o
S
=]
]
o
~
a
<
=
S
@
o
=
>
>
)
]
5]
k=]
T
&
=
H
3
o

Check for
updates

Unprecedented pathway of reducing equivalents in a
diflavin-linked disulfide oxidoreductase

Rubén M. Buey?, Juan B. Arellano®, Luis L6pez-Maury*, Sergio Galindo-Trigo®, Adrian Velazquez-Campoy
José L. Revuelta?, José M. de Peredal, Francisco J. FlorencioS, Peter Schiirmann®, Bob B. Buchanan"',
and Monica Balsera®"

d,e.f,g.h,i
'

2Metabolic Engineering Group, Departamento de Microbiologia y Genética, Universidad de Salamanca, 37007 Salamanca, Spain; ®Instituto de Recursos
Naturales y Agrobiologia de Salamanca, Consejo Superior de Investigaciones Cientificas (CSIC), 37008 Salamanca, Spain; “Instituto de Bioquimica Vegetal y
Fotosintesis, Universidad de Sevilla-CSIC, 41092 Sevilla, Spain; “Institute of Biocomputation and Physics of Complex Systems (BIFI), Universidad de Zaragoza,
50009 Zaragoza, Spain; €Joint Units Instituto de Quimica-Fisica Rocasolano (IQFR)-CSIC-BIFI and Grupo de Bioquimica, Biofisica y Biologia Computacional
(GBsQ)-CSIC-BIFI, Universidad de Zaragoza, 50009 Zaragoza, Spain; fDepar‘tment of Biochemistry and Molecular and Cell Biology, Universidad de Zaragoza,
50009 Zaragoza, Spain; %Aragon Institute for Health Research, 50009 Zaragoza, Spain; PBiomedical Research Networking Centre for Liver and Digestive
Diseases, 28029 Madrid, Spain; 'Fundacion Aragonesa para la Investigacion y Desarrollo, 50018 Zaragoza, Spain; ‘Instituto de Biologia Molecular y Celular del

Cancer, CSIC-Universidad de Salamanca, 37007 Salamanca, Spain; “Laboratoire de Biologie Moléculaire et Cellulaire, Université de Neuchatel, 2000
Neuchatel, Switzerland; and 'Department of Plant and Microbial Biology, University of California, 94720 Berkeley

Contributed by Bob B. Buchanan, October 6, 2017 (sent for review August 3, 2017; reviewed by Juan A. Hermoso and Charles H. Williams)

Flavoproteins participate in a wide variety of physiologically relevant
processes that typically involve redox reactions. Within this protein
superfamily, there exists a group that is able to transfer reducing
equivalents from FAD to a redox-active disulfide bridge, which
further reduces disulfide bridges in target proteins to regulate their
structure and function. We have identified a previously undescribed
type of flavin enzyme that is exclusive to oxygenic photosynthetic
prokaryotes and that is based on the primary sequence that had
been assigned as an NADPH-dependent thioredoxin reductase (NTR).
However, our experimental data show that the protein does not
transfer reducing equivalents from flavins to disulfides as in NTRs
but functions in the opposite direction. High-resolution structures of
the protein from Gloeobacter violaceus and Synechocystis sp.
PCC6803 obtained by X-ray crystallography showed two juxtaposed
FAD molecules per monomer in redox communication with an active
disulfide bridge in a variant of the fold adopted by NTRs. We have
tentatively named the flavoprotein “DDOR” (diflavin-linked disul-
fide oxidoreductase) and propose that its activity is linked to a
thiol-based transfer of reducing equivalents in bacterial membranes.
These findings expand the structural and mechanistic repertoire of
flavoenzymes with oxidoreductase activity and pave the way to
explore new protein engineering approaches aimed at designing
redox-active proteins for diverse biotechnological applications.

flavoprotein | transfer of reducing equivalents | redox active disulfide |
Rossmann fold | sulfhydryl

he capacity for the controlled oxidation of sulthydryl groups
in proteins and metabolites to regulate cellular processes and
physiological states has been exploited by evolution in all king-
doms of living organisms (1-5). Redox elements involved in
these modifications include cofactors in metallo- and flavopro-
teins participating in the transfer of reducing equivalents. In
most types of cells, the thioredoxin (Trx) and glutaredoxin (Grx)
systems are largely responsible for the regulation of the oxidation
state of thiols in response to metabolic need (6). The Trx system
is composed of Trx, a small protein with a redox-active CxxC
motif, and a thioredoxin reductase (TR) to reduce Trx. In the
Grx system, Grxs—structurally similar to Trx but physicochem-
ically different—are primarily reduced nonenzymatically by
glutathione (GSH), itself reduced with NADPH by glutathione
reductase. Typically, Trxs participate in dithiol/disulfide ex-
change reactions that result in a change in the structural and
functional properties of target proteins, whereas Grxs are mainly
involved in glutathionylation and Fe-S cluster assembly (7-9).
Thiol-based redox regulation assumes a primary role in oxy-
genic photosynthesis due to the production of molecular oxygen
and a change in the redox environment during the diurnal cycle

www.pnas.org/cgi/doi/10.1073/pnas.1713698114

(10, 11). Oxyphotosynthetic organisms have evolved a sophisticated
network of redox signaling and modulation to regulate cell processes
in response to these changes. In cyanobacteria and plastids, the Trx
system plays a prominent role in diurnal and oxidative regulation.
For this purpose, organisms use two main types of TRs, ferredoxin
(Fdx):Trx reductase (FTR) and NADP-thioredoxin reductase
(NTR), that function coordinately in the regulation of processes in
response to changing environmental conditions (12). FTR is a mo-
nomeric metalloenzyme composed of a 4Fe-4S center and a redox-
active CxxC motif that catalyzes the transfer of reducing equivalents
from reduced Fdx to oxidized Trx (13). In this way, an electronic
signal is converted to a thiol signal. NTR is a homodimeric fla-
voenzyme containing a noncovalently bound FAD and a redox-
active CxxC motif that reduces Trx at the expense of NADPH
(14). Chloroplasts and some cyanobacteria contain a special form of
NTR, called “NTRC,” in which the enzyme is fused to a functional
Trx partner in a single polypeptide chain (15); NTRC plays a central
role in antioxidant metabolism (16). The FTR and NTR systems are
interesting examples of how structurally and functionally distinct
classes of cofactor-dependent enzymes have evolved to regulate
Trx-linked processes in cyanobacteria and plastids.

Recent work has increased the number of members of the
flavoenzyme family active in Trx reduction in oxyphotosynthetic
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ally related to the low-molecular-weight type NADP-dependent
thioredoxin reductases, although they do not share a common
function. The biochemical and structural characterization of
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mented with flavins as enzyme cofactors in the evolution of
redox reactions.
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organisms, including an enzyme called “DTR” (for “deeply-
rooted thioredoxin reductase”) that reduces Trxs in a pyridine
nucleotide-independent manner. DTR is present in some cya-
nobacteria and marine algae (17), but the physiological electron
donor has not been identified.

With the aim of further characterizing the different members of
the TR superfamily in cyanobacteria, we have studied the gene
products of Gloeobacter violaceus gll2934 and Synechocystis sp. PCC
6803 slr0600. Although these proteins are annotated as NTRs in the
databases, the enzymes exhibit unexpected properties that preclude
a function as Trx reductases, and their physiological role remains
elusive. Among other properties, we have found that each mono-
mer of the dimeric protein contains two juxtaposed flavins, one of
which is in redox communication with a disulfide in a CxxC motif.
We have thus provisionally named the protein “DDOR” (for
“diflavin-linked disulfide oxidoreductase”). It appears that DDOR
has diversified its function across members of the NTR-related
protein family by evolving specific structural motifs; in oxy-
photosynthetic organisms, two flavin cofactors fit together in a
juxtaposed position in the enzyme. To our knowledge, these prop-
erties represent a previously unrecognized mechanism for the
transfer of reducing equivalents that expands the structural and
mechanistic repertoire of flavoenzymes with oxidoreductase activity.

Results

DDOR Lacks the Archetypical Pyridine Nucleotide-Binding Site. A
sequence comparison (Fig. 1) and phylogenetic analyses (Fig.
S1) of annotated TRs in cyanobacteria clearly distinguish three
groups of NTR-related enzymes: the archetypal NTR (and the
related NTRC), the recently characterized NADP-independent
DTR (17), and a third uncharacterized group herein named
DDOR or diflavin-linked disulfide oxidoreductase (see below).

The primary sequence of DDOR proteins shares with NTRs an
FAD-binding site (GxGxxG) and a conserved CxxC motif, a hallmark
of redox-active proteins (Fig. 1, boxes 1 and 5); however, they lack the
common GxGxxA/G and HRRxxxR motifs necessary for pyridine
nucleotide binding (Fig. 1, boxes 6 and 7). In addition to altered
pyridine nucleotide-binding sites, variations in DDOR sequences
comprised a C-terminal extension with a conserved aromatic residue
(Fig. 1, box 8); other insertions detected in the multiple sequence
protein alignment include modifications located in a region that
participates in Trx binding in NTRs (18, 19) and that can be used as a
signature sequence for this protein family (Fig. 1, boxes 2-4).

The distribution of DDOR together with NTR/NTRC and DTR
in selected cyanobacterial species is shown in Table 1. There is not a
clear pattern of distribution in cyanobacteria. Some organisms with
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DDOR do not possess archetypal NTR/NTRC but do possess
DTR, as is the case of G. violaceus; others, such as Synechocystis sp.
PC6803, have DDOR but not NTR/NTRC or DTR (Table 1). This
observation opens an intriguing scenario whereby Trx reduction by
a flavoenzyme is independent of NADPH in these organisms. To
provide a complete view of the diversity of the NTR-related protein
superfamily in cyanobacteria, we characterized two members of the
DDOR protein group: the gene product of Gloeobacter gl12934 and
the sole NTR-annotated sequence in the model cyanobacterium
Synechocystis sp. PCC 6803 (slr0600).

NADPH Is Not the Direct Donor of Reducing Equivalents to DDOR
Flavoproteins. In light of the sequence divergence in the pyridine
nucleotide-binding motifs, we produced Gloeobacter and Synecho-
cystis DDOR proteins (GVDDOR and SynDDOR, respectively) for
their functional and structural characterization. The proteins
exhibited spectral features typical of flavin-containing enzymes (20),
with absorption maxima at 367-370 and 452-454 nm (Fig. 24).
However, the lack of a distinct shoulder at 470 nm indicates that
DDORs have a flavin in a more polar environment than the flavins
of NTR, as shown by crystallography (see below) (20). In contrast to
typical NTRs (21), GvDDOR and SynDDOR failed to catalyze the
reduction of 5,5-dithiobis(2-nitrobenzoic acid) (DTNB) in either
the presence or absence of Trx using NADPH as source of reducing
equivalents (Fig. 2B). Following an approach previously applied to
DTR (17), a microcalorimetric assay was employed to measure the
affinity of the DDOR enzyme for pyridine nucleotides. The iso-
thermal titration calorimetry (ITC)-binding isotherms obtained from
the titration of DDOR with 3-acetylpyridine adenine dinucleotide
phosphate (AADP), a nonreducible analog of NADPH (18), failed
to result in detectable binding (Fig. S24). We therefore concluded
that DDORs are pyridine nucleotide-independent flavoenzymes.

DDORs Do Not Reduce Trx. The reduction of the flavin component of
DDOR was tested with sodium dithionite (DTH), a well-known
nonphysiological reductant of the flavin moiety, by monitoring
changes in the visible flavin spectrum upon reductant addition un-
der anaerobic conditions. We observed that DTH was able to slowly
reduce the GVDDOR enzyme, at first resulting in a decrease of the
absorption band at 453 nm and the appearance of bands at 567 nm
and 608 nm that were displaced to 573 nm and 611 nm with time
(Fig. 2C). The comparatively rapid changes are attributable to a
neutral (blue) flavin semiquinone (SQ) species; the slower changes
are due to the further reduction of the SQ (22). Reoxidation of the
enzyme was not observed after the addition of m-type Trx from
Gloeobacter (GvIrx-m) under our conditions (Fig. 2C). This
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Fig. 1. Protein sequence alignment of EcNTR, GvDTR, SynDDOR, and GvDDOR. Boxes 1 and 5 include the conserved motif for FAD binding (GxGxxG) and the

redox-active Cys (CxxC), respectively. Motifs for NAD(P)H binding in pyridine nucleotide-dependent TRs are depicted in boxes 6 (GxGxxA/G) and 7 (HRRxxxR).
Regions specific for the DDOR family are shown in boxes 2-4 and include two conserved aromatic residues (W57 and Y147; positions are indicated with
arrows) for n—r stacking interactions with the isoalloxazine group of a flavin prosthetic group (Fig. 3B) and the insertion of seven amino acids in a region
essential for Trx binding in NTRs. C-terminal extensions in DTR and DDOR are indicated in box 8. Residue conservation colors are shown according to default
ClustalX parameters (39).
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Table 1. TR (FTR, NTR/NTRC, and DTR) and DDOR composition of
selected cyanobacteria

Species FTR NTR NTRC DTR DDOR
Acaryochloris marina MBIC11017 + - + + +
Anabaena variabilis ATCC 29413 + — + — +
Gloeobacter violaceus PCC 7421* —_ - — + +
Leptolyngbya sp. PCC 7376 + — — + +
Nostoc sp. PCC 7120 + + + — +
Synechococcus sp. JA-3-3Ab* + — + — +
Synechocystis sp. PCC 6803 + - — — +
Thermosynechococcus elongatus BP-1  +  — + —
Trichodesmium erythraeum IMS101 + - — + —
Prochlorococcus marinus S$120 — - + + —
Prochlorococcus marinus MIT9313 —_ - — + —

*Members of early-branching lineages of bacteria.

behavior contrasted with Escherichia coli NTR (EcNTR) and
GvDTR, whose flavins were reduced by DTH without the accu-
mulation of SQ intermediates in a reaction quickly reversed by Trx
addition (17, 20). These results provided evidence that the
GvDDOR flavoprotein is not a TR.

The DDOR Flavin Cofactor Is Reduced by Small Thiols. During the
process of protein purification it was observed that GYDDOR and
SynDDOR proteins showed a yellow color, typical of oxidized
flavin, that changed to a brownish color when low concentrations of
2-mercaptoethanol (2-ME) were added to the buffer; this effect was
reversed after a few hours in air (Fig. 2D). The UV-visible spectra
clearly showed a reduction of the flavin cofactor of DDOR primarily
to the blue SQ with 2-ME (Fig. 2D); interestingly, the peak at 390 nm
suggests the formation of some sulfur adduct to the flavin at the C4a
position (23). The three thiol reductants 2-ME, GSH, and DTT
formed different amounts of C4a adduct (Fig. 2E); DTT, having the
lowest redox potential, resulted in the least adduct, and 2-ME, with
the highest redox potential, resulted in the most adduct. These results
indicate that the two-electron transfer from the exogenous thiols to
FAD is mediated by a redox-active disulfide. To confirm this possi-
bility, site-directed mutagenesis was performed to convert the C-
terminal cysteine of the CxxC motif to serine in the SynDDOR en-
zyme (SynDDORCI56S). Residues of this redox motif were chosen
as the reactive sulthydryl candidates, since no other Cys residues are
conserved in the sequence in members of this protein family (Fig. 1).
The chemical state of the isoalloxazine moiety of the flavin cofactor
in the SynDDORC156S mutated protein proved to be unaffected by
thiol compounds (Fig. 2F), indicating that the CxxC active site is in
direct two-electron redox communication with the flavin.

Crystal Structures of DDORs Show Two FAD Cofactors Per Monomer.
To further characterize DDOR, we crystallized and obtained high-
resolution structures of the enzyme using X-ray crystallography. The
structures of the SynDDOR and GvDDOR proteins were de-
termined at 2.0- and 2.2-A resolution, respectively (Table S1). Due
to the high structural similarity between the two proteins (Fig. S3),
we refer to SynDDOR in the next sections, unless otherwise stated.
Similar to NTRs, the DDORs are homodimers (Fig. 34) that dis-
played essentially identical structures. Each displayed two Rossmann
fold domains per monomer (24) analogous to the FAD- and NADP-
binding domains in NTRs (Fig. S4). The redox-active CxxC motif of
the pseudoNADP-binding domain in SynDDOR forms a disulfide
bridge (Fig. 34). The relative orientation of the two domains in
DDORs bring the C-terminal Cys of the CxxC redox motif close to the
re face of the FAD isoalloxazine ring (FAD1), adjacent to the flavin
C4a atom. This conformation is equivalent to the flavin-oxidizing
(FO) conformation described in NTRs (Fig. 44 and Fig. S4B) (25).

Coordination of the FAD1 cofactor in the FAD-binding domain
of the DDORs superimposes well to the binding of oxidized FAD in
NTRs. In comparing the DDOR and NTR structures, a dis-
tinguishing feature that emerged was an insert of amino acids (the

Buey et al.

GKKDSLY motif in the Synechocystis protein sequence) (Fig. 1,
box 3) in the FAD binding-domain of DDOR. These amino acids
form an extended loop in the putative Trx-binding region of NTRs
(Fig. S44) (18). Further, a C-terminal extension in DDORs not
present in NTRs established tight contacts with the pseudoNADP-
binding domain of the opposite monomer (Figs. S44 and S54). This
interaction results in a different orientation of the pseudoNADP-
binding domain in DDOR compared with NTR that perturbs the
region of the external crevice, impeding the binding of the pyridine
cofactor (Figs. S4 and S6).

Perhaps the most striking feature in DDOR was the appearance
of a clear, interpretable electron density corresponding to a second
FAD cofactor (FAD2)—not predictable from sequence—trapped
in a monomer at the interface of the two domains (Fig. 34 and Fig.
S74). The binding of FAD2 is stabilized by the side-chains of
conserved amino acids from both domains of a monomer (Fig. 3B
and Fig. S5B); FAD?2 is not directly involved in crystal-packing
contacts in any of the four crystal structures obtained in this study,
indicating that it is not a crystallographic artifact. The presence of
FAD?2 in DDOR is not an artifact of protein manipulation, since
the protein was subjected to gel filtration and dialysis before crys-
tallization. Moreover, the results were reproduced with a protein
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Fig. 2. Analysis of DDOR activity. (A) UV-visible absorption spectra of
GvDDOR and SynDDOR proteins in buffer (20 mM potassium phosphate,
100 mM KCI, pH 7.6). (B) Activity of ECNTR, GvDDOR, and SynDDOR (250 nM)
reducing 5 mM DTNB with 150 nM NADPH as a source of reducing equiva-
lents measured as absorbance changes at 412 nm. Experiments were also
performed in the presence of GvTrx-m. (C) Reduction of GvDDOR with DTH
in buffer [100 mM potassium phosphate (pH 6.8), 100 mM KCl, and 2 mM
EDTA] under anaerobic conditions. The time after addition of DTH is in-
dicated in parentheses. The spectrum obtained after the addition of ho-
mologous Trx-m to the reduced system is displayed as a dashed black line.
(D) Spectral changes of GvDDOR during incubation with 10 mM 2-ME at
5 min and 24 h. (E) Spectral changes after incubation of GvDDOR with
10 mM dithiol (DTT) and monothiol (GSH and 2-ME) substrates. (F) In-
cubation of the mutant protein SynDDORC156S with 2-ME.
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Fig. 3. Crystal structure of DDOR. (A) Ribbon drawing of SynDDOR homodimers. Each monomer is represented in yellow or green, respectively. Flavins and
the redox-active Cys amino acids that were found to form a disulfide bridge in the crystal are depicted in stick representation. Unique features of DDOR
structure include a C-terminal extension in monomers that contribute to the dimer interface and a GKKDSLY motif (which corresponds to the SynDDOR
protein sequence as shown in Fig. 1, box 1) located between two p-strands in the FAD-binding domain that formed an extension loop. (B) Stabilization of FAD2 by
protein residues, shown in stick representation, in monomer 2. Two aromatic residues (W57 and Y 147) that stack over FAD2 and form n-stackings are represented. Salt
bridges are shown as dashed lines. The disulfide and the two FAD cofactors are in stick models. Protein monomers are represented as ribbons and molecular surfaces.
(C) Structural evidence of GSH bound to DDOR determined from crystals of GvDDOR soaked in GSH followed by cryo-trapping. Flavin cofactors are shown in stick form
in light gray. Protein monomers are represented as surfaces, and redox-active Cys is shown as yellow spacefill.

sample not reconstituted with exogenous FAD (SynDDOR in
Table S1). Of particular note, the aromatic isoalloxazine of
FAD?2 was sandwiched between the indole ring of a tryptophan
and the phenolic ring of a tyrosine that lock it into place (Fig.
3B). The two key aromatic residues for FAD2 binding occur in
all sequences of the DDOR protein family (Fig. 1, boxes 2 and
4) but not in NTRs or related sequences, suggesting a func-
tional role for the binding site. The distances between the
isoalloxazine ring and the aromatic rings are ~3.2 and 3.4 A,
respectively, resulting in n—=n stacking interactions that likely
contribute to the stability of FAD2 binding. In our structure,
the C7 and C8 methyl groups of the flavin isoalloxazine rings of
FAD1 and FAD2 are juxtaposed (less than 4 A apart) and
make an angle of about 150°, forming an almost continuous
structure that suggests a direct interflavin redox transfer that is
independent of amino acids in the protein (Fig. 3B). To our
knowledge, such an arrangement of two flavin cofactors within
the same polypeptide chain has not been previously observed in
this protein fold and is unique to DDOR.

On a final note, the presence of the C-terminal extension to-
gether with the simultaneous binding of FAD2 by amino acids of
the two Rossmann fold domains within a monomer indicates that
the conformational flexibility of the enzyme is severely restricted.
This rigidity precludes the rotation of the pseudoNADP-binding
domain with respect to the FAD-binding domain, which would
be instrumental in exposing the reduced CxxC redox-active site
for the interaction observed with oxidized Trx in NTRs (Fig. 44).

DDORs Displayed Structural but Not Functional Similarities with Thiol
Oxidase Flavoproteins. A search for structural homologs using the
DALI server (26) retrieved proteins with the Protein Data Bank
(PDB) ID codes 4fkl, 4ntd, and 4jnA as the most similar to
SynDDOR (Z-scores of 33.7, 32.6, and 32.5 and rmsds of 2.8, 3.6,
and 2.6 A, respectively); comparisons restricted to the pseudo-
NADP-binding domain resulted in even better structural align-
ments (DALI Z-scores of 20.5, 17.0, and 16.4 and rmsds of 1.2,
1.9, and 1.6 A, respectively). The PDB code 4fk1 corresponds to
the TR2 protein of Bacillus anthracis with unknown function (27);
a structural comparison using DALI server (26) showed that
4fk1 is a homolog to 4ntd. Proteins with 4ntd and 4jnA PDB ID
codes relate to HImI and DepH proteins, respectively, two NAD
(P)H-independent flavin dithiol oxidases with an NTR-fold that
catalyze the formation of disulfide bridges in small molecules via a
redox-active CxxC motif and a FAD cofactor. Both use oxygen as
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final electron acceptor (Fig. 4B) (28-30). Hints of the molecular
basis of the substrate binding were obtained for DepH cocrystal-
lized with a substrate analog (28); in another study, the HImlI
structure contained a GSH molecule in the substrate pocket (30).

A
NTR
NADPH®
6‘2; S-S
> % = ! &
FAD TrXox FADH, &

TrX,eq

Monomer 1 Monomer 2
Flavin-oxidizing conformation (F0)

Monomer 1  Monomer 2
Flavin-reducing conformation (FR)

Dithiol Donor DDOR Donor
oxidases (R-SH) (R-SH)
S-S S-S
l & Acceptor
< (oxidized
FAD— O, FAD1— .  gypstrate)
Monomer 1 Monomer 2 Monomer 1 Monomer 2

Fig. 4. Schematic representation of the structures and functions of (A) NTR,
(B) dithiol oxidases, and (C) DDOR. The three enzymes are homodimers; each
monomer is represented in orange or green. For simplicity, the working
model for only one monomer is shown in each case. (A) In NTRs, the catalytic
mechanism involves a major conformational change within one domain in a
monomer in which reducing equivalents are transferred first from NADPH to
FAD (FR conformation) and then from reduced FAD to the redox-active
cysteine residues in NTR (FO conformation). Subsequently, reducing equiv-
alents are transferred to Trx. (B) Dithiol oxidases with an NTR-fold catalyze
the formation of disulfide bridges in small molecules via a redox-active CxxC
motif and a FAD cofactor that uses oxygen as final electron acceptor. (C) DDOR
uses a previously unreported strategy of juxtaposed redox centers: two FADs and
one redox-active disulfide within a monomer. The reaction mechanism would
involve an initial attack by a sulfhydryl group of the substrate on the redox-
active disulfide in DDOR. The reducing equivalents would be transferred to the
vicinal FAD1 that would reduce FAD2, which in turn would transfer the reducing
equivalents to an external acceptor substrate.
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Analysis of the SynDDOR structure revealed a cavity in the vicinity
of the CxxC motif similar to the substrate-binding pocket observed
in DepH bound to a substrate analog (dm-FK228). Therefore, we
undertook an approach in which SynDDOR and GvDDOR crystals
were incubated with reducing thiols GSH, DTT, and 2-ME. Soak-
ing the yellow DDOR crystals resulted in a rapid bleaching of the
color, suggestive of FAD reduction. GSH-reduced GvDDOR
protein crystals were stable and suitable for X-ray diffraction data
collection, and the structure was refined against data to 2-A reso-
lution (GvYDDOR:GSH complex in Table S1). The structure of
GvDDOR:GSH complex was essentially the same as the GVDDOR
structure (rmsd of 0.47 A), except for the appearance of a poorly
defined density blob near the C-terminal residue of the CxxC motif
that was interpreted as a GSH molecule (Fig. 3C and Fig. S7B).

Together, our structural studies point to a strong similarity be-
tween DDOR and dithiol oxidases. However, in contrast to DepH,
Himl, and other dithiol oxidases (30), DDORs are diflavin proteins.
As discussed above, stable blue neutral SQ intermediates and C4a
adducts in DDOR were formed after treatment of the purified
protein with different thiol compounds in a reaction mediated by the
CxxC motif. Because flavin reduction was reversed after a few hours
of exposure to air (Fig. 2D), we conducted an assay to determine if
oxygen could serve as an electron acceptor for DDOR (31). The
addition of either DTT or GSH to DDOR did not cause a detect-
able increase of oxygen consumption relative to control samples (Fig.
S2B), suggesting that DDOR reacts poorly with oxygen.

DDOR Is a Peripheral Membrane Protein. As a first step toward de-
termining the function of DDOR, we explored its intracellular lo-
calization in two Synechocystis strains that expressed the protein
fused to a triple-HA epitope tag. Extracts prepared from cells
expressing the tagged construct were fractionated to separate sol-
uble and membrane proteins. Using immunoblotting to monitor, we
found that SynDDOR was localized in the membrane fraction.
However, the protein could be solubilized by mild detergent treat-
ment at high ionic strength, consistent with an extrinsic membrane
association (fraction II in Fig. S2C). We concluded that Syn DDOR
is a peripheral membrane protein, suggesting an activity that relates
to a membrane-associated process.

Discussion

Recently, a number of NTR-related flavoproteins have been
found to reduce Trx in a pyridine nucleotide-independent
manner in both bacteria and archaea (17, 32, 33). The findings
support the view that cells have developed multiple ways to
modulate Trx-linked processes during evolution. Further, a
group of thiol/disulfide-linked flavoproteins catalyzing a diverse
set of chemical reactions has been identified that shows the same
fold as NTRs but is independent of Trx (28-30, 34). The group
includes enzymes that use molecular oxygen for the oxidation of
dithiols to disulfides in natural products with antibiotic, antitu-
mor, and virulence factor activities (30, 34). Dithiol oxidases
have a modified substrate-binding pocket for pyridine nucleo-
tides and do not require a conformational shift for the transfer of
reducing equivalents to the substrate during the catalytic cycle, in
contrast to NTRs (18). Thus, although the catalytic roles of the
redox cofactors (CxxC motif and FAD) are well conserved in
NTRs and dithiol oxidases, the enzymes have evolved modified
essential structural elements and divergent functions. The pre-
sent work expands the group of NTR-related flavoproteins with
thiol-dependent activity to include DDOR, a previously un-
recognized diflavin disulfide oxidoreductase family.

By sequence comparisons we have identified DDOR in a
large, ecologically and physiologically diverse group of oxygenic
phototrophic bacteria, including free marine and freshwater
cyanobacteria. The DDOR-encoding gene is present in the ge-
nome of the primordial cyanobacteria Gloeobacter, which lack
thylakoids, suggesting that the gene was present in the ancestor
of cyanobacteria. The retention of the gene by a diverse group of
cyanobacteria highlights its functional significance in these or-
ganisms. Surprisingly, DDOR function has been related to Grxs in
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Synechocystis, although contradictory results were reported and
further studies are necessary (35, 36). Here, slr0600 gene-disrup-
tion experiments have shown that the absence of the enzyme
resulted in cells with unusual sensitivity to oxidative stress and high
light (37). It seems likely, therefore, that DDOR plays a role in
controlling cellular redox status. A full understanding of DDOR
function awaits the identification of its redox partner(s).

Unexpectedly, three redox groups were found per DDOR
monomer, including a CxxC active site in redox communication
with two FAD molecules (FAD1 and FAD2). Remarkably, the
isoalloxazine ring of FAD2 was found at a distance and relative
orientation favorable to interflavin redox transfer with FAD1 in
the same monomer. This finding is consistent with the results
showing communication between exogenous thiols and oxidized
flavins via the disulfide bridge and equilibrium of redox states
between the two flavin cofactors in the DDOR enzyme. More-
over, FAD2 was found in a geometry that could provide the
direct transfer of reducing equivalents from the aromatic system
to the acceptor. Although flavin reduction was slowly reversed in
air in vitro, molecular oxygen was a poor acceptor of electrons.

Collectively, these data allowed us to formulate a working
model for DDOR activity (Fig. 4C). The reaction mechanism
would involve the initial attack by a sulthydryl group of the
substrate to the redox-active disulfide adjacent to the re-face of
FADI1 to form a mixed disulfide and a thiolate; the newly formed
thiolate forms an adduct with the vicinal FAD1. The reduction of
FAD1 is complete when a second sulfhydryl group attacks the
mixed disulfide bond and the enzymatic redox-active cysteines
are oxidized, reforming the disulfide bond at the active site of
DDOR. Subsequently, FAD1 would reduce FAD2, which, in
turn, would transfer reducing equivalents to an external acceptor
substrate. Our model assumes that, during the catalytic cycle,
FAD2 would be in permanent or transient contact with the ac-
ceptor redox partner in a reaction that would not involve major
domain reorganization in DDOR. The ample diversity of po-
tential physiological donors and acceptors makes it difficult to
assign a particular candidate based on present evidence. Physi-
ologically, the donor of reducing equivalents could be a small
thiol substrate that is properly accommodated in the cavity near
the CxxC motif at the donor-binding site. Possible donors could
include a redox protein (or peptide) or a small molecule (such as
GSH, reduced Cys, or a metabolite). Our results are consistent
with GSH or a surrogate serving as the physiological donor.
However, further experiments are required to corroborate this
possibility. On the other hand, the crystal structures show a
solvent-exposed acceptor-binding site where a variety of one or
two electron-carrying molecules (such as quinones) or cofactors
in proteins (for example, heme, Fe-S clusters, or flavins) could
serve as efficient acceptors of the reducing equivalents.

Fractionation experiments have indicated that the DDOR enzyme
is associated with the bacterial membrane where processes such as
photosynthesis, respiration, and Fe-S cluster assembly take place. It
thus seems possible that DDOR activity is linked to membrane-
bound cofactors or redox proteins that are part of a multicomponent
system. Whether flavins in DDOR would mediate transfer of redox
equivalents to or from the membrane and connect the oxidation of
sulfhydryls to the reduction of a membranous substrate such as a
quinone or a metallocenter remains to be investigated.

In summary, we have solved high-resolution structures of a type
of flavin oxidoreductase, DDOR, that uses an unprecedented
strategy of juxtaposed redox centers—two FADs and one redox-
active disulfide in a single polypeptide chain. Our understanding
of the mechanism by which DDOR functions is incomplete, and
identification of the physiological substrates for this family of
enzymes represents an important issue that deserves further in-
vestigation. The present work attests to the richness of the struc-
tural and functional diversity of flavin-dependent NTR-related
proteins and further illustrates the extent to which evolution has
experimented with flavins as enzyme cofactors in the evolution of
redox reactions. Finally, our results pave the way to explore new
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protein-engineering approaches in the design of redox-active
proteins for a spectrum of biotechnological applications.

Materials and Methods

gll2934 (Gloeobacter violaceus) and slr0600 (Synechocystis sp. PCC6803) ORFs
were inserted into the pET28a expression vector (Novagen). Recombinant pro-
teins were produced in the Rosetta(DE3) E. coli cell strain and were purified from
the soluble fraction using Ni** HiPrep (GE Healthcare) and gel-filtration HiPrep
16/60 Sephacryl S300 (GE Healthcare) chromatography. Enzymatic assays were
performed essentially as described in ref. 17. Protein crystals were grown at
room temperature by the vapor-diffusion method. Diffraction data were col-
lected using synchrotron radiation at the i03 (Diamond Light Source) and XALOC
(38) (ALBA Synchrotron) beamlines. Synechocystis sp. PCC 6803 cells were
transformed with a plasmid that contained the slr0600 gene fused to a HA tag.
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