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Thioredoxin Reductase™

Received for publication, June 17,2012, and in revised form, January 22,2013 Published, JBC Papers in Press, January 28, 2013, DOI 10.1074/jbc.M112.392688
Koen Van Laer*"', Aleksandra M. Dziewulska**?, Marcus Fislage™*', Khadija Wahni**", Abderahim Hbeddou*",

Jean-Francois Collet"™*, Wim Versées*S, Luis M. Mateos'*, Veronica Tamu Dufe

+59%x% +§92

, and Joris Messens

From the *Department of Structural Biology, Vlaams Instituut voor Biotechnologie, 1050 Brussels, Belgium, ®Structural Biology
Brussels, Vrije Universiteit Brussel, 1050 Brussels, Belgium, the YBrussels Center for Redox Biology, 1050 Brussels, Belgium,

thelde Duve Institute, Université Catholique de Louvain, 1200 Brussels, Belgium, the **Department of Molecular Biology, Area of
Microbiology, University of Ledn, 24071 Ledn, Spain, and **Welbio, 1200 Brussels, Belgium

reduced by thioredoxin reductase and not by mycothiol.

understand its mode of action.

\_

(Background: NrdH-redoxins provide the electrons for the reduction of ribonucleotides.
Results: We characterized NrdH-redoxin from Mycobacterium tuberculosis and Corynebacterium glutamicum.
Conclusion: Both NrdH-redoxins are monomers but form non-swapped dimers at high protein concentration. They are

Significance: NrdH-redoxin is a potential anti-tuberculosis drug target, and new structural and functional insights help to

N

J

NrdH-redoxins are small reductases with a high amino acid
sequence similarity with glutaredoxins and mycoredoxins but
with a thioredoxin-like activity. They function as the electron
donor for class Ib ribonucleotide reductases, which convert
ribonucleotides into deoxyribonucleotides. We solved the x-ray
structure of oxidized NrdH-redoxin from Corynebacterium glu-
tamicum (Cg) at 1.5 A resolution. Based on this monomeric
structure, we built a homology model of NrdH-redoxin from
Mycobacterium tuberculosis (Mt). Both NrdH-redoxins have a
typical thioredoxin fold with the active site CXXC motif located
at the N terminus of the first a-helix. With size exclusion chro-
matography and small angle x-ray scattering, we show that
Mt_NrdH-redoxin is a monomer in solution that has the tend-
ency to form a non-swapped dimer at high protein concentra-
tion. Further, Cg_NrdH-redoxin and Mt_NrdH-redoxin catalyt-
ically reduce a disulfide with a specificity constant 1.9 X 10°and
5.6 X 10° M~ min~!, respectively. They use a thiol-disulfide
exchange mechanism with an N-terminal cysteine pK, lower
than 6.5 for nucleophilic attack, whereas the pK, of the C-ter-
minal cysteine is ~10. They exclusively receive electrons from
thioredoxin reductase (TrxR) and not from mycothiol, the low
molecular weight thiol of actinomycetes. This specificity is
shown in the structural model of the complex between NrdH-
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redoxin and TrxR, where the two surface-exposed phenylala-
nines of TrxR perfectly fit into the conserved hydrophobic
pocket of the NrdH-redoxin. Moreover, nrdh gene deletion and
disruption experiments seem to indicate that NrdH-redoxin is
essential in C. glutamicum.

Ribonucleotide reductases (RNRs)? are enzymes converting
ribonucleotides into deoxyribonucleotides, thus providing the
precursors for DNA synthesis and repair. RNRs are essential to
all living cells except for a few parasites and obligate endosym-
bionts (1, 2). They are divided into three main classes, depend-
ing on the different metal cofactors modulating their catalytic
activity. Class I RNRs are oxygen-dependent enzymes contain-
ing a di-iron cluster (2). Oxygen-independent class II enzymes
have a cobalamin cofactor (vitamin B, ,), whereas the activity of
oxygen-sensitive class III RNRs depends on an iron-sulfur clus-
ter (3—-5). Class  RNRs are further divided into class Ia (NrdAB)
and Ib (NrdEF); class Ia is present in eukaryotes, prokaryotes,
and viruses, whereas class Ib is only found in prokaryotes (6).
Many prokaryotes, including Corynebacterium glutamicum
(Cg) and the pathogens Bacillus anthracis, Staphylococcus
aureus, and Mycobacterium tuberculosis (Mt) use class Ib
enzymes as their primary RNR system under aerobic condi-
tions, which makes them interesting drug targets (1, 7).

During the catalytic cycle of RNR, electrons are needed to
reconstitute their active site radical. These electrons are pro-

3 The abbreviations used are: RNR, ribonucleotide reductase; Trx, thioredoxin;
TrxR, thioredoxin reductase; Grx, glutaredoxin(s); MSH, mycothiol; Mtr,
mycothiol disulfide reductase; DTNB, 5,5’-dithiobis-(2-nitrobenzoic acid);
Cg, Corynebacterium glutamicum; Mt, Mycobacterium tuberculosis; Ec, Esch-
erichia coli; Ca, Corynebacterium ammoniagenes; MD, molecular dynamics;
SAXS, small angle x-ray scattering; SEC, size exclusion chromatography;
Mrx, mycoredoxin; CAPS, 3-(cyclohexylamino)propanesulfonic acid; CHES,
2-(cyclohexylamino)ethanesulfonic acid; PDB, Protein Data Bank.
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vided by glutaredoxin or thioredoxin for Class Ia and II RNR or
formate for Class III RNR (8). Class Ib RNR is reduced by NrdH-
redoxin or thioredoxin (8 —11). NrdH-redoxins are small glu-
taredoxin-like proteins often coded within the same operon as
nrdE and nrdF, the two subunits of the class Ib RNR (12). They
have a sequence identity in the range of 35— 85% with glutare-
doxins (Grx) but receive electrons from thioredoxin reductase
(TrxR) (10).

It has been noted that NrdH-redoxins are widespread among
prokaryotes lacking glutathione (GSH) (10, 11), but the
absence of GSH does not imply the absence of a low molec-
ular weight thiol buffer in these organisms. Multiple alterna-
tive low molecular weight thiols have been identified in bac-
teria and eukaryotes (13). Actinomycetes, like C. glutamicum
and M. tuberculosis, produce millimolar concentrations of
mycothiol (MSH), whereas Bacillus species, like B. anthracis,
contain bacillithiol (14). Recently, Gustafsson et al. (15) have
shown that NrdH-redoxin from B. anthracis is not reduced by
bacillithiol but accepts electrons from TrxR. Within the actino-
mycetes, it has been shown that the NrdH-redoxin of Coryne-
bacterium ammoniagenes (Ca) accepts electrons from TrxR,
although the possible reduction of NrdH-redoxin by MSH has
not been examined (9).

Recently, we identified mycoredoxins as a novel class of oxi-
doreductases in C. glutamicum and M. tuberculosis (16, 17).
These enzymes use MSH to reduce disulfides in the cell and can
be considered as the Grx analog of the actinomycetes. Ordénez
et al. (16) identified two potential mycoredoxins, Mrx1 and
Mrx2, of which only Mrx1 was shown to be a true mycoredoxin.
Mrx2, on the other hand, was specifically reduced by TrxR and
not by MSH. Furthermore, it has an amino acid sequence iden-
tity of 42 and 75% with E. coli and C. ammoniagenes NrdH-
redoxin, respectively. The gene coding for Mrx2 (NCg12445) is
located within an operon containing nrdE and nrdF, the two
subunits of the class Ib RNR. Altogether, this indicates that
Mrx2 is the NrdH-redoxin of C. glutamicum.

We investigate the NrdH-redoxins of C. glutamicum and
M. tuberculosis. We determined the crystal structure of
Cg_NrdH-redoxin and used it as a template for homology mod-
eling of Mt_NrdH-redoxin. With a kinetic study, we found that
the NrdH-redoxins specifically receive electrons from TrxR
and not from MSH. The pK, of the active site cysteines were
determined, and the lack of nrdh gene deletion and disruption
mutant in C. glutamicum showed that the protein might be
essential for the cell.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Cg Mtr, Cg_TrxR,
Cg_Trx, Mt_Mtr, Mt_TrxR, and Mt_TrxC—The cloning proto-
col of genes for Cg_Mtr, Cg_TrxR, and Cg_Trx was described
by Ordoéiiez et al. (16). The genes of Mt_NrdH-redoxin and
Mt_TrxC were cloned in a pET28a vector with a C-terminal
His, tag using the Ncol and Xhol restriction sites. The gene of
Mt_TrxR was cloned in a pET28a vector with an N-terminal
His, tag using the Ndel and HindIII restriction sites. The
obtained vectors for Mt NrdH-redoxin, Mt TrxC, and
Mt_TrxR were used to transform E. coli BL21(DE3), and the
cells were grown in Luria broth (LB) with 50 ug/ml kanamycin
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at 37 °C. At a cell density Agpo ny 0f 0.7, 1 mm IPTG was added
to the cultures. Cells were harvested after 4 h at 30 °C and resus-
pended in 20 mMm Tris/HCI (pH 8.0), 5 mm imidazole, 1 m NaCl,
1 mMm DTT, 0.1 mg/ml 4-(2-aminoethyl) benzenesulfonyl fluo-
ride hydrochloride, and 1 ug/ul leupeptin and lysed using
French press disruption. The cell debris was removed by cen-
trifugation, and the supernatants was loaded on a Ni*"-IMAC
affinity column and eluted with a linear gradient to 1 M imidaz-
ole in the buffer solution. The proteins were further purified on
a Superdex75 PG (16/90) column (GE Healthcare) equilibrated
in 20 mm Tris/HCI (pH 8.0), 150 mm NaCl, 1 mm DTT, 1 mm
EDTA. Mycothiol disulfide reductase (Mtr) and TrxR were
stored as an 80% ammonium sulfate precipitate at 4 °C, whereas
Trx and NrdH-redoxin were flash-frozen in liquid nitrogen and
stored at —20 °C. All buffers were argon-flushed, and the puri-
fication was performed at room temperature.

Cloning, Expression, and Purification of Cg NrdH-redoxin—
The cloning, expression, and purification of Cg_NrdH-redoxin,
denoted as Mrx2, was described by Ordoénez et al. (16). Briefly,
Cg_NrdH-redoxin was cloned into a pTYB12 vector with a
C-terminal intein tag (New England Biolabs, Ipswich, MA) and
transformed in E. coli BL21(DE3) cells. The cells were grown
overnight at 37 °Cin a LB broth with 100 ug/ml ampicillin. The
culture was diluted 100-fold into LB and further grown at 37 °C.
Cells were induced with 1 mm IPTG at a cell density of 0.8 and
grown overnight at 15 °C. Cells were harvested at an A ., Of
3.1 and resuspended in 20 mm Tris/HCI (pH 8.0), 0.5 M NaCl, 1
mwm EDTA, 0.1 mg/ml 4-(2-aminoethyl) benzenesulfonyl fluo-
ride hydrochloride, and 1 ug/pl leupeptin. After French press
celllysis, 50 ug/ml DNase I and 20 mm MgCl, were added to the
cell lysate. After a 30-min incubation at room temperature, cell
debris was removed by centrifugation for 30 min at 10,000 rpm
at 4 °C. The lysate was loaded on a 20-ml chitin column equili-
brated with 20 mm Tris/HCI (pH 8.0), 0.5 m NaCl, 1 mm DTT,
and 1 mm EDTA. After extensive washing with 1 M NaCl in the
same buffer solution, the column was treated with 50 mm DTT
with 3 column volumes of 50 mm DTT and kept overnight at
room temperature. The protein was eluted with 20 mm Tris/
HCI (pH 9.0), 1 M NaCl, 1 mm DTT, 1 mm EDTA and purified as
indicated. Purity was checked on SDS-PAGE, and the sample
was flash-frozen for storage. Cg_ and Mt_NrdH-redoxin were
injected on a calibrated (Bio-Rad gel filtration standard) Super-
dex 75 HR (10/30) column and eluted in 50 mm Hepes, pH 8.0,
150 mm NaCl or 50 mMm Tris/HCI (pH 8.0), 3 M NaCl.

Purification of Mycothiol from C. glutamicum—MSH was
purified as described by Ordéiiez et al. (16).

Coupled Enzyme Assays and Kinetic Study—To obtain an
oxidized sample of Cg_NrdH-redoxin or Cg_Trx, an aliquot of
the protein was incubated with a ten molar excess of diamide
for 30 min at room temperature. Subsequently, the samples
were injected on a Superdex75 HR column equilibrated in 50
mM Hepes/NaOH (pH 7.5), 150 mm NaCl to obtain pure oxi-
dized protein. Cg_TrxR and Cg_Mtr, stored as 80% ammonium
sulfate precipitates, were resuspended in the same buffer and
treated with 20 mm DTT for 30 min at room temperature prior
to dialysis in a Slide-A-Lyzer Dialysis Cassette (Thermo Scien-
tific) against 50 mm Hepes/NaOH (pH 8.0).
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The assay with TrxR was prepared by diluting all compo-
nents except for oxidized Cg_NrdH-redoxin in the 50 mm
Hepes/NaOH (pH 8.0) buffer to a final concentration of 250 nm
Cg TrxR and 500 um NADPH. The Mtr assay mixture con-
sisted of 0.5 um Cg_Mtr, 500 um MSH, and 500 um NADPH. All
concentrations were calculated taking into account the subse-
quent addition of oxidized Cg_NrdH-redoxins. The mixtures
were incubated for 20 min at 37 °C in a 96-well plate prior to the
addition of 50 um oxidized Cg_NrdH-redoxin (final concentra-
tion). The oxidation of NADPH was measured by the decrease
in absorption at 340 nm. A duplicate well without oxidized
NrdH-redoxin was included as background control.

To determine the steady state kinetic parameters of the
reduction of NrdH-redoxin or Trx by TrxR, the sample con-
tained 250 nm Cg_TrxR and 500 um NADPH in a 50 mm Hepes/
NaOH (pH 8.0), buffer. The samples were preincubated at
37 °C for 20 min. The assay was started by the addition of
different dilution series of substrate (oxidized NrdH-redoxin or
Trx). The reduction of NrdH/Trx was recorded by the oxidiza-
tion of NADPH (A€, = 6,220 M~ ' cm ™). Initial rates were
calculated with SPECTRA-maxPro (Molecular Devices) and
corrected for the path length of each sample. Kinetic plots were
made with Prism version 5.0. The assays of Mt_NrdH-redoxin
and Mt_TrxC have an identical setup.

DTNB Reductase Activity of NrdH-redoxin—Reaction mix-
tures containing 500 um NADPH, 5 um Cg_TrxR, and 500 nm
Cg_NrdH-redoxin or Cg_Trx (final concentrations taking into
account the addition of DTNB) were prepared. Control sam-
ples with one of the above reagents omitted were included. The
reaction was initiated by the addition of 80 um DTNB to the
mixture, and the formation of thionitrobenzene was followed at
A41s onp Whereas the NADPH consumption was monitored at
A340 am- T0 determine the kinetic parameters, a reaction mix-
ture of 500 umM NADPH, 1.5 um Cg TrxR, and 100 nm
Cg_NrdH-redoxin or Cg_Trx was used. Different concentra-
tions of DTNB were added to the mixture, and the increase in
A41s om Was used as a readout to calculate the initial velocities
(using the decrease in A, ., gave similar results). The reduc-
tion of one molecule of DTNB results in the release of two
molecules of TNB? ", which both yield an increase in A, ,,,,, of
13,600 cm ™~ *. Thus, the reduction of one disulfide by Cg_NrdH-
redoxin (one molecule of DTNB) corresponds to an increase in
A1z am 0£27,200 cm ™. Independent duplicates of each DTNB
concentration were used to fit the Michaelis-Menten equation
and determine the kinetic parameters. The assays of Mt_NrdH-
redoxin and Mt_TrxC have an identical setup with minor dif-
ferences; the assay conditions for Mt _NrdH-redoxin and
Mt_TrxC are 500 um NADPH, 1.5 um Mt_TrxR, and 500 nm
Mt_NrdH-redoxin or Mt_TrxC.

Determination of the pK, of the Active Site Cysteines—Re-
duced Cg_NrdH-redoxin was prepared by incubation with 10
mMm DTT for 15 min at room temperature. Oxidized Cg_NrdH-
redoxin was prepared by incubation with a 10-fold molar excess
of diamide for 30 min at room temperature. The excess of DTT
or diamide in each sample was removed on a Superdex75 HR
column (GE Healthcare) equilibrated with the polybuffer: 10
mM sodium citrate, 10 mMm sodium borate, 10 mm sodium phos-
phate, pH 8.5, for the pK, of the nucleophilic cysteine or 10 mm
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boric acid, 10 mm CHES, 10 mm CAPS, 10 mm sodium phos-
phate, pH 13.0, for the pK, of the C-terminal cysteine. The pH
of the samples was stepwise decreased with HCl. Every 0.1 pH
unit, the absorbance at 280 and 240 nm was recorded on a
Cary100 Bio UV-visible spectrophotometer (Varian, Palo Alto,
CA). The absorption at 240 nm was standardized with the
absorption at 280 nm for each pH value (4,40 ym/A250 nm) tO
compensate for the dilution caused by the addition of HCL. The
corrected absorption (A,,o/A550)red! (Aza0/Azs0)0x Was plotted
against the pH and fitted with the Henderson-Hasselbalch
equation (18). An identical protocol was used for the determi-
nation of the cysteine pK, of Mt_NrdH-redoxin.

Crystallization of Cg NrdH-redoxin—Cg _NrdH-redoxin was
concentrated to 9.35 mg/ml in a buffer solution of 20 mm Tris/
HCI (pH 8.0), 100 mm NaCl, and 1 mm DTT. Crystallization
conditions were screened using the Hampton Crystal Screen II
by using the hanging drop technique. Small needles were found
in 12% glycerol, 0.1 m Tris/HCI (pH 8.5), and 1.5 M ammonium
sulfate. By changing the ammonium sulfate concentration, we
obtained an optimal condition in 12% glycerol, 0.1 M Tris/HCI
(pH 8.5), and 1.8 M ammonium sulfate. The crystals were flash-
frozen in 40% glycerol, 0.1 m Tris/HCI (pH 8.5), and 1.1 m
ammonium sulfate as cryoprotectant.

Structure Solving and Refinement—Cg_NrdH-redoxin data
were collected at the ID29 beam line of the European Synchro-
tron Radiation Facilities (Grenoble, France) using a liquid
nitrogen stream at 100 K. The data were processed and scaled to
1.5 A resolution using the XDS package (19). The Cg_NrdH-
redoxin structure was solved by molecular replacement using
BALBES (20). The models designated by the PDB accession
numbers 1R7H, 1H75, 3IC4, and 1ABA were used for molecular
replacement (9, 21, 22). The solution of the Balbes run was
submitted to the ARP/wARP server (23) for model building.
The model was further refined by iterative model building
and refinement with TLS using the programs COOT (24)
and PHENIX (25). The TLS groups were defined using the
TLS server (26, 27). Data and model statistics are presented
in Table 1.

Modeling and Molecular Dynamics—Sequence alignments
for homology modeling were created using Kalign (28). MOD-
ELLER (29) was used to generate homology models of mono-
meric Mt_NrdH-redoxin and dimeric Mt_NrdH-redoxin. For
the monomer Mt_NrdH-redoxin, Cg_NrdH-redoxin (this
study) was used as a template. In the case of dimeric Mt_NrdH-
redoxin, an initial non-swapped dimer was created by overlay-
ing of two monomeric Mt_NrdH-redoxins on the swapped
dimer solution of Ca_NrdH-redoxin. The initial model of the
complex of Cg_NrdH-redoxin and Ec_TrxR was constructed
by structurally overlaying Cg_NrdH-redoxin on Ec_Trx in the
Ec_TrxTrxR complex (PDB code 1IF6M) (21, 30). To model the
Mt_TrxR-Mt_NrdH-redoxin complex, the crystal structure of
Mt_TrxR was modified from the oxidized F, conformation to
the reduced F; conformation, as described by AKkif et al. (31).
This F model was used to construct the initial model of the
Mt_TrxR-Mt_NrdH-redoxin complex. These initial models
were optimized using molecular dynamics. The molecular
dynamics (MD) simulations in water were performed using the
OPLS force field within GROMACS (32). All simulations were
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TABLE 1
Data collection and refinement statistics

Cg_NrdH-redoxin

Beamline . 1D29
Wavelength (A) 0.9793
Space group P6 (5)22,179
Unit cell

a(A) 61.77

b(A) 61.77

c(A) 77.19

« (degrees) 90.00

B (degrees) 90.00

v (degrees) 120.00
Resolution limits 28.675-1.50
No. of measured reflections 277,985 (9918)
No. of unique reflections 11,824
Completeness 98.4.0 (94.9)
R 0.053 (0.440)
o) 37.0(8.12)
R-factor 0.1944 (0.269)

Rq,..-factor 0.2225 (0.341)

Ramachandran profile

Core 98.51%

Other allowed 0.00%

Disallowed 1.49%
Root mean square deviations

Bond lengths (A) 0.008

Bond angles (degrees) 1.060
PDB entry 4FTW

done at a constant temperature of 300 K and a constant pres-
sure of 1 atm over a simulation time of 1 ns. For the simulation
of the non-swapped Mt_NrdH-redoxin dimer, the simulation
was extended to 10 ns because equilibrium was not reached.
The electrostatic surface potential was calculated with the
PDB2PQR server (33) using the Adaptive Poisson Boltzmann
solver and the PARSE force field (34). Clustal ¥ was used for the
amino acid sequence alignment of the NrdH-redoxins and
TrxR (35).

Small Angle X-ray Scattering—SAXS experiments were per-
formed at the P12 EMBL beamline (Desy, Hamburg). The scat-
tering intensities of Mt_NrdH-redoxin in solution were col-
lected at concentrations of 10.1, 5.1, 2.5, and 1.3 mg/ml under
reducing conditions in a buffer containing 50 mm Tris/HCI (pH
7.5), 150 mm NaCl, and 1 mwm tris(2-carboxyethyl)phosphine.
Data were processed using PRIMUS (36). The radius of gyration
(R,) was evaluated using the Guinier approximation (37) and
also from the entire scattering curve using Porod’s law (38) and
the distance distribution function p(r) using GNOM (39).
Because the scattering curves systematically varied among the
different concentrations measured, no merging of the different
concentrations was performed, and the curves were analyzed as
separate monomer-dimer mixtures. OLIGOMER was used to
evaluate the protein concentration-dependent percentage of
monomeric and dimeric Mt_NrdH-redoxin (40). The data are
therefore considered as a linear combination of the compo-
nents (monomer and dimer) present in solution.

NrdH Gene Disruption and Gene Deletion Analyses in
C. glutamicum—In order to investigate the role of NrdH-re-
doxin in vivo, we decided to construct both nrdh disruption and
deletion mutants in C. glutamicum. For the construction of
nrdh disruption mutants, we PCR-amplified the nrdh gene
(NCgl2445) from a total DNA sample of C. glutamicum 13032
using the primer pair mrx2int-Fw and mrx2int-Rv (Table 2).
The 149-base pair fragment was BamHI-HindIII-digested and
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subcloned into the mobilizable plasmid pK18mob and used to
transform E. coli strain TOP10. The recombinant plasmid was
isolated, sequenced, and named pKmrx2-int. pPKmrx2-int was
transferred to C. glutamicum RES167 (recipient strain) using a
conjugation protocol with the pKmrx2-int containing E. coli
§$17-1 as donor strain (41). The plasmid pK18mob is a suicide
plasmid in the recipient strain (lack of replication origin), and
therefore only C. glutamicum cells where the plasmid is inte-
grated (by single recombination) are viable under kanamycin
selection. For gene deletion analysis, we used the double recom-
bination system based on vectors containing the sacB gene (42,
43). Briefly, a 500-base pair fragment located just upstream and
downstream of the nrdh gene was PCR-amplified using the
primer pairs mrx2sac-upFw/mrx2sac-upRv (upstream) and
mrx2sac-downFw/mrx2sac-downRv (downstream). Both PCR
products are ligated via a PCR cycle to form a 1000-bp fragment
using the primers mrx2sac-upFw and mrx2sac-downRv. The
PCR-amplified fragment was digested with BamHI and HindIII
and subcloned into the mobilizable plasmid pK18mobsacB to
generate plasmid pKSDmrx2. E. coli S17-1 containing pKSD-
mrx2 was used as donor for plasmid conjugation to strain
RES167 as described for the disruption mutants. The transcon-
jugant clones were selected first in complex medium trypticase
soy agar (Oxoid, Basingstoke, UK) containing 10% sucrose, and
the resistant colonies were replated onto complex medium with
and without kanamycin (12.5 ug/ml). To validate our approach,
a gene deletion and disruption mutant of mrx1 (NCgl0808) was
constructed (primers are provided in Table 2). From the
selected clones, total DNA sample was prepared for sequence
analysis to confirm the absence or disruption of the mrxI gene.

RESULTS

NrdH-redoxin Is Specifically Coupled to the TrxR Electron
Transfer Pathway—We started by identifying the electron
transfer pathway utilized by Cg_NrdH-redoxin (Cg2789) and
Mt_NrdH-redoxins (Rv3053c). The TrxR and MSH electron
transfer pathways of both species were reconstructed as
described by Van Laer et al. (17) and Ordoéiiez et al. (16). Briefly,
the TrxR pathway uses the flavoprotein TrxR to shuffle elec-
trons from NADPH to a protein disulfide, whereas the MSH
pathway utilizes MSH, the flavoprotein Mtr, and NADPH to
reduce protein disulfides (44). Oxidized NrdH-redoxin, with a
disulfide formed between both active site cysteines, was added
to each pathway of the corresponding species, and the oxida-
tion of NADPH, due to the reduction of NrdH-redoxin, was
monitored as a decrease in absorption at 340 nm (Fig. 14). Both
Cg_NrdH-redoxin and Mt_NrdH-redoxin are reduced by the
TrxR pathway. No reduction by the MSH pathway was
observed (Fig. 1B).

NrdH-redoxin Catalytically Reduces Disulfide Bonds—Hav-
ing identified the reduction pathway of the NrdH-redoxins, we
explored the capability of the proteins to reduce exposed disul-
fide bonds. DTNB was used as an artificial disulfide substrate
for the NrdH-redoxins in a coupled assay with the TrxR path-
way. Cleavage of the disulfide of DTNB results in an increased
absorption at 412 nm, whereas the NADPH consumption
decreases the absorption at 340 nm (Fig. 2). Only the complete
NrdH-redoxin/TrxR pathway gives a catalytically relevant
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TABLE 2

Primers used for construction of the mrx1 (NCgl0808) and nrdh (NCgl2445) disruption and deletion mutants

Primer name

Sequence (restriction sites are underlined)

Purpose

mrxlint-Fw
mrxlint-Rv
mrxlsac-upFw
mrx1sac-upRv
mrx1sac-downFw
mrx1sac-downRv
mrx2int-Fw
mrx2int-Rv
mrx2sac-upFw
mrx2sac-upRv
mrx2sac-downFw
mrx2sac-downRv

TAATTTAAA GGATCCACCTCATCGACGTCGACC (Dral/BamHI)

TAATTTAAA AAGCTTATCGGAGTAGCGCAC (Dral/HindIII)

TAATTTAAA GAATTCCATTGATGCAGTTCAATGGGGGTAAATTG (Dral/EcoRI)
GTTTAAGGAGCAAACTCTAGAGCAAAAAAGAGCCTTTC (Xbal)
GAAAGGCTCTTTTTTGCTCTAGAGTTTGCTCCTTAAAC (Xbal)

TAATTTAAA AAGCTT ATTTATGACAACCACAAGGAACAGGTCG (Dral/HindIII)
TAATTTAAA GGATCCTGCGTCCAGTGCAATGCCA (Dral/BamHI)

TAATTTAAA AAGCTTGGGAGCCATCTGCAACGACAA (Dral/HindIII)

TAA TTTAAA GGATCC ATGCGAAAGTGAGTATTGCG (Dral/BamHI)
CGATTAAACAGGTCGTGCCTCTAGAGACCTTCCCTTATCGGC (Xbal)
GCCGATAAGGGAAGGTCTCTAGAGGCACGACCTGTTTAATCG (Xbal)
TAATTTAAAAAGCTTAAACCTGATGACTTGTGG (Dral/HindIII)

mrx1 disruption
mrx1 disruption
mrx1 deletion
mrx1 deletion
mrx1 deletion
mrx1 deletion
nrdh disruption
nrdh disruption
nrdh deletion
nrdh deletion
nrdh deletion
nrdh deletion

C. glutamicum

M. tuberculosis
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FIGURE 1. A schematic view of the TrxR (A) and MSH (B) electron transfer pathway is shown. Both pathways in C. glutamicum and M. tuberculosis were
reconstructed in vitro. The consumption of NADPH was followed in function of time at 340 nm in the presence (A) or absence (O) of oxidized NrdH-redoxin.

reduction of DTNB with a simultaneous consumption of
NADPH. The Mt_TrxR pathway could slowly reduce DTNB in
the absence of NrdH-redoxin although only at high TrxR (1.5
uM) and DTNB (50 uMm) concentrations. The Cg_TrxR pathway
did not show any reduction of DTNB even at a high Cg_TrxR
concentration of 5 um. Next, we determined the steady state
kinetics of the reduction of DTNB by the NrdH-redoxins.
The coupled assay with Cg_NrdH-redoxin, Cg_TrxR, and
NADPH was reconstructed, and different concentrations of
DTNB were added as substrate. The increase in absorption
at 412 nm was used to calculate the initial velocities. The
specificity constant (k,,/K,,) for the reduction of DTNB by
Cg_NrdH-redoxin is 5.6 X 10° M~ * min~ ' (Fig. 2). For com-
parison, the reduction of DTNB by Cg_Trx (coupled to the
TrxR pathway) has a 2-fold higher specificity constant (1.1 X
10’ M~ ' min ') (data not shown). The kinetic parameters of
Mt_NrdH-redoxin and Mt_TrxC, one of two active Trx in
M. tuberculosis (45), were determined as described for
Cg_NrdH-redoxin. A control sample lacking Mt _NrdH-
redoxin or TrxC was included for each DTNB concentration.
This control sample corrects for the slow reduction of DTNB
by Mt_TrxR. Mt_TrxC displays a 2-fold higher specificity
constant than Mt_NrdH-redoxin (3.4 X 10° and 1.9 X 10°
M~ ' min~", respectively) (Fig. 2).
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Cg TrxR Has a Similar Kinetic Turnover with Oxidized
Cg Trx and Cg NrdH-redoxin as Substrate—The kinetics of
NrdH-redoxins and Trx in the coupled enzyme assay were
obtained in the presence of a 3- to 10-fold molar excess of TrxR
(see “Experimental Procedures”). It allowed us to determine the
kinetics of NrdH-redoxin and Trx independently of their spec-
ificity for TrxR. Here, we investigate the specificity of Cg_TrxR
for the reduction of oxidized Cg_NrdH-redoxin and Cg_Trx.
Varying concentrations of oxidized Cg_NrdH-redoxin or
Cg_Trx were added as substrates to the TrxR pathway. The
initial velocities of the reaction were calculated from the
decrease in absorption at 340 nm due to NADPH consumption
(Fig. 3). Cg_TrxR has similar k_,, and K,,, values for both sub-
strates (Cg_NrdH-redoxin or Cg_Trx), resulting in a k_,/K,,
value in the range of ~5 X 10° M~ ' min~".

NrdH-redoxins Have a Thioredoxin Structural Fold—We
solved the crystal structure of oxidized Cg_NrdH-redoxinat 1.5
A resolution. It displays the minimal version of the Trx fold that
composes a central four-stranded 3-sheet surrounded by three
a-helices (Fig. 44). The active site CXXC motifis located at the
N terminus of the first a-helix (Fig. 4). The N-terminal cysteine
is surface-exposed, whereas the C-terminal cysteine is buried.

Currently, only two structures of NrdH-redoxin are depos-
ited in the Protein Data Bank. Stehr et al. (21) reported the
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FIGURE 2. Reduction of DTNB by NrdH-redoxin coupled to the TrxR electron pathway of C. glutamicum and M. tuberculosis. Top, progress curves in
which each compound of the electron transfer pathway was sequentially omitted. The reduction of DTNB was recorded as an increase in absorption at412 nm
(dotted line, right y axis), whereas the consumption of NADPH was recorded at 340 nm (solid line, left y axis). Bottom, the Michaelis-Menten curves of the
reduction of DTNB in the coupled enzyme assays with the NrdH-redoxin/TrxR/NADPH pathway.
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FIGURE 3. The steady state kinetics of Cg_TrxR with oxidized Cg_NrdH-
redoxin and Cg_Trx as substrate. The kinetic parameters were determined
at pH 8.0 with 500 um NADPH and 250 nm Cg_TrxR.

structure of Ec_NrdH-redoxin (PDB code 1H75), providing
structural insights into the specific reduction of Ec_NrdH-re-
doxin by TrxR. The Cg_NrdH-redoxin structure reported here
strongly resembles the structure of Ec_NrdH-redoxin (root
mean square deviation of 0.70 A for 65 C_, atoms). The second
NrdH-redoxin structure in the PDB is from C. ammoniagenes
(PDB code 1R7H). This crystal structure differs significantly
from the structures of both Ec_NrdH-redoxin and Cg_NrdH-
redoxin despite the high amino acid sequence identity with
both proteins (41 and 75%, respectively). The Ca_NrdH-re-
doxin crystal structure appears as a domain-swapped dimer (9).
However, the authors noted that Ca_NrdH-redoxin is a mono-
mer in solution. The physiological relevance of this swapped
dimer is questionable because domain swapping can occur in
almost any protein if subjected to certain mainly non-physio-
logical conditions (9, 46 —49). These conditions include a high
local protein concentration and a destabilizing environment,
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which are commonly used for protein crystallization. Neverthe-
less, a homology model of Mt NrdH-redoxin as a swapped
dimer, based on the Ca_NrdH-redoxin structure, is available in
the Swiss-Model Repository (50, 51). We used the Cg NrdH-
structure to construct a non-swapped monomeric model of
Mt_NrdH-redoxin (70% sequence identity). This model was
further refined by an MD simulation in water (Fig. 4B and sup-
plemental Structure S1). The final model of Mt_NrdH-redoxin
has a root mean square deviation of 0.65 A (for 63 C,, atoms)
with Ec_NrdH-redoxin (PDB code 1H75).

NrdH-redoxin of Cg and Mt Have a Protein Concentration-
dependent Dimerization Profile—To determine the multim-
erization state of Mt_ and Cg_NrdH-redoxin (monomer or
swapped dimer) in solution, we analyzed reduced NrdH-re-
doxin by size exclusion chromatography (SEC). The SEC anal-
ysis was initially performed in a buffer containing 150 mm NaCl
and a protein concentration of ~1 mg/ml. Under these condi-
tions, both Cg_NrdH-redoxin and Mt_NrdH-redoxin elute as a
single peak with a molecular mass of ~12 kDa, whereas the
molecular masses of the Cg and Mt monomer are 8.4 and 9.4
kDa, respectively (Fig. 5, A and B). Increasing the ionic strength
of the buffer (using 3 M NaCl) shifted the retention volume to
the molecular mass of 8 and 8.5 kDa for monomeric Cg_ and
Mt_NrdH-redoxin, respectively (Fig. 5, A and B). Identical
results are obtained when the oxidized forms of both proteins
are used (data not shown), indicating that this behavior is inde-
pendent of the redox state (oxidized or reduced) of the protein.
We speculated that the proteins are present as a mixture of
monomer and dimer in the buffer solution with a low ionic
strength (150 mm NaCl). This dimer is formed by electrostatic
interactions because a high ionic strength buffer (3 m NaCl)
shifts the equilibrium to the monomeric state. Furthermore,
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Cg MAITVYTKPACVQCNATKKALDRAGLEYDLVDISLDEEAREYVLALGYLQAPVVVADGSHWSGERPERIREMATAAA-———

Mt MTVTVYTKPACVQCSATSKALDKQGIAYQKVDISLDSEARDYVMALGYLQAPVVVAGNDHWSGFRPDRIKALAGAALTA-—
Ec MRITIYTRNDCVQCHATKRAMENRGFDFEMINVDRVPEAAEALRAQGFRQLPVVIAGDLSWSGFRPDMINRLHPAPHAASA
Ca MSITLYTKPACVQCTATKKALDRAGLAYNTVDISLDDEARDYVMALGYVQAPVVEVDGEHWSGFRPERIKQLQAA-—————

FIGURE 4. A, the amino acid sequence alignment of Cg_, Mt_, Ec_, and Ca_NrdH-redoxins. The active site CYQC motif is in boldface type, and the NrdH-specific
WSGFRPE motif is boxed in gray. The crystal structure of Cg_NrdH-redoxin (B) and the monomeric homology model of Mt_NrdH-redoxin (C) are shown. The
CVQC active site motif is located at the N terminus of helix a1, and the WSGFRP(E/D) linker motif is denoted with an asterisk. The N and the C terminus of the

protein are indicated.

the observation that the proteins elute as a single peak between
the retention volume of a monomer and dimer indicates a fast
exchange rate between the monomeric and dimeric state. As
such, it is highly unlikely that domain swapping causes that
dimerization.

We confirmed our hypothesis by SAXS analysis. Mt_NrdH-
redoxin and a buffer with a low ionic strength (150 mm NaCl)
was used throughout the SAXS experiments. Four different
protein concentrations (10.1, 5.1, 2.5, and 1.3 mg/ml) were
tested. All samples indicated a monomer/dimer mixture
(Fig. 6). Because the SEC analysis of Mt_NrdH-redoxin favors
a non-swapped dimer over a swapped dimer, we examined the
possibility that Mt_NrdH-redoxin forms a non-swapped dimer.
A non-swapped dimer model of Mt_NrdH-redoxin was con-
structed based on the orientation of the Ca_NrdH-redoxin
swapped dimer structure (PDB code 1R7H). This model has a
dimer interface of 445 A2 and the dimer has a V-shaped form.
The maximal distance obtained within the dimer is 58 A. This
model was subsequently subjected to an MD simulation. The
interface was not stable, and during the simulation a stable and
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more elongated dimer arrangement was obtained (Fig. 5C and
supplemental Structure S2). In this elongated dimer, the dimer
interface is 330 A2, and the maximal distance within the dimer
is 70 A, which is in better agreement with the D, obtained
from the SAXS data using GNOM (D, saxs = 76 A).
Although the dimer interface is formed by the same residues in
both models, the different orientation of the subunits in the
elongated model allows the formation of several salt bridges
and hydrogen bonds (Fig. 5D). These interactions stabilize the
elongated dimer.

The active site cysteines of both subunits are on opposite
sides of the elongated dimer and remain surface-exposed. With
the structural models of the non-swapped dimer and the
monomer, we calculated the fractions of monomer and
dimer present in the SAXS samples (Fig. 7). In the sample
with 10.1 mg/ml protein, 54% of the protein is present as a
dimer, whereas in the sample with 1.3 mg/ml protein, the
dimer fraction decreases to 30%. The dimer formation is
concentration-dependent, with a lower fraction of dimer at a
lower protein concentration.
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FIGURE 5. A and B, the SEC elution profile of Cg_NrdH-redoxin (A) and Mt_NrdH-redoxin (B) in a low and high ionic strength buffer. A clear shift toward the
monomeric state is observed in a buffer with high ionic strength. The model of the dimer of Mt_NrdH-redoxin obtained from the SAXS analysis (C) is stabilized

by several salt bridges and hydrogen bonds (D).
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FIGURE 6. The small angle x-ray scattering curves (log(/) versus S) at dif-
ferent Mt_NrdH-redoxin concentrations. The profile shows a concentra-
tion-dependent shift at low angles.

NrdH-redoxins Have a Conserved Hydrogen Bond Network—
A typical difference between the structure of Trx, Mrx, NrdH-
redoxins, and Grx is the orientation of helix a3 (numbering in
Mrx, Grx, and NrdH-redoxin) relative to strand 4 (9, 21). In
Grx, these two secondary structure elements are connected by a
short linker, which orients them perpendicularly. A longer
linker between the helix a3 (helix a4 in Trx) and the strand B4
(strand B5 in Trx) in Trx results in an antiparallel orientation of
helix a3. This more compact orientation allows the binding of
TrxR to Trx (30). NrdH-redoxins have, similar to Trx, helix a3
and strand 4 in an antiparallel orientation (Figs. 4 and 8). The
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linker between both secondary structure elements is formed by
the NrdH-redoxin-specific WSGFRP(D/E) motif. The amino
acids of this motif participate in a conserved hydrogen bond
network, which positions helix a3 antiparallel to strand B4 (Fig.
8). In all structures of NrdH-redoxins (Ec, Ca, and Cg), a central
water molecule controls this hydrogen bond network (9, 21).
We included the Ca_NrdH-redoxin swapped dimer structure
in this analysis because none of the amino acids of the hydrogen
bond network are involved in domain swapping. The central
water molecule interacts with O_, of Thr-17 (numbering is
identical in Ec, Ca, Cg, and Mt), the main-chain oxygen of Gly-
63, the main-chain nitrogen of Arg-65, and N, of Trp-61 (Fig.
8). In Ec_NrdH-redoxin, an extra interaction between N_ of
Arg-65 and Og, of Asp-67 is present. In NrdH-redoxins from
Cg, Ca, and Mt, Arg-65 adopts a different orientation prevent-
ing this interaction. Instead, a salt bridge is formed between the
N, of Arg-65 and the side-chain oxygen of Ser-62 in Cg_NrdH-
redoxin. Further, Cg NrdH redoxin and Mt_NrdH-redoxin
have a hydrogen bond between Arg-65 and Arg-68. In Ca_and
Mt_NrdH-redoxin, Arg-68 forms an extra hydrogen bond with
O, of Glu-59 or O, of Asp-59, respectively. This hydrogen
bond is absent in the NrdH-redoxins from Cg and Ec.
NrdH-redoxin Has a TrxR Binding Site near Its CXXC Motif—
In Mt_NrdH-redoxin and Cg_NrdH-redoxins, a hydrophobic
pocket is located near the active site. The hydrophobic amino
acids of this pocket are identical in both NrdH-redoxins, and
the hydrophobicity of these residues is conserved among all
NrdH-redoxins (9, 21). In the NrdH-redoxins of Mt and Cg, this
pocket consists of Tyr-6, Ile-33, Val-43, Leu-49, GIn-50, Ala-51,
and Val-53 (Fig. 9, B and D). A similar hydrophobic pocket in
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FIGURE 7. The small angle x-ray scattering curves (dots) and the corresponding fit (red line) using a linear combination of monomer and dimer for each
Mt_NrdH-redoxin concentration using the OLIGOMER software. The distance distribution function p(r) is shown for each sample.
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FIGURE 8.The conserved hydrogen bond networkin Cg (A) and Mt (B) NrdH-redoxin orientates helix a3 antiparallel to strand 4. A global view (left) and
a 180° turned detailed view (right) are shown. The residues involved in hydrogen bonding are in stick representations, and the hydrogen bonds and salt bridges
are indicated with black dotted lines.

Ec_Trx is involved in the interaction with Ec_TrxR (30). Two code 1F6M). These two Phe residues are conserved in both
consecutive phenylanalines (Phe-142 and Phe-143) of Ec_TrxR  Cg_TrxR and Mt_TrxR. Stehr et al. (21) built a model of the
occupy this hydrophobic pocket in the Trx-TrxR complex (PDB  complex between Ec_NrdH-redoxin and Ec_TrxR by structur-

7950 JOURNAL OF BIOLOGICAL CHEMISTRY YASEME\  VOLUME 288-NUMBER 11-MARCH 15,2013

¥T0zZ ‘2 Afeniged uo Arlql|say yolne uD yosy e /610°aq [ mmmy/:dny woly pspeojumoq


http://www.jbc.org/
http://www.jbc.org/

NADPH domain

NrdH-redoxins in Actinomycetes

B V&3

D V53

C14

A~ =

FIGURE 9. Cg (A and B) and Mt (C and D) NrdH-redoxin have a TrxR binding site near their active site CXXC motif. A ribbon model of the complex between
Cg_NrdH-redoxin and Ec_TrxR (A) and of the complex between Mt_NrdH-redoxin and Mt_TrxR (C) are shown. NrdH-redoxin is in blue, and the NADPH domain
and FAD domain of TrxR are in red and green, respectively. The interface between both proteins has been enlarged, and the surface representation of
NrdH-redoxin is shown. The two Phe residues of TrxR (red sticks) fit in the hydrophobic pocket of NrdH-redoxin. The active site cysteines of TrxR and NrdH-
redoxin are in yellow. The residues forming the hydrophobic pocket in Cg (B) and Mt (D) NrdH-redoxin are conserved in both proteins. The electrostatic surface
potential of the NrdH-redoxins is shown. The electrostatic potential is given from —10 (red) to 10 (blue) kT/e with k the Boltzmann constant, T the temperature,
and e the elementary charge (charge of a proton). Areas with a negative electrostatic potential are colored in red, whereas areas with a positive electrostatic
potential are shown in blue. The residues forming the hydrophobic pocket and the active site cysteines are annotated.

ally aligning Ec_NrdH-redoxin on Trx of the Ec_Trx-TrxR
complex. In their model, the two Phe residues of TrxR occupied
the hydrophobic pocket of NrdH-redoxin, although some steric
hindrance was observed in the model. Using a similar approach,
we modeled the complex between Cg_NrdH-redoxin and
Ec_TrxR (no structure of Cg_TrxR is available). An MD simu-
lation resolved the steric hindrance present in the model (Fig.
9A and supplemental Structure S3). Further, Cys-11 of
Cg_NrdH-redoxin and Cys-139 of Ec_TrxR are disulfide-
bonded (distance between both sulfur atoms is 2.04 A). In this
optimized model, the two conserved Phe residues of Ec_TrxR
fit nicely into the hydrophobic pocket of Cg_NrdH-redoxin
(Fig. 9A).

As a next step, we constructed a model of the complex
between Mt_NrdH-redoxin and Mt_TrxR. A crystal structure
of the oxidized conformation (Fg) of Mt_TrxR is available in
the Protein Data Bank (PDB code 2A87) (31). In the F, confor-
mation, the active site cysteines of TrxR are buried at the inter-
face between the FAD- and NADPH-binding domains. A rota-
tion of the FAD binding domain is needed to bring TrxR into
the reduced (F) conformation (30). In this conformation, the
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active site cysteines are exposed, allowing the reduction of
NrdH-redoxin/Trx. We started by modeling Mt_TrxR in the F
conformation as described by Akif et al. (31) and structurally
aligned it with Ec_TrxR in the structure of the Ec_Trx'TrxR
complex. The monomeric Mt_NrdH-redoxin was aligned with
Ec_Trx. Finally, the model of the Mt_NrdH-redoxin-TrxR com-
plex was optimized with an MD simulation (supplemental
Structure S4). In this model, the active site cysteines of
Mt_NrdH-redoxin and Mt_TrxR are disulfide-bonded (dis-
tance between both sulfur atoms is 2.04 A), and the two Phe
residues of TrxR fit into the hydrophobic pocket of NrdH-re-
doxin (Fig. 9, C and D).

The pK, of the Active Site Cysteines of Cg_ and Mt_NrdH-
redoxin—The reduction of a disulfide by NrdH-redoxins pro-
ceeds via a thiol-disulfide exchange mechanism. The reaction
rate of these reactions depends, among others factors, on the
pK,, of the thiols involved (52, 53).

Using the difference in absorption at 240 nm of the proto-
nated thiol and the deprotonated thiolate form of cysteines, we
determined the pK,, of the active site cysteines of Cg NrdH-
redoxin and Mt_NrdH-redoxin. We determined a pK, of 6.3
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FIGURE 10. The pK,, of the active site cysteines of Cg (A) and Mt (B) were determined. The absorption (A,40/A,g0)red/(A240/A280)0x Was plotted in function of
the pH. The curves were fitted with the Henderson-Hasselbalch equation to determine the pK,, of the cysteines.

and 6.2 for the nucleophilic cysteine of Mt_NrdH-redoxin and
Cg NrdH-redoxin, respectively (Fig. 10). Like other members
of the thioredoxin fold family (Trx, Grx, Mrx1), the nucleo-
philic cysteines of Cg_NrdH-redoxin and Mt_NrdH-redoxin
are located at the N terminus of an a-helix, (17, 53, 54). The
a-helix stabilizes the thiolate form of these cysteine, lowering
their pK, (55). Additionally, in Trx, Grx, and Mrx1, neighboring
residues form hydrogen bonds with the N-terminal cysteine,
further decreasing its pK, (17, 53, 54). We solved the crystal
structure of the oxidized form of Cg_NrdH-redoxin. From this
structure, we cannot conclude that hydrogen bonds lower the
pK, of the N-terminal cysteine. For the C-terminal cysteine of
Mt_NrdH-redoxin and Cg_NrdH-redoxin, we obtained a pK,,
of 10.6 and 9.9, respectively (Fig. 10). Also for Trx, Grx, and
Mrx1, a high pK, value for the C-terminal cysteine was
obtained (17, 53, 54). The C-terminal cysteine will only become
nucleophilic in the mixed disulfide complex formed after the
nucleophilic attack of the N-terminal cysteine (56).

NrdH Seems to Be an Essential Gene in C. glutamicum—At-
tempts to delete or disrupt the nrdh gene in C. glutamicum
failed to yield viable colonies. In order to confirm our method-
ology and as a positive control, we constructed a gene deletion
and disruption mutant of Mrx1 (mrxl) using the same
approach. Viable colonies were obtained, and the absence or
disruption of the mrxI gene was confirmed by sequencing.
As such, we reasoned that the failure to obtain a viable
mutant in nrdh (deleted or disrupted) might imply that the
gene is essential in C. glutamicum. Currently, no data are
available on the viability of nrdh disruption or deletion
mutants in M. tuberculosis.
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DISCUSSION

NrdH-redoxins play an important function in the cell as the
reductase of NrdEF, a class Ib RNR (57). We investigate the
NrdH-redoxins of the actinomycetes C.glutamicum and
M. tuberculosis. This group of organisms does not produce the
low molecular weight thiol GSH but instead produce MSH at
millimolar concentrations. The NrdH-redoxin of the actino-
mycete C. ammoniagenes has been studied previously, but pos-
sible reduction of NrdH-redoxin by MSH has not been
excluded (9). Recently, we described a novel MSH-specific
reductase, Mrx1, in C. glutamicum and M. tuberculosis (16,17).
These proteins show a 40 -50% amino acid sequence similarity
with NrdH-redoxins (in Mt and Cg, respectively) but are linked
to MSH as electron donor during the reduction reaction. As
such, it is not unlikely that NrdH-redoxins from actinomycetes
might use MSH as an alternative electron donor. Here, we show
that this is not the case. Both Cg_NrdH-redoxin and Mt_NrdH-
redoxin do not accept electrons from MSH but are only
reduced by TrxR (Fig. 1).

The NrdH-redoxins catalytically reduce the disulfide of
DTNB when linked to the TrxR electron pathway (Fig. 2). The
first step of this reduction pathway involves the transfer of the
disulfide bond of DTNB to NrdH-redoxin, forming oxidized
NrdH-redoxin. In this step, the specificity constant of the
NrdH-redoxins is only a factor of 2 lower than for Trx. One of
the factors influencing the rate of this reaction is the pK, of the
active site cysteines (52, 53). The N-terminal, nucleophilic cys-
teine of Cg_NrdH-redoxin and Mt_NrdH-redoxin has a pK, of
6.2 and 6.3, respectively (Fig. 10). This value is in the same range
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as the pK,, reported for the N-terminal cysteine of Trx and
Mrx1, whereas the pK,, of the N-terminal cysteine of Grx is
typically lower and in the range of 45 (17, 54, 58). The C-ter-
minal cysteines of Cg NrdH-redoxin and Mt_NrdH-redoxin
have a higher pK, value (9.9 and 10.6, respectively).

The second step in the reduction of DTNB by the NrdH-
redoxin/TrxR or Trx/TrxR pathway is the reduction of the oxi-
dized NrdH-redoxin or Trx by TrxR. Cg TrxR has a similar
specificity constant for the reduction of Cg_NrdH-redoxin and
Cg_Trx (5% 10° M~ " min™"). This relatively slow turnover rate
is probably due to the huge conformational change needed dur-
ing catalysis (30, 31).

During this turnover, a complex is formed between TrxR and
NrdH-redoxin. We modeled the complex between Cg_NrdH-
redoxin and Ec_TrxR and between Mt NrdH-redoxin and
Mt_TrxR (Fig. 9). The latter might be of medical interest
because TrxR is essential in M. tuberculosis and differs from its
human homolog (57, 59). Both complexes show two conserved
Phe residues of TrxR occupying a conserved hydrophobic
pocket on the surface of the NrdH-redoxins. This hydrophobic
pocket is one of the key structural features of NrdH-redoxins
that determine their specificity for TrxR (21).

A second feature is the orientation of helix &3 in NrdH-re-
doxins. In NrdH-redoxins and in Trx, this helix is orientated
antiparallel to strand B4. This orientation prevents steric hin-
drance upon reduction by TrxR. Mrx1 shares this feature with
Trx and NrdH-redoxin, but Mrx1 is not reduced by TrxR (17).
The linker between helix a3 and strand 34 is conserved among
mycoredoxins and is most probably involved in MSH bind-
ing. In NrdH-redoxins, this linker contains the conserved
WSGERP(D/E) motif (21). A hydrogen bond network formed
by the amino acids of this motif orients helix a3 antiparallel to
strand 4 (Fig. 8). When comparing the NrdH-redoxin struc-
tures of several species (e.g. Ec, Ca, Cg, and Mt), only minor
differences are observed in this hydrogen bond network.

The homology model of Mt NrdH-redoxin and the crystal
structure of Cg_NrdH-redoxin are both monomers (Fig. 4).
Currently, a homology model of Mt_NrdH-redoxin, based on
the swapped dimer structure of Ca_NrdH-redoxin, is present
in the Swiss-Model Repository (50, 51). Our data do not sup-
port the swapped dimer model of Mt_NrdH-redoxin. Further-
more, Ca_NrdH-redoxin is a monomer in solution. As such, it is
likely that the domain swapping observed in Ca_NrdH-
redoxin is a crystallization artifact (9, 47—49). SEC analysis and
SAXS of Mt_NrdH-redoxin shows a concentration dependent
dimerization profile. At high protein concentrations, a fraction
of the proteins forms a dimer that is stabilized by several salt
bridges (Fig. 5). The active sites of both subunits in the dimer
remain surface-exposed, but the conserved hydrophobic
pocket of one of the subunits is buried in the dimer interface.
The physiological relevance of a NrdH-redoxin dimer is ques-
tionable. At a protein concentration of 1.3 mg/ml, the majority
is present as monomer. The intracellular concentrations of
NrdH-redoxins in M. tuberculosis are not known, but we made
a rough estimation, based on data from B.anthracis. In
B. anthracis, 1 pg of total protein extract contains 12 pg of
NrdH-redoxin (15), and the total intracellular protein concen-
tration is 135 mg/ml (see General Molecular Biology Data, pro-

MARCH 15,2013 +VOLUME 288+NUMBER 11

NrdH-redoxins in Actinomycetes

tein data on the New England Biolabs web site). Thus, an intra-
cellular NrdH-redoxin concentration of ~1 pg/ml is a
reasonable estimate with the assumption that B. anthracis and
M. tuberculosis have similar NrdH-redoxin expression levels.
This concentration is about 3 orders of magnitude lower than
the 1.3 mg/ml used in our SAXS experiment. As such, it is
highly unlikely that NrdH-redoxin will be present as a dimer in
the cell, although molecular crowding inside the cell might
favor dimer formation even at these low concentrations (60).

The physiological importance of NrdH-redoxin in the cell is
not known. Currently, no data are available on deletion or dis-
ruption mutants of nrdh in M. tuberculosis, but it is noteworthy
that both interaction partners of NrdH, NrdEF and TrxR, have
been shown to be essential (57). We attempted to construct
nrdh deletion and disruption mutants in C. glutamicum, but no
viable clones mutated in nrdh were detected. A nrdh-deleted
mutant in S. aureus is viable and shows no increased sensitivity
to oxidative stress (11). The lack of a phenotype in S. aureus was
rationalized by the observation that Trx functions as a backup
reducing system of NrdEF in S.aureus. In contrast, E. coli
Ec_NrdEF cannot be reduced by Trx (10). We speculate that the
essentiality of NrdH-redoxin in C. glutamicum might imply
that Cg_NrdH-redoxin is the sole reductase of Cg_NrdEF in
vivo. Whether this is also true in M. tuberculosis remains to be
investigated.
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