is produced

by several clinically important human pathogens, including
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Staphylococcus aureus (Sa), Bacillus cereus (Bc), Bacillus subtilis
(Bs), and Bacillus anthracis (Ba).> BSH and derivatives such as
N-methyl-bacillithiol (N-Me-BSH) have been suggested to be
the most broadly distributed LMW thiols in biology.®

During infection, many pathogens encounter human
neutrophils and macrophages capable of generating ROS and
RCS. Also, they are frequently exposed to RES as secondary
oxidation products from ROS and RCS as well as from external
sources, such as antibiotics.” To limit the extent of damage,
Firmicutes, such as Sa, rely on mechanisms involving BSH as
important strategies to combat these toxic and reactive species
during infection."””"* Another important role of BSH is
protein thiol protection through S-bacillithiolation, analogous
to S-glutathionylation in eukaryotes.”'*™"” Debacillithiolation
of proteins is catalyzed by bacilliredoxins (Brxs).

Analogous to glutaredoxins (Grxs), Brxs attack the active site
Cys on the BSH-mixed protein disulfide on S-bacillithiolated
substrates, transferring BSH to the Brx active site Cys. The
Brx-SSB intermediate is reduced by BSH, leading to oxidized
bacillithiol disulfide (BSSB). Alternatively, BSH can react
directly with ROS, again leading to oxidation of BSH to
BSSB*" (Scheme 1). While GSSG is recycled by GR, a recent
study showed that the flavoenzyme YpdA from Sa consumes
NADPH,* and another confirmed that Sa YpdA reduces BSSB
under aerobic conditions.”* Evidence that BSSB is recycled by
the FAD-containing NADPH-dependent disulfide oxidoreduc-
tase YpdA, which along with BrxA/B and BSH biosynthesis
enzymes BshA/B/C is present only in BSH-containing
bacteria, has provided insight into the understanding of the
Brx/BSH/YpdA pathway and the recycling of BSSB to
maintain the reduced BSH pool (Scheme 1 B). However,
many questions regarding YpdA and BSSB reduction have
remained unanswered. Are YpdA orthologs from other
Firmicutes able to reduce BSSB? How structurally similar are
YpdAs to other flavoenzymes? What is the mechanism for
BSSB reduction in YpdAs? These questions are the focus of
this investigation.

In this work, we aimed to investigate whether YpdA acts as a
common BSSB reductase by examining a putative YpdA from
another Firmicute, Bc. Sa and Bc YpdAs were expressed and
purified to measure their enzymatic activity through the
consumption of NADPH (340 nm). The enzymes showed
increased consumption rates for reactions with the BSSB
substrate present under aerobic conditions (Figure S1).
However, as YpdAs show oxygen sensitivity, consistent with
previous work on related ferredoxin/flavodoxin NAD(P)*
oxidoreductases (FNRs),””** enzymatic assays were also
performed under strict anaerobic conditions (Figure 1),
turther confirming BSSB reduction.

This confirmed that both Sa and Bc YpdAs can reduce BSSB
with a rate of consumption of NADPH on the same order of
magnitude as that of the substrate added to the reactions. With
respect to other possible functions of YpdA, previous work
demonstrated that Bc YpdA has only limited activity toward
flavodoxins (Flds), and the Fld-like protein NrdI,>**
strengthening the notion of the role of YpdAs as a BSSB
reductase, and not an FNR, in Firmicutes.

Although important functional discoveries in the under-
standing of YpdA as a flavin disulfide reductase have been
made, structural information and details offering insight into
the YpdA reaction mechanism have been missing. Here, we
present the first reported crystal structures of YpdA, the
homologous Bc YpdA (1.6 A resolution) and two Sa YpdAs
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Figure 1. Enzymatic activity of YpdAs as BSSB reductases. YpdAs
from Bc and Sa are both able to reduce BSSB, as seen from NADPH
consumption under anaerobic conditions. The Sa YpdA G10A mutant
has no enzymatic activity toward BSSB.

(2.9 and 3.1 A resolution) (Figure 2 and Table S1), providing
an important missing link in the understanding of a vital redox
pathway in Firmicutes.

The monomeric subunits of YpdA (Figure 2) are, as
expected, highly structurally similar to members of the “two-

binding domain

® BcYpdA
Sa YpdA

FAD

binding domain

Figure 2. Crystal structures of Bc and Sa YpdA. (A) Overall structure
of the Bc YpdA tetramer, seen from two different orientations, colored
by chain. (B) Monomer structure alignment of Bc and Sa YpdA,
displaying the NADPH and FAD binding domains. Cofactors are
represented as sticks and colored by atom type. The carbon atoms in
NADPH from Sa YpdA 1 chain C are colored pale yellow.
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dinucleotide binding domain” flavoprotein (tDBDF) super-
family with NADPH and FAD binding domains containing the
three-layer ffa sandwich Rossmann-like folds.”> The struc-
tural similarity was confirmed by a DALI search with root-
mean-square deviation (RMSD) values in the range of 2.4—4.6
(Table S2), as also shown in the structural and sequence
alignments in Figures S2 and S3 (see sections S3 and S4 of the
Supporting Information). The oligomeric state of YpdA is,
however, unique, as both structures comprise a conserved
tetrameric core (Figure 2 and Figure S2). The biological
tetrameric oligomerization state of YpdA was confirmed
through crystal packing (Figure S4), dynamic light scattering
(DLS), and native polyacrylamide gel electrophoresis (PAGE)
analyses (Figure S5). The overall YpdA tetramer reveals dimer
interfaces that are different from those observed in structures
of, e.g, flavoprotein monooxygenase (FPMO) [Protein Data
Bank (PDB) entry 4C50] and TrxR (PDB entries SVT3 and
1TDF) (Figure S2), presenting a unique biological assembly of
a new type of FAD-containing NADPH-dependent oxidor-
eductase. This is further substantiated by phylogenetic analyses
of selected Firmicutes, revealing that YpdAs comprise a
separate clade and are different from other structurally similar
oxidoreductases (Figure S6).

The Rossmann-like FAD binding domain of YpdA contains
the canonical glycine-rich signature sequence motif GXGXXG/
A (G,(GGPC,,G in Sa and Bc) (Figure S7).**° A previous
study showed that the Sa YpdA G10A mutant (Figure 3A), a
mutation known to disrupt cofactor binding, is unable to
consume NADPH under aerobic conditions.”’ Here, we
confirm that the Sa YpdA G10A mutation results in the loss
of the FAD cofactor, hence rendering YpdA in its inactive apo
form (Figure S8) unable to consume NADPH under aerobic
or anaerobic conditions and incapable of reducing BSSB
(Figure 1). Furthermore, it was recently suggested that YpdA
acts on BSSB through a conserved residue (Cys14). This was
based on the ceased enzymatic activity in a YpdA CI4A
mutant, implying that Cys14 acts as an active site residue in
YpdA for BSSB reduction.”” The YpdA crystal structures
presented in this work reveal, however, that Cys14 is located in
a buried environment, ~8 A from the FAD isoalloxazine ring,
making reactions with both FAD and BSSB unlikely (Figure 3B
and Figure S7). This is in contrast to other flavoprotein
disulfide reductases, where the active site solvent/substrate-
accessible cysteine is located only 3—4 A from the isoalloxazine
ring for both Cys-pair and single-Cys enzymes (Figure S14).
Generation of potential solvent channels around Cys14 with
HOLLOW?’ shows inadequate space for BSSB entry or
binding in the proximity of Cysl4, as well as between Cys14
and the FAD cofactor. The notion that Cys14 is unlikely to
directly participate in the reaction mechanism is further
strengthened by a conserved orientation of secondary structure
elements and residues closely lining and shielding the
GXGXXG/A motif in all 12 YpdA subunits observed in the
asymmetric units of the Bc and Sa YpdA structures (Figures S4
and S7). Although this Cys is conserved in YpdA homologues
in Firmicutes, it is replaced by other conserved residues within
YpdAs from other phyla suggested to use BSH or N-Me-BSH
(Figures S9 and S10). If these putative YpdAs are to function
as BSSB disulfide reductases, Cys cannot be essential for a
universal reaction mechanism in YpdAs, even if it could be
important for, e.g., cofactor binding in Firmicutes. The
structures show that Cysl4 points into a confined space
(Figure S7), possibly indicating that replacement with a less
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Figure 3. Structural features of YpdA. (A) Overview of the different
features in YpdA. (B) Cys14 is located in a buried pocket, 7.9 A (Bc)
from the FAD isoalloxazine ring. (C) Solvent channel lined by
conserved residues, generated with HOLLOW and ConSurf. (D)
Potential BSSB binding sites in the HOLLOW-generated solvent
channels in the proximity of the FAD cofactor. (E) Flexible loop
involved in the entry and binding of NADPH and possibly BSSB (Sa
YpdA). Potential gating mechanism for BSSB entry by Tyr128 in the
(F) open conformation and (G) closed conformation (Sa YpdA). (H)
Different stacking conformations of the NADPH nicotinamide and
PheS1 in Sa YpdA.
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bulky amino acid, such as in the inactive Sa YpdA CI4A
mutant,”” could destabilize important protein—cofactor inter-
actions. Future studies need to be performed to investigate
putative YpdA homologues from other phyla as potential BSSB
reductases to confirm this.

If not through Cys, then where and how does BSSB interact
with YpdA? Our crystal structures show a large solvent channel
lined by conserved residues spanning the entire monomer on
the re face of the isoalloxazine ring of FAD, providing a
sufficiently large surface space for BSSB binding (Figure 3 A,C
and Figures S11 and S12). Figure 3D presents three potential
binding orientations of BSSB fitted within the channel in the
proximity of FAD. One is positioned with the BSSB disulfide
bond close to the reactive C4a (C4x, FAD numbering) atom of
FAD (Figure 3D), and another is protruding slightly into the
NADPH binding channel. In each end, the channel has access
to the water channels within the crystal.

This clearly demonstrates that BSSB could bind close to
FAD for a potential reaction, although there is an overlap
between the NADPH and BSSB binding sites. Additionally,
there are three conserved tyrosines within 3—4 A of the
disulfides of the BSSBs, which could be involved in the
protonation of the leaving thiols (Figure S12D).

Surprisingly, despite not adding NADPH/NADP" to the
crystallization or cryo solutions, we observed in both Sa YpdA
structures electron density for bound NADPH in two of the
four subunits of the core Sa YpdA tetramer, as well as one of
two additional chains seen in the crystal packing, resulting in
dimers of NADPH-bound (chains C, D, and F) and NADPH-
free (chains A, B, and E) states (Figure 2 and Figure S13). The
RMSD values between the NADPH-bound structures, as well
as between the NADPH-free structures, are 0.9 + 0.1 A,
whereas the RMSD values between the bound and free
structures are 1.5 + 0.1 A. This could point to cooperativity
and asymmetric enzyme activity in YpdA. NADPH binding is
clearly gated by a loop movement (residues 295—301), closing
parts of the NADPH binding channel in chains C, D, and F as
compared to the NADPH-free state (Figure 3E). In addition,
in the NADPH-bound state, a Tyr residue (Tyrl28, Sa
numbering) is hydrogen-bonded to the NADPH ribose moiety
(open conformation) (Figure S13D), allowing for access of
BSSB to the suggested substrate binding channel (Figures 3 F).
In NADPH-free subunits of YpdA, Tyrl28 adopts an
alternative conformation (closed conformation), flipping
away from the NADPH cofactor with a rotamer orientation
that obstructs the solvent channel for BSSB entry and/or
binding (Figure 3G), suggesting that Tyr128 is involved in a
potential gating mechanism. Although no electron density is
observed for NADPH in the Bc YpdA structure, here, Tyr133
(Bc numbering) adopts both conformations (open and closed)
in all four chains (chains A—D), supporting a flexible and
possibly regulative role in the gating of entry of the substrate
into and binding of the substrate to the YpdA active site. In Sa
YpdA, the nicotinamide binds in a close stacking orientation
above the re face of the isoalloxazine ring. Also, PheS1 stacks
on the re face (Figure 3H). Two conformations of NADPH are
observed in chain D, resulting in different nicotinamide
stacking orientations above the isoalloxazine ring combined
with two different orientations of Phe51. This indicates that
Phe51 can flip away from its normal stacking orientation and
potentially, together with Tyrl28, function in the gating of
substrate entry and binding on the FAD re face.
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Our crystal structures have revealed that YpdA lacks an
accessible active site cysteine, making a cysteine-based thiol
mechanism as seen in, e.g, GR, TrxRs, CoA disulfide
reductase, NADH peroxidase, or mercuric reductase, unlikely
(Figure S14). We observe a probable BSSB binding site
directly above the isoalloxazine ring, possibly regulated
through an amino acid gating mechanism of the channel on
the re face of the isoalloxazine ring. On the basis of our
findings, we propose a new, simpler, and more direct reaction
mechanism for YpdA, resembling the classical flavoprotein
disulfide reductase mechanism,”®* but without the cysteine-
based dithiol step (Scheme 2).

Scheme 2. Putative YpdA Reaction Mechanism®
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“Proposed mechanism for the reduction of BSSB to 2BSH. NADPH
binds and reduces FAD; NADP* leaves and BSSB binds, and BSSB is
reduced to 2BSH through a thiol—thiolate-pair FAD C4a-cysteine
adduct intermediate.

First, NADPH (substrate 1) binds to YpdA (E” g = —242
mV, Bc YpdA®*) with the loop 295—301 closing in, Tyr128/
133 flips from the closed to open conformation, and PheS51
possibly opens up the re face. Next, in the reductive half-
reaction (AE” = 82 mV, Bc), the FAD group is reduced by
NADPH through hydride transfer. NADP* leaves, and BSSB
(E”ssspypst = —221 mV™°) (substrate 2) binds close to the
reduced isoalloxazine ring likely with the disulfide close to the
reactive C4a atom. Finally, in the oxidative half-reaction (AE”’
=21 mV, Bc), BSSB is reduced to a thiol—thiolate pair where
the thiolate near C4a forms a C4a-cysteine adduct with the
flavin, ultimately leading to the reduced BSH products. This
putative mechanism is consistent with our structural
investigations and activity studies; however, further studies
providing insight into the details of the mode of action in
YpdAs are interesting topics for future investigations.

This study provides the first crystal structures of YpdAs from
two homologous species, demonstrating that YpdAs comprise
a new class of oxidoreductases and providing structural insight
into a new reaction mechanism. Our findings present an
important missing link in the field of redox biology and the
regeneration of BSSB, a critical process in many clinically
important human pathogens. Based on their robust bacillithiol
disulfide reductase activity, we here rename these YpdA
proteins as Bdr. Structural insight into Bdr (YpdA) may
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provide a new potential target for antimicrobial drug design
and the fight against pathogenic bacteria.
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deposited in the PDB as entries 7A7B (Sa YpdA 1), 7APR (Sa
YpdA 2), and 7A76 (Bc YpdA).
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B ABBREVIATIONS

LMW, low-molecular weight; ROS, reactive oxygen species;
RES, reactive electrophilic species; RCS, reactive chlorine
species; GSH, glutathione; GSSG, glutathione disulfide; MSH,
mycothiol; BSH, bacillithiol; BSSB, bacillithiol disulfide; N-
Me-BSH, N-methyl-bacillithiol; Bc, Bacillus cereus; Bs, Bacillus
subtilis; Ba, Bacillus anthracis; Sa, Staphylococcus aureus; GR,
glutathione reductase; TrxR, thioredoxin reductase; FPMO,
flavoprotein monooxygenase; FNR, ferredoxin/flavodoxin
NAD(P)* oxidoreductase; Fld, flavodoxin; Grx, glutaredoxin;
Brx, bacilliredoxin; BshA/B/C, BSH biosynthesis enzymes A/
B/C; YpdA, bacillithiol disulfide reductase Bdr; tDBDF, two-
dinucleotide binding domain flavoprotein superfamily; FAD,
flavin adenine dinucleotide; NADPH, nicotinamide adenine
dinucleotide phosphate, reduced form; NADP?, nicotinamide
adenine dinucleotide phosphate, oxidized form; PAGE,
polyacrylamide gel electrophoresis; DLS, dynamic light
scattering; E°, standard reduction potential at pH 7.
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