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ABSTRACT: Members of the NrdH family of redox proteins,
which consists of small glutaredoxin-like proteins with thioredoxin-
like activity, serve as the reducing partners of class Ib
ribonucleotide reductases. Here, we report the crystal structure of
NrdH from Mycobacterium tuberculosis, refined to a crystallographic
R factor of 14.02% (Rge. = 15.53%) at 0.87 A resolution. The
tertiary structure of M. tuberculosis NrdH has a typical thioredoxin
fold as expected. The extremely high resolution of the structure
allows us to dissect the functionality of the protein in great depth.
Structural superimposition of M. tuberculosis NrdH and thioredoxin
reductase over the Escherichia coli thioredoxin reductase—
thioredoxin complex suggests the ability of NrdH to accept
electrons from M. tuberculosis thioredoxin reductase. This raises the
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important question of why glutaredoxins are unable to accept electrons from thioredoxin reductases and why thioredoxins are
unable to reduce ribonucleotide reductases. Furthermore, forms of NrdH from other organisms have been shown to be a specific
reductant of class Ib ribonucleotide reductases. We attempt to explain this substrate specificity by modeling the C-terminal
peptide of a ribunucleotide subunit, NrdE, in the active site of NrdH using the already available Grx-NrdA-Cter-peptide structure.
Statistical coupling analysis of NrdH, glutaredoxins, and thioredoxins reveals different sets of co-evolving contiguous clusters of
amino acid residues, which might explain the differences in the biochemical properties of these structurally similar yet

functionally distinct subclasses of proteins.

ntracellular redox homeostasis in prokaryotes is maintained

by low-molecular weight thiols, such as glutathione, and
proteins involved in disulfide exchange, such as thioredoxins."
Mycobacterium tuberculosis, like most other actinomycetes,
possesses low-molecular weight mycothiol instead of gluta-
thione as the redox buffer. The proteins involved in maintaining
the redox balance in M. tuberculosis include three thioredoxins
and three glutaredoxin-like proteins. Prior work from our
laboratory had shown that of the three thioredoxins, one might
be a pseudogene as evidenced by the absence of any detectable
mRNA transcript under many different experimental conditions
and its inability to accept electrons from NADPH via
thioredoxin reductase.”> Among the three glutaredoxin-like
proteins, a homologue of one has recently been shown to
possess mycoredoxin activity in Mycobacterium smegmatis.3
Cytoplasmic targets of some of these proteins are likely to be
overlapping, allowing M. tuberculosis sufficient redundancy for
coping with redox stress. At the same time, some of them might
have evolved specifically as reducing partners of specialized
enzymes.

The NrdH protein of M. tuberculosis encoded by open
reading frame Rv3053c (MtNrdH) is a 79-residue protein with
a glutaredoxin-like sequence. However, unlike glutaredoxins,
MtNrdH can accept electrons from thioredoxin reductase.
MitNrdH is thought to supply electrons required for the
essential biochemical reaction of ribonucleotide reduction
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(RR). RR has been suggested to be one of the most
fundamental biochemical processes required for the existence
of a DNA-based life form.** In any given cell, ribonucleotide
reductases (RNRs) use ribonucleotides to make deoxyribonu-
cleotides that then act as precursors for DNA synthesis. RNRs
are thus essential for both DNA replication and repair.

There are three main classes of RNRs (classes I-III), which
differ in their subunit composition, cofactor usage, and oxygen
requirements. The catalytic reaction mechanism of RNR is
conserved among all these classes. Among these three classes,
class I enzymes constitute the most widely studied RNRs and
are present in a large number of organisms ranging from viruses
to prokaryotes to higher eukaryotes. Class I enzymes differ
from class II and class III enzymes in several respects. Most
importantly, all the class I enzymes require oxygen to function.
The class I enzymes reduce ribonucleotide 5’-diphosphates,
whereas most of the class II and all of the class III enzymes
reduce ribonucleotide 5'-triphosphates (NTPs).® On the basis
of differences in allosteric regulation and utilization of different
electron donors, class I RNRs are further subdivided into
classes Ia and Ib. Members of class Ia are present in eukaryotes,
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eubacteria, bacteriophages, and viruses, while members of class
Ib are present in eubacteria alone. Thus, despite similarities in
their reaction mechanisms, subtle differences exist among the
three classes of RNRs.

At the end of each cycle of RR, RNR needs to be reduced to
be primed for the next cycle of reduction. An external cofactor,
a glutaredoxin/thioredoxin, usually performs this step for the
class ITa RNR. The oxidized glutaredoxin/thioredoxin is then
reduced by either the glutathione or thioredoxin reductase
(TrxR), which can then be reduced by NADPH.” In the case of
a class Ib RNR, this cofactor is a protein called NrdH with a
glutaredoxin-like sequence. Interestingly, NrdH, despite
appearing to be Grx-like in its sequence, functionally behaves
like a Trx and can accept electrons from TrxR. Recently, it has
also been shown that NrdH from Bacillus anthracis and Bacillus
cerius can have up to 10-fold higher activity when transferring
electrons to Mn-NrdE than when transferring electrons to Fe-
NrdE.*

It has been shown that NrdH is not an essential gene under
normal conditions in organisms such as Escherichia coli’ and
Staphylococcus aureus'® because these organisms have an
alternate class of RNRs to maintain the required levels of
ribonucleotide reduction. In vitro experiments with E. coli NrdH
have shown that it can in vitro reduce S-sulfocysteine to L-
cysteine and its overproduction leads to an increase in the level
of L-cysteine production.® The physiological relevance of this in
the normal cellular physiology is not clear. Moreover,
expression analysis in E. coli has indicated that class Ib RNR
operon genes consisting of nrdHIEF might be important under
oxidative stress conditions."’ In M. tuberculosis, it has been
shown that the genes encoding nrdE and nrdF2 are essential for
growth in vitro, and thereby, ribonucleotide reduction might be
an attractive biochemical pathway for antimycobacterial drug
discovery.'” Tt may therefore be argued that in organisms
depending solely on class Ib RNR, nrdH might be an essential
gene, and a potential drug target.

In this work, we evaluate the paradoxical behavior of NrdH,
i.e,, its sequence similarity with Grxs but functional resemblance
to the Trxs. We report the crystal structure of MtNrdH at 0.87
A resolution, analysis of which yields useful insights.
Phylogenetic reconstructions show that NrdHs are evolutio-
narily closer to Grxs than to Trxs. Further, using statistical
coupling analysis, we find that several amino acid positions are
evolutionarily coupled and that this pattern differs significantly
among the three classes of proteins, i.e.,, NrdH, Trx, and Grx.
An intricate network of hydrogen bonding along with
evolutionarily coupled residue positions might be the answer
to this difference in behavior observed in these proteins.

B MATERIALS AND METHODS

Cloning and Expression. Open reading frame Rv3053c in
the M. tuberculosis genome has been annotated as NrdH.
Primers were designed to yield an expression construct with a
C-terminal hexahistidine tag. This gene was amplified using
polymerase chain reaction (PCR) from M. tuberculosis H37Rv
genomic DNA. The PCR product was digested with Ndel and
HindIll and then cloned in pET21a (Novagen). For over-
expression, the cloned construct was transformed into BL21-
(DE3) cells (Novagen). Cultures were grown at 37 °C while
being shaken, and induction was conducted at an ODyy, of 0.6
by the addition of IPTG (1 mM). Cells were harvested by
centrifugation and stored at —20 °C until they were needed.
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Purification. Cells were kept on ice and suspended in lysis
buffer [SO mM NaH,PO,, 300 mM NaCl, 10 mM imidazole,
and 5% glycerol (pH 8.0)] followed by disruption by sonication
on ice. All subsequent steps were conducted at 4 °C. The lysate
was centrifuged at 12000 rpm for 30 min. The resulting
supernatant was loaded on a glass column containing Ni-NTA
resin (Qiagen). After being extensively washed with buffer
containing 50 mM NaH,PO,, 300 mM NaCl, 20 mM
imidazole, and 5% glycerol (pH 8.0), the protein was then
eluted using a linear gradient of imidazole up to 500 mM
imidazole. Fractions containing the protein were analyzed by
Tricine—SDS—PAGE. The purified protein was finally con-
centrated using a Centricon-10 (Amicon) and stored in a buffer
with 10 mM Tris, SO mM NaCl, and 1% glycerol.

Biochemical Activity Assay. The thioredoxin-like activity
assay was performed by using insulin as a substrate in a 96-well
plate using a UV—vis microplate spectrophotometer. The assay
was performed using two different electron donors (DTT and
NADPH) in the presence of TrxR as described previously.'?
Each assay was conducted in triplicate. Reduction of disulfide
bonds in insulin leads to the precipitation of insulin chains,
which was monitored by an increase in turbidity. We tested the
ability of NrdH to catalyze this reaction using DTT as a
reductant. The reaction mix consisted of NrdH (2 mM), insulin
(130 mM), and DTT (1 mM). E. coli Trx (2 uM) was used in
place of NrdH as a positive control.

A similar assay was repeated with MtTrxR and NADPH in
place of DTT as the electron source. Briefly, M. tuberculosis
TrxR (MtTrxR) was first incubated with NADPH (100-fold
excess). The final reaction mix consisted of insulin (130 mM),
NrdH (2 mM), MtTrxR (2 uM), and NADPH (200 zM). The
reaction was initiated by addition of TrxR. Measurement of
insulin precipitation was done 4 h after the reaction had been
initiated. No blank subtractions, normalization, etc., were made
to the data to avoid any ambiguity in the analysis.

Crystallization. MtNrdH (7 mg/mL) was crystallized using
the sitting drop vapor diffusion method at 4 °C. One microliter
of a protein solution was mixed with 1 uL of the reservoir
solution. The optimized condition consisted of 0.2 M
ammonium nitrate and 22% PEG3350. The dimensions of
the crystals, which typically grew in 2-—5 days, were
approximately 0.4 mm X 0.3 mm X 0.2 mm. Prior to data
collection, the crystal was placed in reservoir buffer
supplemented with 20% glycerol.

Data Collection and Reduction. X-ray diffraction data
were recorded from flash-frozen crystals (on liquid nitrogen) at
—178 °C first on a home rotating anode source on a MAR345
image plate detector and later using a MarCCD detector at
beamline BM14 of ESRF (Grenoble, France). The data were
processed using iMOSFLM.'*

Structure Solution and Refinement. To determine the
structure using molecular replacement, a model sought to
represent the monomeric form of Protein Data Bank (PDB)
entry 1R7H was made by joining the structure from the two
chains after residue 48 (i.e., residue 1—48 from chain A and
residue 49 onward from chain B followed by the remaining
chain). The structure was first determined using home source
data at 1.67 A with Phaser, AutoMR, AutoBuild, and
Phenixrefine as implemented in Phenix'® with intermittent
rounds of model building using COOT.'® Then, this model was
refined against the high-resolution synchrotron data. Initial
refinement was conducted at 1.1 A for 20 cycles. Thereafter, the
resolution was increased stepwise in 0.0S A steps. Hydrogens
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were added to the model at 0.9 A, and the final refinement step
included data up to 0.87 A. A few rounds of refinement were
also performed using Refmac'” as implemented in the CCP4
program suite.'® The final refined structure was also subjected
to full matrix refinement using ShelxL.>*

Phylogenetic and Statistical Coupling Analysis. Several
different sequence alignments for various subfamilies of Grx,
Trx, and NrdH were generated using E. coli GrxA, E. coli GrxB,
E. coli GrxC, E. coli TrxA, E. coli TrxB, and different well-
characterized sequences of NrdH. These sequences were used
as queries against the NR database using an E value of 17",
with an appropriate alignment length as a cutoff. Redundant
sequences that were >90% identical were removed using CD-
HIT."Statistical coupling analysis was performed on these
different subfamilies using Matlab codes and the method
described by Ranganathan et al.>**!

To perform combined phylogenetic analysis, all these
alignments were combined and realigned. Thereafter, the
alignment was manually curated to remove positions consisting
mainly of gaps. The bootstrap consensus tree inferred from 50
replicates is taken to represent the evolutionary history of the
taxa analyzed.”” Branches with partitions in <50% of bootstrap
replicates were collapsed. Initial tree(s) for the heuristic search
were obtained automatically by applying Neighbor-Join and
BioN] algorithms to a matrix of pairwise distances estimated
using a JTT model and then selecting the topology with a
superior log likelihood value. A discrete Gamma distribution
was used to model evolutionary rate differences among sites
[five categories (+G, parameter = 2.0011)]. The rate variation
model allowed for some sites to be evolutionarily invariable
([+1], 5.8189% of sites). The analysis involved 302 amino acid
sequences. All positions with gaps and missing data were
eliminated. There were a total of 51 positions in the final data
set. Evolutionary analyses were conducted in MEGAS.*?

B RESULTS AND DISCUSSION

Purification of MtNrdH. E. coli cell lysates expressing
MitNrdH, when purified on Ni-NTA columns, gave a single
prominent band on a 10% Tris-Tricine—SDS—PAGE gel. This
eluted protein when loaded on a Superdex 75 10/300 GL
column pre-equilibrated with 20 mM Tris (pH 8), S0 mM
NaCl, and 1 mM DTT and eluted with a single major peak. We
further performed dynamic light scattering experiments and
found that in the presence of 50 mM NaCl most of the protein
existed in a dimeric form. When the same experiments were
repeated at higher salt concentrations and we found that at 1 M
NaCl, the protein existed in monomeric form (Table 1 of the
Supporting Information).

Insulin Precipitation Assay with DTT as the Electron
Source. Having successfully purified the protein to near
homogeneity, we performed biochemical characterization of the
same. With insulin reduction being a well-known test of
disulfide reduction capability, we first tested whether NrdH
possesses the capability to reduce disulfide bonds in insulin
using DTT as the electron source. As expected on the basis of
orthology arguments from E. coli NrdH,** MtNrdH can
efficiently reduce disulfide bonds present in insulin (Figure 1A).

Insulin Precipitation Assay with NADPH as the
Electron Source. Having shown that MtNrdH is capable of
reducing insulin in the presence of DTT, we then sought to test
whether it can accept electrons from thioredoxin reductase. The
electron transfer chain from NADPH to thioredoxin reductase
to NrdH has been well characterized in other organisms but has
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Figure 1. MtNrdH and EcTrxA mediated reduction of insulin
disulfides. The assay was performed in 0.1 M KH,PO, (pH 6.5)
and 2 mM EDTA with (A) 1 mM DTT as the reductant or (B)
NADPH/TrxR as the reductant. The absorbance at 650 nm was
measured. The assay performed in the presence of DTT (A) or
NADPH/TrxR (B) shows that MtNrdH is as active as EcTrxA. The
data for insulin alone and those for insulin with DTT in the graph
mask each other, thereby making it difficult to visualize the two
distinct data points.

been paradadoxical as NrdH is evolutionarily closer to the
glutaredoxins, which do not possess the ability to participate in
this chain. Once again, just like E. coli NrdH,** MtNrdH can
also accept electrons from NADPH via the thioredoxin
reductase pathway (Figure 1B).

Crystallization, Structure Determination, and Refine-
ment. MtNrdH crystallized in space group P2,2,2. Cell
parameters along with Matthews parameters suggested a single
monomeric protein molecule per asymmetric unit (Table 1).
The initial map obtained after molecular replacement allowed
auto building of a molecular model with clear density for all
residues. The final structure contains, in addition to the single
polypeptide chain, 98 water molecules. Two nitrate ions and
one chloride ion were also clearly visible in the 2F, — F_ and F,
— F, density maps and were included in the refinement.
Moreover, the F, — F, difference maps showed large connected
density at the >5¢ level, for which water molecules could not
account. Because the crystallization buffers contained PEG and
glycerol, one glycerol and one PEG molecule were modeled in
this density in the later stages of refinement. The R factor and
R, of the final model are 0.128 and 0.146, respectively (Table
1).

Overall Structure of MtNrdH. The final refined structure
consists of residues 2—85 in one chain designated A. We did
not observe electron density for the first N-terminal residue.
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Table 1. Data Collection and Refinement Statistics

Data Collection?

PDB entry 4F21 4HS1
collection rotating anode generator BM14 at ESRF
using Cu Ke radiation
wavelength (A)  1.541 0.71255
space group P2,2)2 P2,2,2
unit cell 52.0, 48.1, 26.2 1.6, 47.7, 26.1
parameters
A4)
rezj)il;ltion limits 26.23—1.67 (1.76—1.67) 23.85—0.87 (0.92—0.87)
total no. of 56236 492282
observed
reflections
no. of unique 8023 (1065) 53538 (7648)
reflections
{I/o(D)) 17.73 (3.74) 16.4 (1.9)
completeness 99.2 (92.3) 99.8 (99.0)
(%)
multiplicity 5.7 (6.7) 9.2 (6.5)
Wilson B factor 17.57 5.9
(A%
Refinement?
R factor 0.176 0.128 0.140
Re, 0212 0.146 0.155
no. of atoms 1376 1897 1635
no. of macromolecules 647 762 769
no. of ligands 8 22 22
no. of waters 83 98 99
no. of protein residues 83 84 84
rmsd for bonds (A) 0.010 0.021 0.018
rmsd for angles (deg) 1.16 218 2.86
Ramachandran favored (%) 99 99 99
Ramachandran outliers (%) 0 0 0
Clash score 6.98 14.35 16.75
average B factor 16.90 10.9 12.1
macromolecule B factor 15.60 9.7 10.5
solvent B factor 26.30 17.8 22.0

“Statistics for the highest-resolution shell are shown in parentheses.
The last column of refinement statistics lists those of the structure

refined using ShelxL.

This residue is probably disordered or cleaved during the
heterologous expression in E. coli. As anticipated, MtNrdH has
a typical thioredoxin fold, similar to those of the EcNrdH and
CaNrdH molecules (Figure 2).2526

Figure 2. Superimposed structures of EcNrdH (blue, PDB entry
1H7S), CaNrdH (green, PDB entry 1R7H), and MtNrdH (red).
CaNrdH is a domain-swapped dimer; nonetheless, the three molecules
superimpose well on each other.

Several side chains have alternate conformations, as seen in
many other high-resolution structures, and have been modeled
accordingly.”” The high resolution of our diffraction data also
allowed us to refine occupancies of the side chains that are
observed in alternate conformations. The six histidine residues
arising from the affinity tag were also seen to be present in the
final structure. These residues appear to interact with the
neighboring molecule, thereby promoting crystal lattice
formation.

One of the interesting observations made on NrdH
structures has been on possible domain swapping forming a
stable dimer. Although the EcNrdH structure is monomeric,
CaNrdH has been reported to be dimeric in crystals.*® Despite
the observed dimeric form of CaNrdH, biochemical evidence of
dimerization of NrdH has not been convincing. Dimeric
CaNrdH is a domain-swapped dimer, with residues 1—48
forming one part of the tertiary structure and residues 49—74
forming part of the other monomer in the dimer (Figure 2). In
our structure, we found no evidence of similar domain
swapping. Moreover, our results for the monomeric form are
supported by size exclusion chromatography, dynamic light
scattering, and finally the monomeric crystallographic structure.
Thus, we believe that the domain swapping of CaNrdH might
be specific to that species.

Among the many side chains that exhibited alternate
conformations, Thr 7 presents an interesting case study (Figure
1 of the Supporting Information). Thr 7 is present in two
alternate conformations with occupancies of 0.4 (conformation
A) and 0.6 (conformation B). In the A form, the OH group of
Thr 7 faces the redox active disulfide of the CVQC motif and
there is little space to accommodate the SH group of Cys 14
once it is reduced, while in the B form, it is away from the same.
The static disorder of this residue suggests that the reduced
sulthydryl group of Cys 14 will occupy the void created by Thr
7 in its B conformation. We therefore hypothesize that in the
oxidized state of NrdH this threonine is free to remain in any of
the two conformations while in the reduced state only the B
form shall be possible (Figure 3).

We observe a kink in helix a3, which seems to be due to the
disordered Lys 70 that exists in two alternative conformations.
In one of the forms (A, occupancy of 0.6), the carbonyl oxygen
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Figure 3. Electron density maps (2F, — F.) showing MtNrdH’s redox
active cysteine pair and alternative conformations of Thr 7. The map is
contoured at the 20 level. It is clear that only one conformation of Thr
7 will be possible once the disulfide between Cys 11 and Cys 14 is
reduced, and the SH group of Cys 14 will point toward the space
created by the B conformation of Thr 7.
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forms hydrogen bonds with the peptidyl nitrogen of Ala 73,
whereas in the second instance (form B), this hydrogen
bonding does not occur. In either case, the canonical helical
hydrogen bond that should have otherwise existed between Lys
70 and Gly 74 does not exist because of the kink (Figure 2 of
the Supporting Information). A kink in the helix therefore
appears to introduce strain into the local structure where
hydrogen bonding between the peptidyl nitrogen of Ala 73 and
the carbonyl oxygen of Lys 70 is satisfied in only one of the two
alternate conformations.

Aromatic—Aromatic Interaction and Cation—x Inter-
action. Tyr 6 and Tyr 42 are involved in aromatic—aromatic
interaction. To check whether similar interactions are present
in glutaredoxins and thioredoxins, we superinposed E. coli TrxA
(PDB entry 2TRX) and E. coli Grx-1 (PDB entry IEGO) on
the MtNrdH structure. Upon analysis of the superimposed
structures, similar aromatic—aromatic interactions are also seen
in Grx and Trx. Moreover, in E. coli TrxA, a much more
intricate network of aromatic aromatic intractions exists
compared to those of both E. coli Grx and MtNrdH. Similarly,
Arg 68, though it exists in two alternate conformations, seems
to satisfy the criteria needed to form cation— interactions with
Trp 61 in the two forms. Aromatic—aromatic interactions have
been shown to be important for proper protein folding, ligand
binding, and stability;*® similarly, cation—7 interactions are also
important in the maintenance of protein stability.”” Although
we cannot at present identify the exact relevance of these
interactions, their presence and evolutionary conservation
might be indicative of structurally or functionally relevant
amino acid side chain interaction.

Members of the NrdH family of proteins are characterized by
their CVQC and WSGFRP sequence motifs. CXXC is one of
the best characterized redox motifs present in a vast array of
Trx and Trx-like proteins.>® The residues between the two
cysteines are known to affect the redox potentials and pK,
values and to regulate functions by means of changing their
target proteins.” It is known that the N-terminal Cys acts as a
nucleophilic attacking group while the C-terminal Cys acts as
the resolving cysteine. In the CVQC motif of MtNrdH, the
amide oxygen of the glutamine is firmly hydrogen bonded with
the peptidyl nitrogen of Phe 44, while the amide nitrogen of
glutamine is available for further hydrogen bonding. Fur-
thermore, the carbonyl oxygen of Val 12 hydrogen bonds with
the peptidyl nitrogen of Ala 16. The local hydrogen bonding
network therefore lends stability to the redox active site of
MtNrdH.

WSGERRP is the other highly conserved sequence motif in all
NrdH sequences, and this structural motif is seen to be
stabilized by Gln of the CVQC motif. The Phe of WSGFRP is
exposed to solvent; similarly, Val 13 of the CVQC motif is also
exposed to solvent. Together, Phe 64 and Val 12 along with Ala
16 and Ala 20 create a distinct hydrophobic patch that is
exposed to solvent (Figure 4). This patch is adjacent to the free
amide nitrogen of glutamine of the CVQC motif. The unusual
nature of the exposed hydrophobic patch is suggestive of the
functional significance that might be interaction with TrxR or
the C-terminus of RNR.

Arg 68 is a highly conserved residue in all members of the
NrdH family of proteins. In our structure, we observe this Arg
to be in an alternate conformation. In both conformations, it
forms hydrogen bonds with the main chain carbonyl oxygen of
His 60 (Figure S). Interestingly, His 60 precedes the highly
conserved sequence WSGFRP motif, suggesting that this
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Figure 4. Image showing the two conserved motifs, i.e, CVQC and
WSGERP, along with the conserved water molecule. The network of
hydrogen bonds stabilizes the redox active site of MtNrdH and also
presents a distinct hydrophobic patch for its interaction with
substrates.

Figure S. Image showing hydrogen bonding by Arg 68. The yellow
regions are the conserved regions, i.e, CVQC and WSGFRP.

interaction between Arg 68 and His 60 might be structurally
important. In one of the alternate conformations of Arg 68, its
guanidinyl group also forms a salt bridge with Asp 59 (Figure
S). At the identical location, a salt bridge occurs between Arg
65 and Asp 67 in the EcNrdH structure,” while in the CaNrdH
structure, a hydrogen bond between NHI of Arg 68 and the &-
oxygen of Glu 59 is reported to be present.”® Together, these
two interactions stabilize the following WSGFRP motif (Figure
4).
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Biochemistry

Table 2. Superimpositions of Representative Members of the Trx, Grx, and NrdH Family Using Superpose®® from the CCP4

Package”

1EGO” 1FOV®

glutaredoxins 1EGO 0 (85) 2.6 (68)
1FOV 2.6 (68) 0 (82)

31R4 2.8 (63) 2.7 (69)

NrdH MtNrdH 1.9 (64) 1.9 (74)
thioredoxins 2TRX 2.3 (70) 3.0 (69)
3P2A 2.3 (66) 3.1 (65)

31R47 MtNrdH 2TRX® 3p24"
2.8 (63) 1.9 (64) 2.3 (70) 2.3 (66)
2.7 (69) 1.9 (74) 2.8 (70) 2.3 (60)
0 (218) 1.8 (63) 2.9 (61) 3.6 (76)
1.8 (63) 0 (84) 2.2 (70) 2.8 (70)
2.8 (56) 2.3 (70) 0 (216) 12 (113)
- (114) 2.8 (70) 12 (113) 0 (512)

“The rows indicate the reference structure, while the columns indicate the moving structure. Values indicating the rmsd are given. The values in
parentheses are the numbers of equivalent residues. “E. coli glutaredoxin 1. “E. coli glutaredoxin 2. ¥Salmonella typhimurium glutaredoxin 2
(representative structure from the glutaredoxin 3 family). °E. coli thioredoxin AIYersenia pestis thioredoxin 2 (representative structure from the Trx B

family).

E.coli Grxl

MtNrdH

E.coli TrxA

Figure 6. Cartoon representations of Grx (A), NrdH (B), and Trx (C). The coloring is based on secondary structure (helix, orange; sheet, purple;
loop, white), and the kink in helix a3 caused by the disordered Lys 70 of MtNrdH is clearly visible.

A buried water that hydrogen bonds with the highly
conserved WSGFRP motif is observed with a geometry similar
to that observed in the EcNrdH and CaNrdH structures. This
water thus seems to be evolutionarily conserved (Figure 4), and
therefore, we believe that it is one of the structural signatures of
all NrdH proteins. Together with the CVQC and WSGFRP
motifs, the extensive hydrogen bonding network also involves
this water molecule, suggesting a crucial role for this region in
the evolution of NrdH.

Comparison with E. coli Thioredoxin and Glutaredox-
in. Structural superimpositions were performed to analyze the
similarity and dissimilarity of MtNrdH with Trx and Grx (Table
2). Upon specific examination of NrdH with respect to E. coli
TrxA, the following arguments can be made. (a) E. coli TrxA
has an additional N-terminal f-strand followed by an a-helix
that is absent in NrdH and Grx structures (Figure 6C).
Furthermore, the loop regions in Trx are in general longer than
those in NrdH and Grx (Figure 6A—C). (b) Helix a3 of E. coli
Trx, helix a2 of NrdH, and helix a2 of Grx are differently
juxtaposed with respect to the central f-sheet in the three
structures. This helix is similarly oriented in Trx and NrdH,
while in Grx, it seems to be approximately perpendicular to
both Trx and NrdH. (c) The loop between strand 84 and helix
a3 in MtNrdH is much longer than the structurally equivalent
loop between strand A5 and helix @4 in E. coli TrxA. Therefore,
the a-helix in Trx is positioned at an acute angle with respect to
the f-sheet. In the case of E. coli Grx-1, this loop region is
smaller than NrdH, and this places the helix approximately
perpendicular to the helix in Trx. There are a series of sequence
changes leading to a change in the tertiary structure, although
one cannot comment on the evolutionary direction of changes
being from Trx to NrdH to Grx or vice versa. The reason for
these particular difference is manifested in the final tertiary
structures, ie., the hydrogen bonding network present in the
WSGEFRP region and bordering residues, and as discussed
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earlier the structural connectivity of this region to the CVQC
motif.

Modeling Interactions with the C-Terminal Peptide of
RNR. When we attempted to model NrdH over the
glutaderoxin—class Ib RNR C-terminal peptide complex, it
appeared that the mode of peptide binding can be slightly
altered in the case of class Ib; nonetheless, it provides a good
explanation for the specificity of NrdH for NrdE. On the basis
of the modeling, we expect that Glu 143 of NrdE would form a
hydrogen bond with the glutamine of the CVQC motif. The
WSGFRP motif seems to be important for the formation of
interactions with NrdE, with residues 141—143 interacting with
the same.

Similarly, modeling M. tuberculosis thioredoxin reductase—
MtNrdH interactions explains the mode of interaction of
MitNrdH with M. tuberculosis TrxR (MtTrxR). We attempted to
model MtTrxR over the structure of the E. coli TrxR—TrxA
complex by structural superimposition. Previous results from
our laboratory indicate that MtTrxR has two domains, and
considerable motion between these occurs during various stages
of the redox cycle.”” Because the already determined structure
of MtTrxR represents the oxidized state of the molecule, we
first try to model a reduced MtTrxR. This was done by splitting
the structure into two domains (domain 1, residues 1—126 and
250—322; domain 2, residues 127—250). These two domains
were then superimposed over the E. coli TrxR complex
structure® (PDB entry 1F6M) and later joined together.
MtNrdH was superimposed over E. coli Trx in the complex
structure. Similar modeling studies have been performed
previously, i.e., superimposition of EcNrdH>® and CgNrdH>®
over Trx in complex with EcTrxR. We offer two major
inferences from this modeled complex. (a) Two of the
differences observed previously, i.e., differences in the
orientation of helices @2 and a3 (MtNrdH), would affect the
NrdH—-TrxR interactions when compared to the Trx—TrxR
interaction. (b) In the E. coli TrxA—TrxR complex structure,
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Figure 7. Phylogenetic representation of Trx (blue), Grx (black), and NrdH (red) sequences. The tree shows that the NrdH family clusters with the
Grx family and that the Trx family might have diverged from the two earlier in evolution.

Asp 99 interacts with the N-termini of helix a4. Because in
MtNrdH this helix is at an angle, we expect Asp 92 of MtTrxR
to mimic this interaction. In the structure presented here, we
observe that a nitrate ion is present at the N-termini of the
corresponding helix. This nitrate ion seems to be stabilized by
the ionic interactions of the helix dipole. We believe that the
nitrate ions here serve as an excellent mimic of the aspartic acid
side chain carboxyl group and that similar interactions are
possible when MtTrxR interacts with MtNrdH.
Phylogenetic Analysis. Phylogenetic reconstruction of
NrdH, thioredoxins, and glutaredoxins shows that NrdH
proteins cluster with glutaredoxins as anticipated (Figure 7).
Ribonucleotide reduction is thought to mark the beginning of a
DNA world that was preceded by the presence of
predominantly RNA-based life forms. We can then hypothesize
that RNRs and their electron donors were among the first set of
redox proteins to have evolved. Currently, the pattern of RNR
evolution is not understood in great detail. Arguably, the first
RNRs to evolve were anerobic and resembled either class III
RNRs** or class I RNRs.® Further down the evolutionary trail,
one would expect aerobic RNRs to evolve, ultimately giving rise
to class I RNRs. The development of overall activity regulation
by means of an N-terminal ATP cone possibly evolved much
later. This N-terminal ATP cone is absent in members of class
Ib, while among other members of class I, it is present in nearly
all of them. Thus, among the various classes of modern-day

4062

RNRs, class Ia is supposed to be the most evolved.
Interestingly, this is also the RNR that is present in human
beings. In humans and other higher forms of life, both Grxs and
Trxs serve as efficient electron donors of this class of RNRs. We
believe that the absence of an ATP cone in class Ib suggests
that it is a more primitive class of RNR. By similar arguments,
one can hypothesize that the NrdH family is probably an
ancestor to both Grxs and Trxs. If such a hypothesis were true,
one would believe that NrdH or NrdH-like proteins would
have been the first to evolve along with TrxR, and these
proteins later on gave rise to paralogous proteins, some of
which later evolved to be reduced by small molecules like
glutathione, mycothiol, etc., while others diversified with
respect to their substrate specificity and later evolved to
modern-day Trxs.

Statistical Coupling Analysis. Analysis of coupled residue
positions from the NrdH family indicates that the coupled
positions are structurally and mechanistically linked. These
residues seem to form a physically contiguous cluster of
interactions when the interacting pairs of residues are viewed
from a structural perspective (Figure 8). Evolutionary
covariance among positions in a multiple-sequence alignment
might be indicative of either structurally, functionally, or
energetically relevant interactions between pairs of amino
acids.**
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Figure 8. Statistically coupled residues mapped onto the crystal structure of (A) MtNrdH or (B) E. coli Trx (PDB entry 2TRX). Statistically coupled
residues are shown as sticks with surface display. Among the coupled residues, proline and glycine are colored yellow, hydrophobic amino acids blue,

and charged amino acids red.

Among the two conserved motifs, i.e., CVQC and WSGFRP,
we observe that Val 12 from the CVQC motif and the Trp 61
and Arg 65 from the WSGFRP motif along with other residues
such as Pro 9, which is important for the turn before helix al
(thus keeping CVQC in its place), Glu 50, which forms a part
of the TrxR binding pocket, His 60, which forms a salt bridge
with Arg 68 (thus keeping WSGFRP in the required
conformation), and Ala 20 and Ile 69, which clearly form a
hydrophobic patch between helices a1 and a3, show covariance
with each other in a statistically significant manner.

Prediction of NrdH Functional Linkages. Previous
results from our laboratory indicate that a combination of
genome context methods, namely, phylogenetic profile, gene
distance, and operonic co-occurrence, along with high-
throughput gene expression studies can be used successfully
to predict genome-wide functional linkages.>® The predicted
functional interactions of NrdH are listed in Table 3. As
expected, NrdH seems to functionally interact with the other
components of ribonucleotide reduction, i.e., NrdE, NrdF, and
Nrdl. Furthermore, as expected, NrdF (Rv3048c) is featured
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Table 3. Predicted Protein Functional Linkages of MtNrdH
(Rv3053c¢)

gene protein function

Rv0480c  Rv0480c  amidohydrolase

Rv1210 Taga DNA-3-methyladenine glycosylase I

Rv1523 Rv1523  methyltransferase

Rv2763c  Dfra dihydrofolate reductase DFRA (DHFR)
(tetrahydrofolate dehydrogenase)

Rv3048c  Nrd-F ribonucleotide-diphosphate reductase subunit f

Rv3051c  Nrd-E ribonucleotide-diphosphate reductase subunit o

Rv3052¢  Nrdl ribonucleotide reductase stimulatory protein

Rv3242c  Rv3242c¢  hypothetical protein

among the list of genes possibly mediating the dormancy
signals between up- and downregulated modules during
dormancy. Among the predicted proteins, the functions of all
are already annotated, and their functional interactions with
NrdH are understandable considering the fact that most of the
processes in which they participate would be either regulated or
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affected by the redox state of the M. tuberculosis cytoplasm. The
only unannotated gene that appears in the list is Rv3242c.
Microarray data available at TbDatase®” show that this gene is
significantly upregulated in the presence of DTNB and thus
possibly has an uncharacterised redox-related function. We
propose that Rv3242c participates in reactions related to
ribunucleotide reductases.

We have thus been able to determine the structure of this
important protein at an extremely high resolution. Although the
structures determined using in-house diffraction data at 1.67 A
resolution and that collected on a synchrotron at 0.87 A
resolution share most broad features, some of the structural
aspects are tantalizingly clear at the ultrahigh resolution. For
example, many side chains exhibit alternate conformations in
the refined structure at 0.87 A. We were able to refine
occupancies of such side chains at atomic resolution. Such
alternate conformations represent static disorder in the crystal
lattice but can be visualized only at atomic resolution. One
special feature that we were able to capture at 0.87 A resolution
is that related to Thr 7, but could not refine the occupancies of
the alternate conformation of side chains at 1.67 A resolution.
The occupancies of the two conformations are 0.6 and 0.4,
where one of the conformations would be able to accommodate
the reduced Cys side chain and the other would not. Moreover,
on the basis of the structure and its models with different
electron transfer proteins, we are able to clearly identify
residues that might play important roles in mediating
interactions among the partners. We are also able to explain
the importance of the two conserved sequence motifs, to accept
electrons from MtTrxR and pass them to NrdE. Interestingly,
although our protein is monomeric in crystals, we find
conflicting evidence using dynamic light scattering at low salt
concentrations. Whether the dimeric form observed in solution
is a domain-swapped dimer remains to be probed further. The
in vivo status of MtNrdH as a monomer or dimer is therefore
not clear.
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