o
0
Sd
S
<
=
19
S
(]
(<))
)
(<))
e

doi:10.1093/plphys/kiab072 PLANT PHYSIOLOGY 2021: 186: 285-296

Plant Physiology

- .

Unexpected diversity of ferredoxin-dependent
thioredoxin reductases in cyanobacteria

Rubén M. Buey ©® ,"" David Fernandez-Justel,” Gloria Gonz;ilez-HoIgado,2 Marta Martinez-Julvez,?
Adrian Gonzélez-L6pez,”> Adrian Veldzquez-Campoy,>*>® Milagros Medina @ ,? Bob B. Buchanan® and
Monica Balsera>**

1 Metabolic Engineering Group, Departamento de Microbiologia y Genética, Universidad de Salamanca, Salamanca 37007, Spain

2 Department of Abiotic Stress, Instituto de Recursos Naturales y Agrobiologia de Salamanca (IRNASA-CSIC), Salamanca 37008, Spain

3 Departamento de Bioquimica y Biologia Molecular y Celular, Facultad de Ciencias, Instituto de Biocomputacion y Fisica de Sistemas Complejos
(GBsC-CSIC and BIFI-IQFR Joint Units), Universidad de Zaragoza, Zaragoza 50018, Spain

Aragon Institute for Health Research (lIS-Aragon), Zaragoza 50009, Spain

Biomedical Research Networking Center in Digestive and Hepatic Diseases (CIBERehd), Madrid 28029, Spain

Fundacién ARAID, Government of Aragon, Zaragoza, Spain

Department of Plant & Microbial Biology, University of California, Berkeley, CA 94708, USA

N oS

*Author for communication: monica.balsera@irnasa.csic.es

"Senior authors.

RMB, B.B.B, and M.B. conceived and designed the research; RM.B, G.G-H, D.F-J, MM, AG-L, AV.-C, MMM, and M.B. conducted experiments;
RMB, MM, AV.-C, MM, B.B.B, and M.B. analyzed data; RM.B, B.B.B, and M.B. wrote the article.

The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the
Instructions for Authors (https://academic.oup.com/plphys/pages/general-instructions) are: Rubén M. Buey (ruben.martinez@usal.es) and Monica
Balsera (monica.balsera@irnasa.csic.es).

Abstract

Thioredoxin reductases control the redox state of thioredoxins (Trxs)—ubiquitous proteins that regulate a spectrum of
enzymes by dithiol-disulfide exchange reactions. In most organisms, Trx is reduced by NADPH via a thioredoxin reductase
flavoenzyme (NTR), but in oxygenic photosynthetic organisms, this function can also be performed by an iron-sulfur ferre-
doxin (Fdx)-dependent thioredoxin reductase (FTR) that links light to metabolic regulation. We have recently found that
some cyanobacteria, such as the thylakoid-less Gloeobacter and the ocean-dwelling green oxyphotobacterium
Prochlorococcus, lack NTR and FTR but contain a thioredoxin reductase flavoenzyme (formerly tentatively called deeply-
rooted thioredoxin reductase or DTR), whose electron donor remained undefined. Here, we demonstrate that Fdx func-
tions in this capacity and report the crystallographic structure of the transient complex between the plant-type Fdx1 and
the thioredoxin reductase flavoenzyme from Gloeobacter violaceus. Thereby, our data demonstrate that this cyanobacterial
enzyme belongs to the Fdx flavin-thioredoxin reductase (FFTR) family, originally described in the anaerobic bacterium
Clostridium pasteurianum. Accordingly, the enzyme hitherto termed DTR is renamed FFTR. Our experiments further show
that the redox-sensitive peptide CP12 is modulated in vitro by the FFTR/Trx system, demonstrating that FFTR functionally
substitutes for FTR in light-linked enzyme regulation in Gloeobacter. Altogether, we demonstrate the FFTR is spread within
the cyanobacteria phylum and propose that, by substituting for FTR, it connects the reduction of target proteins to photo-
synthesis. Besides, the results indicate that FFTR acquisition constitutes a mechanism of evolutionary adaptation in marine
phytoplankton such as Prochlorococcus that live in low-iron environments.
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Introduction

Thioredoxins (Trxs) are small redox proteins characterized
by a redox-active disulfide in the form of a conserved
WCGPC motif (Holmgren, 1985). The proteins relay redox
information to multiple partner proteins via dithiol-disulfide
exchange reactions, thereby regulating fundamental cellular
processes, including photosynthesis (Balsera et al, 2014),
general metabolism (Laurent et al, 1964; Porqué et al,
1970), removal of reactive oxygen species (ROS; Puerto-
Galan et al, 2013; Perkins et al, 2015), and cell signaling
(Shenton and Grant, 2003; Leichert et al, 2008; Balsera et al.,
2014). Thioredoxin reductases—enzymes that reduce Trxs—
can be divided into two phylogenetically unrelated groups
based on their active sites: (i) ferredoxin—thioredoxin reduc-
tase (FTR), a well-characterized Fe-S enzyme in oxygenic
photosynthetic organisms, that catalyzes the transfer of re-
ducing equivalents from photochemically reduced ferredoxin
(Fdx) to Trx (Dai et al, 2000); (ii) flavin thioredoxin reduc-
tase that comprises a diverse group of enzymes. The best-
known member of this group—NADPH-thioredoxin reduc-
tase or NTR—receives reducing equivalents from NADPH
(Arscott et al, 1997; Williams et al, 2000). Other members
include Fdx flavin-thioredoxin reductase (FFTR), originally
described in fermentative bacteria (Hammel et al, 1983),
and deazaflavin-dependent thioredoxin reductase found in
methanogenic archaea (Susanti et al,, 2016). NTRs from pro-
karyotes, FFTR, and deazaflavin thioredoxin reductase form a
homologous group of enzymes that connect metabolism,
fermentation, and methanogenesis, respectively, to the re-
duction of Trx targets according to the needs of the cell.
We have recently found an enzyme, deeply rooted thiore-
doxin reductase or DTR, that is phylogenetically related to
prokaryotic NTR but functions independently of pyridine
nucleotides. The enzyme is present in photosynthetic organ-
isms-including cyanobacteria, marine planktonic cyanobacte-
ria, marine diazotrophic cyanobacteria, algae-and other
bacteria (Buey et al, 2017b). In certain cyanobacteria, DTR is
the only enzyme with thioredoxin reductase activity (9,11).
GvDTR shows a conserved overall fold and a mode of subu-
nit assembly similar to archetypal prokaryotic NTRs, while
differing in amino acid motifs that form the NADPH-
binding cavity (Buey et al, 2017b). GvDTR is a homodimer
with each monomer composed of two conserved
Rossmann-type modules that form the FAD-binding and
redox-active disulfide domains. Of particular interest is the
pi-stacking interaction between the side chain of the con-
served tryptophan at the C-terminal tail of a monomer and
the isoalloxazine ring of the FAD of an adjacent monomer
at its re-face. This interaction seems to protect the flavin
from the solvent—a distinctive feature of the GvDTR en-
zyme not found in other flavin thioredoxin reductases
(Lennon et al, 2000; Buey et al, 2018). Nonetheless, until
now, the electron donor of DTR has remained unknown.
Here, we have identified Fdx as the electron donor for
the DTR enzyme from the cyanobacterium Gloeobacter
violaceus (GvDTR). We also report the high-resolution
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crystallographic structure of the transient complex be-
tween Fdx and GvDTR. The biochemical data suggest that
electron transfer proceeds sequentially from the [2Fe-2S]
cluster in Fdx, to the flavin cofactor and the disulfide of
the cyanobacterial thioredoxin reductase, and then to Trx.
Our results relate the DTR enzyme to FFTR both structur-
ally and functionally. The enzyme is, therefore, ascribed to
the FFTR protein family and renamed accordingly.
Interestingly, these observations indicate that FFTR repre-
sents an unidentified link between anaerobic fermentation
and photosynthesis.

Finally, we demonstrate that the FFTR/Trx system of
Gloeobacter is able to reduce CP12, a small protein func-
tional in the regulation of two enzymes of the Calvin-
Benson cycle in oxygenic photosynthetic organisms—phos-
phoribulokinase and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). The results suggest that FFTR can substitute
for FTR in light-linked redox regulation in Gloeobacter.
Further, our results indicate that organisms, such as
Prochlorococcus, living in low-Fe environments have replaced
the metalloenzyme FTR with the flavoenzyme FFTR as a
mechanism of evolutionary adaptation. A similar adaptative
response was earlier observed with Fdx and flavodoxin
(Bottin and Lagoutte, 1992; Lodeyro et al,, 2012). The results
reported here pave the way to obtaining a complete picture
of the complex evolutionarily relationships of thioredoxin
reductases in relation to the metabolic adaptations of differ-
ent organisms.

Results

Fdx is the redox partner of GyDTR

A comparison of the previously reported structure of
GvDTR (PDB code 5J60; Buey et al, 2017b) with entries
available in the protein data bank (PDB) using the DALI
server (Holm and Laakso, 2016) enabled us to identify FFTR
from Clostridium acetobutylicum (CaFFTR2, PDB code
6GNC) as the closest structural homolog. Since clostridial
FFTR catalyzes the transfer of redox equivalents from Fdx to
the disulfide bridge of Trxs (Hammel et al., 1983; Buey et al,,
2018), the structural similarities found between GvDTR and
CaFFTR2 (Supplemental Figure S1) prompted us to investi-
gate whether Fdx could act also as substrate for the cyano-
bacterial enzyme.

An analysis of the occurrence of Fdx-encoding genes in
cyanobacteria revealed that organisms having GvDTR-like
proteins commonly contain plant-type [2Fe-2S] Fdxs
(Cassier-Chauvat and Chauvat, 2014). We, therefore, recom-
binantly produced and purified to homogeneity the two
plant-type [2Fe-2S] Fdxs from Gloeobacter (GvFdx1 and
GvFdx2). The UV-visible spectra obtained for both proteins
(Figure 1A) showed the expected absorbance maxima at
about 330, 420, and 460 nm (29). The interaction of the
Fdxs with GvDTR was evaluated by isothermal titration calo-
rimetry (ITC) experiments. We found that GvDTR and
GvFdx1 interact with a dissociation constant (Kg) of ~3.9
UM, with binding stoichiometry close to 1 (Figure 1B). By
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Figure 1 Binding affinity measurements for the interaction between Gloeobacter Fdxs and GvDTR by ITC. A, Absorption spectra of purified
GvFdx1 (continuous line) and GvFdx2 (dashed line) in buffer 20-mM Tris-HCl, pH 7.6, 150-mM NaCl at 25°C. In the 300-600 nm region, the UV-
visible spectra of the proteins are dominated by bands centered at about 330, 420, and 463 nm. B-D, Calorimetric assays for the binding of
GvFdx1 to GvDTR (B), GvFdx2 to GvDTR (C), and GvFdx1 to GvDTR_Atail (D). The upper plots show the thermograms corresponding to raw
data of heat power associated with the sequential addition of the Fdxs solutions to the GvDTR or GvDTR_Atail protein solutions. The lower parts
are the binding isotherms (Fdx-normalized integrated heats per injection as a function of the molar ratio [(FdX)toa/(GVDTR)oa]- Nonlinear
least-squares regression employing a model with a single ligand-binding site per GvDTR monomer provided a dissociation constant, K4, of 3.9 M
for the interaction of Fdx1 with GvDTR. No interaction was observed in the case of Fdx2 titrated into GvDTR or for Fdx1 titrated into

GvDTR_Atail.

contrast, the binding of GvFdx2 was negligible according to
the ITC data (Figure 1C).

In a parallel experiment, we investigated GvDTR and
GvFdx1 or GvFdx2 as functional redox partners by analyzing
the reduction of photosynthetic m-type thioredoxin (Trx-
m) in a mixture containing NADPH, the redox pair
Anabaena ferredoxin-NADP* reductase (AnFNR)/GvFdx1
or AnFNR/GvFdx2, GvDTR, and Gloeobacter Trx-m (GvTrx-
m; Figure 2A). The redox state of GvTrx-m was examined
with the thiol-specific reagent 4-acetamido-4’-maleimidyldis-
tilbene-2,2’-disulfonic acid (AMS), separating the reduced

and oxidized proteins with nonreducing sodium dodecyl
sulfate-polyacrylamide  gel electrophoresis  (SDS-PAGE;
Balsera et al, 2009). As shown in Figure 2B and
Supplemental Figure S2, only GvFdx1 with the complete
reactants significantly increased the reduced/oxidized ratio
of GvTrx-m, prompting the conclusion that Fdx, and partic-
ularly GvFdx1, is a functional electron-delivering partner for
GvDTR.

Then, the activity of the Trx system of Gloeobacter was
assessed by analyzing its capacity to reduce CP12, a well-
known Trx-linked regulatory protein in oxyphotosynthetic
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Figure 2 Fdx-dependent reduction of GvTrx-m and GvCP12 via GVvDTR. A, Schematic illustration of the in vitro reaction performed in this study
for the reduction of Trx (B), and further GvCP12 (C), by GvDTR with electrons derived from [2Fe-2S] GvFdx, itself reduced by Anabaena’s FNR in
the presence of NADPH. B, The reaction mixtures contained equal amounts of Trx, NADPH, and some or all of the components included in the
scheme depicted in (A), as indicated. After reaction, free sulfhydryl groups were labeled with AMS, which increases the mass of the protein by
about 0.5 KDa per free thiol, allowing the two different redox states of GvTrx-m (reduced or oxidized, Trx,eq Or Trx,, respectively) to be separated
by SDS-PAGE under nonreducing conditions. GvTrx-m in the oxidized state (buffer) and in the reduced state (after DTT incubation) are included
for comparison. C, In a similar kind of reaction as above, the reduced/oxidized ratio of GvCP12 was determined by non-reducing SDS-PAGE after
AMS treatment in the presence of components according to the complete scheme indicated in (A). The images of the complete gels can be found

in Supplemental Figures S2-S3.

organisms, in vitro (Gontero and Maberly, 2012). The
results showed that Gloeobacter CP12 (GvCP12) contains
redox-sensitive Cys thiols that respond to Trx (Figure 2G
Supplemental Figure S3) and reinforce the idea that
GvDTR receives electrons from GvFdx. These experiments
further demonstrated that CP12 is a Trx target in
Gloeobacter.

A unique feature of GvDTR is the presence of a C-ter-
minal tail with a conserved aromatic amino acid that
stacks onto the isoalloxazine ring of the FAD of the adja-
cent monomer. According to our SAXS analysis, deletion
of the C-terminal tail does not significantly affect struc-
ture and both GvDTR and GvDTR_Atail proteins are
properly folded (Supplemental Figure S4). In agreement
with these results, the mutant enzyme is able to reduce

Trx when a non-physiological electron donor (dithionite)
is used, as previously reported (Buey et al, 2017b). To
further understand the contribution of the C-terminal tail
to FFTR activity, we determined by ITC the affinity of
GvDTR  and the  C-terminal  deletion  mutant
(GvDTR_Atail) enzymes for GvFdx1. The results showed
that GvFdx1 binding to GvDTR was strictly dependent
on the presence of the enzyme’s C-terminal tail
(Figure 1D). We then examined the functional impact of
the C-terminal deletion in GvDTR by assessing its effect
on the reduction of Trx in the presence of NADPH and
the redox pair AnFNR/GvFdx1. As expected from the
ITC experiments, the deletion of the C-terminal tail in
GvDTR  abolished enzyme  activity  (Figure  2B;
Supplemental Figure S2).
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The C-terminal extension stabilizes the semiquinone
state of the flavin

To obtain information on the properties of the cofactor
of the flavoenzyme, we performed photoreduction experi-
ments. Absorption spectra of oxidized FAD showed two
peaks in the UV-visible region with maxima at 391 and
458 nm for GvDTR, and 380 and 450 nm for
GvDTR_Atail (Figure 3). Stepwise photoreduction of the
flavin coincided with differences in the visible spectrum
between GvDTR and GvDTR_Atail. In the case of GvDTR
(Figure 3A), the transient appearance of a long-wavelength
absorbance band in the 550-700 nm region (with a maxi-
mum at 575 nm and a shoulder at 631 nm) suggests that
the flavin is not being fully reduced to the two-electron
state and that a large amount (nearly 80%) of the one-
electron-reduced neutral semiquinone is stabilized. By con-
trast, GvDTR_Atail marginally stabilized the semiquinone
state (<10%) and full reduction of the cofactor was ap-
parent with the loss in flavin absorption band |
(Figure 3B). Upon admission of air in the dark, reoxidation
occurred with trends similar to those observed for photo-
reduction, demonstrating reversibility (Figure 3A and B,
red bold lines). These results indicate that the C-terminal
tail of GvDTR stabilizes the flavin into the one-electron-
reduced neutral semiquinone intermediate before being
fully reduced, and highlights its essential role in flavin
chemistry.

A
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High-resolution crystal structure of GyDTR bound
to GvFdx1

Finally, we sought to obtain structural information on the in-
teraction of GvDTR with GvFdx1. To this end, we attempted
first to isolate the GvDTR-GvFdx1 complex. This was not
possible using gel filtration (Supplemental Figure S5), reflect-
ing the transient nature of the interaction. We, therefore,
employed a co-crystallization strategy with a molar excess of
GvFdx1 to GvDTR (1.5:1) that produced single crystals ame-
nable for X-ray diffraction experiments. The crystals belonged
to the space group C2221, with two monomers in the asym-
metric unit, allowing structure solution and refinement up to
2.25 A resolution (Supplemental Table $1).

The structure showed that each GvDTR monomer binds
one GvFdx1 (Figure 4A; PDB code 6XTF). Each monomer in
the complex adopted an extended conformation with the
two redox centers (the isoalloxazine ring of the flavin cofac-
tor and the Cys amino acids of the CxxC motif) separated
by more than 20 A. The two structural domains formed a
groove where GvFdx1 was bound (Figure 4B). Compared to
the enzyme alone, the conformation of GvDTR is not sub-
stantially altered upon GvFdx1 binding (root-mean-square
deviation or RMSD¢, is 0.56 A), though the domains rotate
slightly as rigid bodies (Supplemental Figure S6). The struc-
ture of GvFdx1 superimposed well on Fdx1 from
Synechocystis (PDB code 10FF;, RMSD¢, is 0.47 A), as
expected from the close similarity between the two proteins
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Figure 3 Flavin spectral evolution for the photoreduction of GvDTR and GvDTR_Atail. A, Absorption spectrum of oxidized flavin in GvDTR shows
maxima of bands Il and | at 391 and 458 nm, respectively. Flavin reduction occurs with neutral semiquinone stabilization as shown by the appear-
ance of isosbestic points at 361 and 502 nm (for oxidized/semiquinone transition), and 324 nm (for semiquinone/hydroquinone transition). B,
Reduction of oxidized flavin in GvDTR_Atail (with maxima at 380 and 450 nm) occurs without semiquinone stabilization as shown by the isosbes-
tic points at 340 and 509 nm for the oxidized/hydroquinone transition. The red bold lines show the spectra after one cycle of full protein photore-

duction followed by molecular oxygen reoxidation, which is identical

to the initial spectra. The insets show the absorption at the neutral

semiquinone band maximum (575 nm) relative to absorption at the flavin band | maximum (450 nm) along with photoreduction. Experiments
were performed under anaerobic conditions in the presence of 5-deazariboflavin and EDTA.
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Figure 4 Crystal structure of the GvDTR-GvFdx1 complex. A, Ribbon diagram of the GvDTR homodimer with the subunits in green and grey,
each bound to an Fdx colored in magenta and blue, respectively. GvFdx1 has a plant-type Fdx fold and contains a [2Fe-2S] cluster. B, Electron den-
sity maps around FAD and Fe-S. The [2Fe-2S] cluster, coordinated by four Cys, is placed at the surface of the protein and close to the interface be-
tween GvDTR and GvFdx1 (A). The FAD cofactor, the [2Fe-25] cluster and the side chain of amino acids Trp*'*, and Cys of the CxxC motif and

participating in cluster coordination are shown as sticks.

(73% sequence identity). The binding of GvFdx1 to GvDTR
is mostly driven by electrostatic interactions, as shown by
the electrostatic potential surface (Supplemental Figure
S7A), with the isoalloxazine ring of the flavin of a monomer
conserving the stacking interaction with the tryptophan of
the opposite monomer (W>'%; Figure 4A). In GVDTR, most
of the Fdx-interacting residues are located in loops of the
redox-active disulfide domain of one monomer or are pro-
vided by the C-terminal tail of the second monomer
(Supplemental Figure S7B). The electron density is suffi-
ciently clear to show the position of the [2Fe-2S] cluster

with respect to FAD (Figure 4B). The structure shows that
the C-7 and C-8 methyl groups of the isoalloxazine ring of
FAD are oriented to the Fe-S cluster to accept electrons.
The closest distance between the [2Fe-2S] cluster and the
isoalloxazine ring of the flavin is about 6 A, a distance that
could facilitate rapid electron transfer from reduced Fdx to
the flavin of GvDTR.

Discussion

Oxygenic photosynthetic organisms utilize the Fdx—Trx sys-
tem as an efficient strategy to connect metabolism to light,
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and to respond to changes in the environment. The basal
system, regarded to be composed of the metalloenzyme
Fdx, FTR, and Trx-m, was earlier developed in cyanobacteria
and later acquired by eukaryotic phototrophs that greatly
expanded during evolution. Remarkably, though FTR was
long considered a hallmark of light regulation in oxygenic
photosynthesis, this enzyme is not present in all cyanobacte-
ria (Florencio et al, 2006; Balsera et al., 2013).

A few years ago, we reported a novel thioredoxin reduc-
tase flavoenzyme, denoted as DTR, present in a reduced
group of cyanobacteria, including Gloeobacter and
Prochlorococcus, a few algae and other bacteria. The enzyme
was not functional with pyridine nucleotides but was shown
to reduce Trx-m (Buey et al, 2017b). Nonetheless, essential
questions related to its reaction mechanism, including who
its electron donor is, remained open. Using the enzyme
from Gloeobacter violaceus as a model, we have filled this
gap and demonstrated that Fdx provides electrons to the
enzyme for reducing Trx according to the following se-
quence: reduced Fdx ([2Fe-2S] cluster) — DTR (FAD to S-S)
— Trx (S-S). Therefore, we assign DTR to the FFTR protein
family (Hammel et al,, 1983; Buey et al,, 2018), which should
be renamed accordingly.

These results indicate that the FFTR protein family com-
prised two classes of homolog enzymes with characteristic
structural and functional properties: (i) clostridial FFTR in
fermentative bacteria (Hammel et al, 1983; Buey et al,
2018), and (ii) cyanobacterial FFTR in cyanobacteria, a few
marine algae and in certain members of bacteria that in-
clude representatives of the Aquificace, Chloroflexi, Bacillus,
Firmicutes, Chlorobi, and Nitrospirae groups (Buey et al,
2017b). The most pronounced structural difference between
these two types of enzymes in the presence of a C-terminal
tail in cyanobacterial FFTR that contains a conserved aro-
matic residue that stacks over the flavin at its re-face. The
structural distinctiveness of the FFTRs may account for the
different substrate specificities, because clostridial FFTRs are
functional with bacterial-type Fdx with two [4Fe-4S] clusters,
whereas cyanobacterial FFTRs are functional with plant-type
Fdx with one [2Fe-2S] cluster. It is, therefore, reasonable to
assume that cyanobacterial FFTRs evolved the C-terminal
tail to interact with plant-type Fdxs.

Our crystal structure analysis has provided details on the
interaction of GvFdx1 with GvDTR, henceforth called
GVFFTR. The FAD and Fe-S redox cofactors are located at a
distance and orientation optimal for the electron transfer
reactions. Since [2Fe-2S] Fdxs provide one electron at a
time, a complete reduction of FAD would require the se-
quential binding of two Fdxs. Our results show that the C-
terminal tail in cyanobacterial FFTR is an important struc-
tural element not only for interaction with Fdx, but also for
enzyme activity. The absolutely conserved tryptophan in
cyanobacteria participates in stabilizing the semiquinone
form of the flavin and in setting its midpoint reduction po-
tential during the reaction. This molecular mechanism
closely resembles that proposed for thioredoxin reductase-
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like FNR, which houses a similar C-terminal extension (Seo
et al, 2014; Buey et al, 2017b). Taken together, these results
prompt the view that the redox systems rely on a limited
number of structural modules and regulatory elements that
have been combined during evolution to form enzymes spe-
cifically adapted to the metabolic and environmental
requirements of each particular organism.

Based on our structural and biochemical data, we propose
a functional working model for cyanobacterial FFTR
(Figure 5): (i) The [2Fe-2S] cluster of Fdx1 is first reduced by
photosystem | under light; (ii) reduced Fdx1 binds FFTR,
resulting in electron transfer to the FAD cofactor forming
the semiquinone of FAD, which is stabilized by the C-termi-
nal tail; (iii) a second reduced Fdx1 binds to FFTR to reduce
the FAD to the fully reduced quinone state; (iv) complete
reduction of FAD triggers the release of the C-terminal tail,
thereby opening the flavin active site and allowing the
redox-active disulfide domain to swing into a position that
facilities the intramolecular electron transfer from the isoal-
loxazine ring of FAD to the S-S; (v) subsequently, a domain
rearrangement exposes the newly formed sulfhydryls for in-
teraction with Trx.

In this model, cyanobacterial FFTR should adopt at least
three different conformations during the catalytic cycle
(Figure 6). In steps i-iii, the enzyme would adopt a confor-
mation that corresponds to the resting state of the enzyme,
ready for interaction with Fdx (Figure 6, orange). Indeed,
there are no significant differences between the structures of
GVFFTR alone and in complex with Fdx. During step iv, the
enzyme must adopt a second conformation, in which the C-
terminal tail flips out from the FAD, allowing the disulfide
to move over the re-face of the FAD isoalloxazine ring for
reduction (Figure 6, green). We speculate this conformation
to be similar to the flavin-oxidizing (FO) conformation of ar-
chetypical NTRs (Lennon et al,, 2000). Finally, in step v, the
two domains of FFTR rearrange to adopt a third conforma-
tion (Figure 6, blue), in which the reduced Cys is exposed
for interaction with Trx, as previously reported in the struc-
ture of the clostridial FFTR-Trx complex (Buey et al., 2018).
Future experiments will be directed to decipher the path-
ways FFTR follows to adopt the redox-dependent conforma-
tional changes subsequent to the reduction of the flavin
cofactor.

According to our ITC experiments, GvFFTR interacts with
GvFdx1 but not with GvFdx2, which has a unique C-termi-
nal extension (Cassier-Chauvat and Chauvat, 2014). It is
therefore plausible that this C-terminal extension prevents
the interaction of GvFdx2 with GvFFTR. GvFdx2 has been
reported to play physiological roles unrelated to photosyn-
thesis, in tolerance to environmental stresses, whose direct
targets remain unknown (Cassier-Chauvat and Chauvat,
2014). By contrast, Fdx1 function has been associated with
photosynthetic electron transport (Cassier-Chauvat and
Chauvat, 2014), thus linking the cyanobacterial FFTR enzyme
to photosynthesis. Indeed, our in vitro experiments have
shown that CP12, a well-known Trx target in cyanobacteria



292 | PLANT PHYSIOLOGY 2021: 186; 285-296

O

¢
A FaD, ¢
- psl
(ii)
W:
v. &
FaD, ¢
(iii)
Wi
v @
FADg, ¢

Buey et al.
v)
W
\ FADox SH:HS
Trx
iv
) .
S-S
A
FAD,.q

Figure 5 Working model for GvFFTR. The enzyme is homodimeric (monomers colored in orange and grey). For the sake of clarity, the redox cofac-
tors (FAD and S-S) of a monomer and the tryptophan (W) residue at the C-terminal tail of the second monomer are shown only for one func-
tional unit. (i) Transfer of reducing equivalents from photosystem | (PSI) to Fdx; (ii) Reduced Fdx transfers one electron to the flavin cofactor of a
monomer; (iii) A second Fdx protein reduces FAD to the hydroquinone state; (iv) A conformational rearrangement allows the intramolecular
transfer of electrons from reduced FAD to the redox-active disulfide; (v) Conformational rearrangement for dithiol-disulfide exchange reaction
between GvFFTR and oxidized Trx. Upon Trx reduction, the enzyme recovers the resting state (i). Protein structural elements are not represented
in scale. The three-dimensional structures that GvFFTR adopts in the different steps are shown in Figure 6.

and plants, is reduced by the FFTR-Trx system from
Gloeoabacter.

It should be noted that cyanobacteria such as Gloeobacter
and Prochlorococuss lack FTR but instead contain FFTR as
the only enzyme with thioredoxin reductase activity (Buey
et al, 2017a, 2017b). Alternatively, other organisms, such as
the marine Trichodesmium erythraeum [IMS101  and
Leptolyngbya sp. PCC 7376, have the two Fdx-dependent thi-
oredoxin reductase genes (FTR and FFTR). The functional
substitution, redundancy, or crosstalk between the FTR and
FFTR enzymes remains worthy of further investigation in
the future.

The data indicate that cyanobacterial Fdx-dependent thio-
redoxin reductases might have diverged early in the evolu-
tion into flavo- or metalloenzymes. A plausible explanation
of the existence of the two thioredoxin reductase enzymes
in cyanobacteria is the adaptation of the thioredoxin-
dependent redox mechanism to the prevailing environment.
This hypothesis is supported by the fact that marine

phytoplankton organisms such as Prochlorococcus appear to
have sacrificed the iron-sulfur FTR gene in favor of FFTR,
likely owing to Fe deficiency in their natural habitats (Biller
et al, 2015). In a similar way, the isofunctional proteins Fdx
and flavodoxin are differentially selected in cyanobacteria for
the distribution of photosynthetically derived electrons from
photosystem | to redox partners according to environmental
conditions, such as Fe deficiency (Bottin and Lagoutte, 1992;
Hurley et al,, 2006; Medina, 2009).

Taken together, we have demonstrated that the FFTR
family of enzymes has been evolutionarily disseminated,
with representatives in clostridia, cyanobacteria, and other
bacteria. The finding that FFTR is the only thioredoxin re-
ductase present in certain cyanobacteria prompts the need
to further investigate the metabolic pathways functional in
these organisms. The results reported here pave the way to
obtaining a complete picture of the complex evolutionary
relationships of thioredoxin reductases in relation to the
metabolic adaptations of different organisms.
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Figure 6 Conformations adopted by GvDTR during its catalytic cycle. The structures are displayed in ribbons representation, with alpha-helices
shown as cylinders and beta-strands as arrows. Cysteine residues of the CxxC motif (in CPK coloring) and the FAD cofactor (light blue) are repre-
sented as sticks. The three conformations are superimposed based on the structural alignment of the FAD-binding domain (grey). The structure
shown in orange color represents the resting state of the enzyme (PDB codes: 6XTF, this work, and 5J60 (Buey et al., 2017b); states ii-iii in
Figure 5; in green, the S-S of the CxxC motif in the redox-active disulfide domain is interacting with the flavin cofactor (state iv in Figure 5). This
structure has been obtained by homology modeling using the flavin-oxidizing conformation of NTR from Escherichia coli as template (PDB code
1TRB; Kuriyan et al, 1991); the structure in blue represents the conformation of the enzyme for Trx binding (state v in Figure 5). This
conformation has been modeled using the structure of the CaFFTR2:CaTrx2 complex as template (PDB code 6GND; Buey et al.,, 2018).

Methods

Protein expression and purification

Production and purification of GvDTR and GvTrx-m were
carried out as described previously (Buey et al, 2017b).
Open-reading frames encoding GvFdx1 (petF, gvip492),
GvFdx2 (gvip440), and GvCP12 (gsr3698) were cloned into a
bacterial expression vector developed in house (de Pereda
et al, 2009), which harbors an N-terminal 8xHis tag and a
Tobacco Etch Virus (TEV) cleavage site preceding the Fdx or
CP12 sequence. For protein expression, competent
Escherichia coli Rosetta (DE3) plys cells were transformed
with the respective plasmids. The cells were grown at 37°C
in Luria Bertani medium supplemented with ampicillin and

chloramphenicol, and ferrous sulfate in the case of the Fdxs.
Protein expression was induced by adding isopropyl B-D-1-
thiogalactopyranoside (0.1 mM) at a cell density of about
0.6. After growth overnight at 20°C, the cells were harvested
by centrifugation, and the pellets were suspended in 20 mM
Tris-HCl, pH 8, 300 mM NaCl, 10% (v/v) glycerol, and lysed
by sonication. The insoluble fraction was removed by centri-
fugation. The supernatant fraction was subjected to purifica-
tion by immobilized metal ion affinity chromatography (GE
Healthcare HisTrap HP). Protein was eluted with buffer con-
taining 20 mM Tris-HCl, pH 8, 300 mM NaCl, and 500 mM
imidazole. After overnight incubation with TEV protease in
buffer containing 20 mM Tris-HCl, pH 8, 300 mM NadCl, and
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0.5 mM DTT, the protein solution was subjected to a sec-
ond immobilized metal ion affinity chromatography (GE
Healthcare HisTrap HP) to remove the protease (His-
tagged). The uncleaved protein was subjected to size exclu-
sion chromatography (GE Healthcare Sephacryl S-300 HR) in
buffer containing 20 mM Tris-HCl, pH 8, 150 mM NaCl, and
2 mM B-mercaptoethanol. Fractions containing protein
were pooled and concentrated using an Amicon centrifuga-
tion device (Millipore). AnFNR was prepared as described
previously (Medina et al, 1998). Analytical gel filtration was
performed with a Superdex 200 Increase 10/300 GL column
equilibrated in buffer containing 20 mM Tris-HCl, pH 8, and
150 mM NaCl.

ITC

Standard ITC experiments were performed using an Auto-
iTC200 system (MicroCal, Malvern-Panalytical). Enzyme
(GvDTR or GvDTR_Atail) 20 pM in 100-mM potassium
phosphate, 2 mM EDTA, pH 7.0 was titrated at 25°C with
300 pM Fdx protein (GvFdx1 or GvFdx2). The resulting
heats were integrated and normalized to the amount of pro-
tein injected. A control experiment performed by injecting
Fdx into buffer showed that the heats of dilution were negli-
gible. The binding isotherm was analyzed employing a
model considering a single ligand-binding site per GvDTR
subunit in the homodimer. Although GvDTR is a homo-
dimer, no evidence for ligand binding cooperativity was ob-
served when employing a general binding model for two
binding sites per dimer (Freire et al, 2009; Vega et al., 2015).
Thermodynamic binding parameters were estimated by
non-linear least-squares regression and standard thermody-
namic relationships.

Redox state of thioredoxin and CP12

Thioredoxin reductase activity was assessed by estimating
the ratio of reduced/oxidized state of Trx in a reaction mix-
ture that contained 500 pM NADPH, 1 pM FNR, 10 pM
Fdx, 1 uM thioredoxin reductase, and 5 pM Trx in buffer, 50
mM Tris-HCl, pH 7.6, and 100 mM NaCl. After 1 h incuba-
tion at room temperature, protein was precipitated with tri-
chloroacetic acid and resuspended in a solution containing
1% (w/v) SDS and 10 mM AMS. Samples were subjected to
12% (w/v) or 4-20% (w/v) nonreducing SDS-PAGE for Trx
and CP12, respectively, and visualized with BlueSafe.

Small-angle X-ray scattering

SAXS experiments were performed at beamline B21 of the
Diamond Light Source. SEC-SAXS data were collected for
GvDTR and GvDTR_Atail using a Superdex S200 PC 3.2/30
(GE Healthcare) column connected to the measurement
cell. The SEC-SAXS data were analyzed using the Chromixs
program (Panjkovich and Svergun, 2018) within the software
package ATSAS (Franke et al, 2017). Crysol (Svergun et al,
1995) was used to compute the theoretical SAXS profile of
the crystallographic structure and compare it to the experi-
mental one.

Buey et al.

Protein photoreduction

UV-visible absorption spectra were recorded with a UV-Vis
Cary 100 spectrophotometer (Agilent Technologies) at 25°C.
The  molar  absorption  coefficient  for  GvDTR
(E458nm=10.1£13 mM 'em™") and GvDTR_Atail (€450nm =
13.9+£1.1 mM 'em™") were spectrophotometrically deter-
mined by thermal denaturation of the protein for 10 min at
90°C, followed by centrifugation, separation of the precipi-
tated apoprotein, and spectroscopic quantification of the
FAD released in the supernatant as previously described
(Macheroux, 1999). Spectral development of the stepwise
photoreduction of GvDTR (27 pM) and GvDTR_Atail (17
M) was achieved by illumination of protein samples in the
presence of 5-diazariboflavin (4 uM) and 3 mM EDTA under
anaerobic conditions (Frago et al, 2010). Spectra were
recorded in 20 mM Tris-HCl, pH 7.6, 100 mM Nacl.

Protein crystallization and data collection

GvDTR and GvFdx1 proteins were co-crystallized at a 1.5
molar excess of GvFdx1 over GvDTR. Crystals were grown in
sitting drops at 293 K using the vapor diffusion method by
mixing the protein in buffer 10 mM Tris-HCl, pH 8.0, with
an equal volume of mother liquor consisting of 40% (v/v)
PEG-300, 100 mM sodium cacodylate-HCl, pH 6.5, and 200
mM sodium acetate. Diffraction data were collected at 100
K with monochromatic X-rays of 0.916 A wavelength using
synchrotron radiation at the Diamond Light Source beam-
line 104-1. Diffraction intensities were indexed and integrated
using the autoPROC software (Vonrhein et al, 2011) that
makes use of the STARANISO program (Tickle et al., 2018).
Experimental data were truncated according to an aniso-
tropic ellipsoidal resolution of 2.23 (a), 2.90 (b), and 2.39 (c)
A, using as threshold I/sigl > 1.2. The anisotropically trun-
cated data were phased by molecular replacement using the
Phaser program (McCoy et al, 2007) and the crystal struc-
tures of GvDTR (PDB code 5J60) and Fdx1 from
Synechocystis (PDB code 10FF) as templates. The structure
was iteratively refined by alternating visual inspection and
manual modeling using Coot (Emsley et al., 2010) with auto-
mated refinement with the Phenix crystallographic software
suite (Adams et al, 2010). Rigid body, gradient-driven posi-
tional, simulated annealing, restrained individual isotropic B-
factor, and TLS (Winn et al, 2001) were used for structure
refinement. The crystallographic and refinement statistics
are summarized in Supplemental Table S1. Molecular repre-
sentations were generated using PyMOL (Schrodinger).
Electrostatic potential surfaces were computed using the
APBS (Baker et al, 2001) plug-in for PyMOL (Schrédinger,
2015). Homology models were built with SwissModel
(Schwede et al., 2003).

Accession numbers

Sequence data from this article can be found in the UniProt
data library under the accession number Q7NMP6. X-ray
crystallographic data from this article can be found in the
PDB database under accession number 6XTF.
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