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Dear Editor,

Thioredoxins (Trxs) are key components of the reslgstem that regulates the activity of a
spectrum of target proteins through dithiol-disidfiexchange reactions. Trxs are reduced
by members of the Trx reductase (TR) family (Jat@a@l., 2009). NADP-dependent
Thioredoxin Reductases (NTRs), the most common, typeng to the family of dimeric
pyridine nucleotide disulfide oxidoreductase flawvaipins that use NADPH as the source
of reducing equivalents. In oxyphotosynthetic oigars, in particular, NTRs coexist with
the ferredoxin/thioredoxin system (FTS), composke@iwedoxin (Fdx),
ferredoxin:thioredoxin reductase (FTR) and a TikRE convert the electron signal
obtained from photoreduced Fdx to a thiol signalasidFe-4S center and a redox-active

disulfide catalytic center. FTR, in turn, reduces.T

In cyanobacteria and chloroplasts, the FTS is bJasgsociated with the regulation of
enzymes of the Calvin-Benson cycle and associatetbpses—e.g., the oxidative pentose
phosphate pathway (Balsera et al., 2014). In centoaother oxygenic photosynthetic
organisms, the ancient cyanobacteri@hoeobacter and the ocean-dwelling green
oxyphotobacteri#@rochlorococcus lack an FTR gene. This observation raises thetiques
of how these photosynthetic organisms link the {DaBenson cycle and related metabolic

processes to light and other changing environmewtaditions.

To gain information on this point, we have conddaecomparative analysis of NTR-like
Trx reductase protein sequences and identifiechaypnee common t&loeobacter and

green oxyphotobacteria that possibly functionsiia tonnection. The enzyme—
provisionally named “DTR” for Deeply-rooted bactdhioredoxin Reductase—shows
high similarity to NTR but exhibits unique strucufeatures (Figure 1). The enzyme is
present in other bacteria, including organisms iwithe deeplyrooted bacterial lineages as
well as marine algae (Table S1; Figure S1). A mldtprotein sequence alignment showed
that Gloeobacter andProchlorococcus DTRs harbor the conserved FAD-binding motif and
the two active-site Cys residues typical of autiteNTRs (Figure 1A). Major differences
were noted, however, in the amino acids responsiblpyridine nucleotide binding
(GxGxxA/G and HRRxxR) (Figure 1A). These includedbstitutions of crucial residues

for coordination to the pyrophosphate group aneabts of specific positively charged

amino acids needed for electrostatic interactioitls the 2"-phosphate group of the



adenosine. Additional variations included a C-terahextension with a conserved
aromatic residue, and a fused N-terminal redoxinanrthat is restricted to a few bacteria

(grey box, Figure S1).

The visible-UV absorption spectrum of purifi€tioeobacter DTR (GvDTR) showed
features typical of a flavoprotein, including algon maxima at 391 and 459 nm
(continuous black line, Figure 1B) (Prongay andlifihs, 1992). In contrast to NTRs, the
Gloeobacter flavoprotein failed to show activity in the ass#ythe enzyme in which the
oxidation of NAD(P)H is coupled to the reduction5%-dithiobis(2-nitrobenzoic acid)
(DTNB) (Figure 1C) (Holmgren and Bjornstedt, 199B)e apparent lack of activity could
be due to either of two reasons. One, NAD(P)H redWAD, but electrons are not further
shuttled to its homolog Trx and thus to DTNB; ndwedess, the activity dbloeobacter Trx
in the coupled assay was demonstrated &ittoli NTR (Figure 1C). Alternatively, the
flavoprotein does not function with NAD(P)H.

To explore the second possibility, we applied ieathal titration calorimetry (ITC) as the
most direct approach for assessing protein-ligandibg. For these experiments, we
included 3-acetylpyridine adenine dinucleotide githage (AADP), a non-hydrolyzable
analog of NADPH, that binds tightly to NAD(P)-deplemt enzymes. In contrast to
Escherichia coli NTR (EcNTR) that binds NADPand AADP with aKqin the micromolar
range, thésloeobacter protein failed to bind either ligand vitro (Figure 1D and Figure
S3). The lack of affinity for pyridine nucleotidessembles TR from the archeon
Thermoplasma acidophilum (TaTR; Hernandez et al., 2008), although struttura
differences were detected between the two prot@uB.TR displayed a modified
GxGxxA/G structural pattern for nucleotide bindifiggure S4, red box), and contained a

C-terminal extension missing in TaTR (Figure S4&egrbox).

To confirm that theSloeobacter flavoprotein fulfills the function of a TR, we aggmined
whether it could reduce Trx using dithionite asfiael electron donor. Trx m (also known
as TrxA) is the only canonical Trx form @loeobacter andProchlorococcus (Balsera et

al., 2014; Florencio et al., 2006). We observed dithionite was able to slowly reduce the
flavoenzyme anaerobically as measured by a decieaksorbance at 459 nm (Figure
1B). Partial reoxidation of the enzyme was obsemedediately after addinGloeobacter

Trx as seen by recovery of the main features ofitible-UV spectrum. These results



provide evidence that th@& oeobacter flavoprotein has Trx reductase activity and fuoics

independently of pyridine nucleotides.

To gain information on the molecular propertiediR, we determined a high-resolution
structure of the&Sloeobacter protein by X-ray crystallography at 1.9 A resabuti(PDB
code 5J60; Table S2). The crystal structure redehlat GVDTR is a homodimer and that
each monomer adopts a typical NTR fold (Figure DE€spite the high similarity between
the FAD- andpseudo NADPH-binding domains with those of authentic NTRe relative
orientation of the domains in the crystal structtifeered from the flavin-oxidizing (FO)
and flavin-reducing (FR) conformations found in NST@ennon and Williams, 1997)
(Figure S5). No direct interaction was observeavieenh amino acids of thmseudo
NADPH-binding domains, as detected between the timesponding domains in the NTR
dimer both in FO and FR conformations, suggestuadjthe two functional domains in
DTRs are flexible relative to each other. FAD inOd\R was found to be oxidized based
on the planar conformation and the yellow colothaf crystal. The redox-active Cys
residues were reduced and distant fronréface of the isoalloxazine ring instrumental

for electron transfer (Figure 1E).

Coordination to the FAD cofactor is well conserwednpared to NTRs of known 3D
structure (Figure S6). However, analysis of the NPADBbinding pocket revealed
significant structural deviations from NTRs (Fig@8@). One of the most striking variations
is related to the substitution of the second $yrimbnserved Gly in the GxGxxA/G motif in
EcCNTR by an Asn in GVDTR (Figure 1A, red box). GU®§tructure showed that the
substrate binding pocket is blocked by the sidencb@arboxamide of Asn (N154; Figure
S7E), supporting the finding that the enzyme do¢dimal pyridine nucleotides.
Remarkably, the aromatic side chain of a tryptopfsB15) in one monomer stacks over
the central portion of the FAD isoalloxazine ringloe second monomer on itsface
(Figure 1E). This position is generally occupiedeither the pyridine nucleotide or the
disulfide bridge in NTRs. The tryptophan positisrhighly conserved in the protein
sequences of the DTR family, including early brangtbacteria, cyanobacteria and marine
algae, replaced by a tyrosine residue only in iutes and chlorobi (Figure S1), and
suggests a potential physiological role for th&dae. As displayed here, the C-terminal
tail has not previously been reported and is ausigature of DTR. Relative to WT,

deletion of the C-terminal motif iGloeobacter DTR (GvDTR_At) was accompanied by



ca. a 7-9 nm shift in the flavin absorption maxim#he blue region of the spectrum
(Figure 1B, lower panel). More interestingly, remloatthe C-terminal tail increased the
rate of flavin reduction by dithionite (~ 10-folt} levels comparable to those with the
coli enzyme (Figure 1B). Collectively, these resultsgasg thathe unique C-terminal
module on DTR has a direct influence on enzymeviigiaind might constitute a

mechanism of regulation not previously reported.

The C-terminal extension of DTR resembles the @itesl subdomain of certain
ferredoxin-NADP reductase enzymes (FNRSs) in whitla@matic residue protrudes over
there side of FAD, thereby requiring its displacementd@roductive interaction between
the pyridine nucleotide and FA@eccarelli et al., 2004). Among the different tymé
FNRs, structural similarities were detected betw@&R and TR-type FNRs. These FNRs
harbor conserved FAD and NADPH-binding motifs agk the redox active Cys. An
aromatic residue in a short alpha-helix at the i@ieus protrudes over the side of FAD
(Figure S8). Mutational studies in TR-type FNR eneg have shown that replacement of
the aromatic residue on theface of the flavin perturbs binding with its redoartner

(Seo et al., 2014). Following a molecular mecharssmilar to these FNRs, displacement
of the C-terminal extension of DTR would allow ass@f the redox disulfide to the-

face of FAD likely in a regulatory manner. As folfRs, conformational flexibility is
expected to play an important role in the mechamméenzyme action. Thus DTR in
solution may exist in equilibrium between the stiue observed in the crystal and other
configurations in which the donor molecule (andha disulfide) is in close contact with
the flavin group. In light of the high structurainglarity with NTRs and the finding that
DTR lacks the archetypal NADPH binding site, thggblogical donor is thought to be a
cofactor acting similar to pyridine nucleotidesh@ttypes of molecules such as small
redox carrier proteins can, however, not be exaude this point, a ferredoxin-linked
flavoprotein enzyme that reduces Trx has beentswrom clostridia (Hammel et al.,
1983). In the end, only the identification of tHeypiological electron donor will clarify the
catalytic mechanism of enzyme reduction and itsphggical importance in the Trx

system.

In the present study, we have provided evidencéfodiversity of Trx systems in bacteria
and for variation in the ability of the reductasesleliver electrons to Trx. Our results

support the view that the redox systems consistrattural modules and regulatory



elements that different organisms have conveniaaigbined during evolution to create
proteins capable of adapting to specific metatatid environmental situations. They also
provide a structural foundation for future explavatof the mechanism of action and open
the door to understanding the evolutionary develapmof different flavin reductases in

relation to particular metabolic demands.



Acknowledgements

We thank Dr. Charles H. Williams for a sample of DA and for suggestions on the
manuscript. We thank Dr. Biswarup MukhopadhyayHoNTR and EcTrx expression
vectors and for scientific discussions. We aregjuhto Drs. Luis Rubio and Emilio
Jiménez for help and guidance with the dithionkpezgiments. B.B.B. acknowledges
support from an Alexander von Humboldt Research iivhat catalyzed the launching of
this project at the Ludwig-Maximilians-UniversiiatMunich. R.M.B. is supported by a
‘Ramon y Cajal’ contract from the Spanish Ministedie Economia y Competitividad. L.
L-M. is supported by a postdoctoral contract fromvérsidad de Sevilla. Protein
crystallography experiments were performed at iKBIPSLS, Switzerland) beamline
with the collaboration of SLS staff.

References

Balsera, M., Uberegui, E., Schirmann, P., and Buclman, B.B. (2014). Evolutionary
development of redox regulation in chloroplaststiéxid. Redox Signal21:1327-1355.

Ceccarelli, E.A., Arakaki, A.K., Cortez, N., and Carillo, N. (2004). Functional
plasticity and catalytic efficiency in plant andcberial ferredoxin-NADP(H) reductases.
BBA-Proteins Proteomic$698155-165.

Florencio, F., Pérez-Pérez, M., Lopez-Maury, L., M&@-Cabana, A., and Lindahl, M.
(2006). The diversity and complexity of the cyantibaal thioredoxin systems.
Photosynth. Re€9:157-171.

Hammel, K.E., Cornwell, K.L., and Buchanan, B.B.(1983). Ferredoxin/flavoprotein-
linked pathway for the reduction of thioredoxino®rNatl. Acad. Sci. U. S. R0:3681-
3685.

Hernandez, H., Jaquez, O., Hamill, M., Elliott, S.and Drennan, C.(2008).
Thioredoxin reductase froifhermoplasma acidophilum: a new twist on redox regulation.
Biochemistry47:9728-9737.

Holmgren, A., and Bjornstedt, M. (1995). Thioredoxin and thioredoxin reductase. In
Methods Enzymol.: Academic Press. 199-208.



Jacquot, J.-P., Eklund, H., Rouhier, N., and Schirmann, P.(2009). Structural and
evolutionary aspects of thioredoxin reductases otgdynthetic organisms. Trends Plant
Sci. 14:336-343.

Lennon, B.W., and Williams, C.H.(1997). Reductive half-reaction of thioredoxin
reductase fronkescherichia coli. Biochemistry36:9464-9477.

Mulrooney, S.B., and Williams, C.H.(1997). Evidence for two conformational states of
thioredoxin reductase frolscherichia coli: use of intrinsic and extrinsic quenchers of

flavin fluorescence as probes to observe domaatioot. Protein Sci6:2188-2195.

Prongay, A.J., and Williams, C.H.(1992). Oxidation-reduction propertieskscherichia
coli thioredoxin reductase altered at each activecyieeine residue. J. Biol. Chem.
267.25181-25188.

Seo, D., Asano, T., Komori, H., and Sakurai, T(2014). Role of the C-terminal extension
stacked on the re-face of the isoalloxazine ringetyoof the flavin adenine dinucleotide
prosthetic group in ferredoxin-NADP+ oxidoreductésen Bacillus subtilis. Plant

Physiol. Biochem81:143-148.



Figure 1. (A) Multiple sequence alignment oEscherichia coli NTR (EcCNTR),
Gloeobacter violaceus DTR (GvDTR) andProchlorococcus marinus MIT9313 DTR
(PmDTR) protein sequences. The motif for FAD bind{@xGxxG) and the redox active
Cys (CxxC) are shown with black boxes. Red boxdgate motifs for NAD(P)H binding
(GxGxxA/G and HRRxxxR). At the C-terminal extensi¢green box), the tryptophan
residue is marked with a triangle. Residue consienveacolors are shown according to
default ClustalX parametergB) Visible absorption spectra of ECNTR, GvDTR and
GvDTR_At corresponding to band Il, which is associatedhlie molecular environment
and chemical state of the isoalloxazine moietyhefftavin. Flavoenzymes are represented
by a black line. Red lines show the flavin absamptispectra after incubation with
dithionite (DTH) under anaerobic conditions for fiedowing times: 6 min (ECNTR), 70
min (GvDTR) and 8 min (GvDTRAt). The spectra obtained after addition of homolagou
Trx m to the reduced system (less than 3 min) &plaled as dashed black ling€)
Absorbance changes at 412 nm as a consequenceNB Pdduction using NADPH as
source of reducing equivalents for DTR. ECNTR tisafictive with its homologous Trx
(EcTrx) as well as GvTrx m served as cont{@l) A summary of dissociation constants
(Kg), binding enthalpy AH), and stoichiometry (n) of the flavoenzymes famrigine
nucleotides obtained from ITC experiments (FiguB). &4 values obtained foE. coli
NTR were comparable to those reported previouslyli®ney and Williams, 1997).
Relative error inKd is 15 %; absolute errors itH and n are 0.3 kcal/mol and 0.1,
respectively; E) Crystal structure of GVDTR homodimers (each monorepresented in
yellow and green colors). Missing loops are represe as dashed lines (monomer 2 in
green showed poorer electron density in some legmns than monomer 1). The redox
active Cys are reduced in the crystal and are shiowspace-fill representation. The
aromatic residue (W315) of the C-terminal tail (@) in one GvDTR monomer stacks
over the FAD of the other monomer forming a pi-kiag (depicted as stick model). The

inset shows a zoom-view of the tryptophan-FAD iat#on.
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