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ABSTRACT: Two subtypes of class III anaerobic ribonucleotide reductases
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(RNRs) studied so far couple the reduction of ribonucleotides to the j Y

oxidation of formate, or the oxidation of NADPH via thioredoxin and
thioredoxin reductase. Certain methanogenic archaea contain a phylogeneti-
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cally distinct third subtype of class III RNR, with distinct active-site residues.
Here we report the cloning and recombinant expression of the
Methanosarcina barkeri class III RNR and show that the electrons required

for ribonucleotide reduction can be delivered by a [4Fe-4S] protein
ferredoxin disulfide reductase, and a conserved thioredoxin-like protein :
NrdH present in the RNR operon. The diversity of class III RNRs reflects

the diversity of electron carriers used in anaerobic metabolism.

In many anaerobic bacteria and archaea, the reduction of
ribonucleotides to deoxyribonucleotides is conducted by an
O,-sensitive class III ribonucleotide reductase (RNR).! The
class III RNRs that have been most extensively characterized,
from bacteriophage T4 and its host Escherichia coli, use formate
as the hydrogen donor for nucleotide reduction, oxidizing it to
CO,.” We recently reported a second subtype of class III RNR
from the bacterium Neisseria bacilliformis, which uses the
thioredoxin (TrxA)/thioredoxin reductase (TrxB)/NADPH
system for nucleotide reduction.” Here we describe a third
subtype of class III RNR from the methanogenic archaeon
Methanosarcina barkeri, which uses a reduction system
consisting of a [4Fe-4S] protein ferredoxin disulfide reductase
(FDR1) and a conserved thioredoxin-like protein present in the
RNR operon (NrdH), in conjunction with the ferredoxin-
dependent anaerobic metabolism of this organism.

RNRs are essential enzymes present in nearly all cellular
organisms and many viruses.”> All RNRs characterized to date
consist of a structurally homologous a protein that initiates
radical-dependent nucleotide reduction via a transient thiyl
radical on a conserved Cys residue on the top face of the ribose
in the active site.”” Apart from the class IIl RNR, there are two
additional classes of RNR that differ in the cofactor used to
generate this thiyl radical.® Class I RNRs use cofactors that
require reduced metals (Fe, Mn, and Fe/Mn) and O, for their
biogenesis and are present only in aerobic organisms. Class II
RNRs (NrdJ) use adenosylcobalamin (AdoCbl) in an O,-
independent reaction and are present in both aerobes and
anaerobes. Class III RNRs use an O,-sensitive glycyl radical
(G®) situated in the @ protein (NrdD),” which is generated by a
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separate activating enzyme (NrdG) via radical S-adenosylme-
thionine (SAM)-[4Fe-4S]* chemistry.'” The class IIl RNRs are
only found in facultative and obligate anaerobes.

The mechanism of nucleotide reduction has been most
extensively studied in the class I and II RNRs, where
deoxynucleotide formation proceeds with the concomitant
generation of a disulfide between a pair of conserved Cys
residues on the bottom face of the ribose in the active site
(Figure 1A)."" Subsequent turnovers require the reduction of
this disulfide by a redoxin protein (thioredoxin, glutaredoxin, or
NrdH)."”””"* The radical-dependent reduction mechanism
requires acid/base catalysis by a conserved Glu residue in the
active site (Figure IA).7

In contrast, the E. coli and bacteriophage T4 class III RNR
(subtype NrdD1) use formate as a reductant and have a single
Cys on the bottom face (Figure 1B).”"> Reaction of NrdD1
with nucleotide results in the formation of a thiosulfuranyl
radical involving a three-electron bond between this Cys and a
conserved Met residue (Figure 1B)."® This radical is thought to
be the oxidant of formate and was shown to be chemically
competent for formation of the deoxynucleotide product.

A recent bioinformatics study led us to identify a second class
III RNR subtype (NrdD2) with distinct active-site residues,
suggesting a different mechanism for nucleotide reduction.’ In
NrdD2, the active-site Met is not conserved, and the presence
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Figure 1. Active-site models for RNRs, showing conserved residues
thought to participate in catalysis. (A) T. maritima Nrd] (from the
crystal structure of PDB entry 1XJN)."* (B) Bacteriophage T4 NrdD1
(based on the crystal structure of PDB entry 1HK8)." (C) T.
maritima NrdD2 (based on the crystal structure of PDB entry 4U3E;
the substrate and thiyl radical loop, absent in the crystal structure, are
modeled as described in ref 3). (D) M. barkeri NrdD3 (based on panel
C, showing the lack of a conserved Glu residue). Dashed lines connect
S atoms involved in the formation of disulfide (A, C, and D) or
thiosulfuranyl radical (B).

of a pair of bottom face Cys residues and a Glu residue in the
active site suggested redoxin-dependent chemistry similar to
that of the class I and II RNRs (Figure 1C). In the crystal
structures of Thermotoga marttzma NrdD2 obtained independ-
ently by us and by Aurelius et al,,'” the active-site “thiyl radical
loop” is displaced from its expected position compared to those
of other RNRs, and both we and Aurelius et al. have suggested
that these structures may represent an inactive state of the
enzyme. Nevertheless, a model constructed on the basis of the
crystal structure suggested that the bottom face Cys and Glu
residues were in a suitable position to conduct RNR chemistry.”
Biochemical evidence was provided in studies of recombinant
N. bacilliformis NrdD2, which established that nucleotide
reduction could be conducted using the E. coli TrxA/TrxB/
NADPH system as the electron source.

The NrdD subtype present in an organlsm was observed to
correlate with its anaerobic metabolism.” The redoxin-depend-
ent NrdD2 is the most widely distributed subtype, present in
diverse nonfermenting bacteria and nonmethanogenic archaea,
in conjunction with the nearly universal occurrence of redoxins.
Among bacteria, the formate-dependent NrdD1 is present in
fermenting bacteria where pyruvate-formate lyase catalyzes the
conversion of pyruvate to formate and acetyl-CoA."” Among
methanogenic archaea, NrdD1 is present in class I metha-
nogens (Methanopyrales, Methanococcales, and Methanobac-
teriales)’” and in Rice cluster I. These organisms conduct
methanogenesis by reduction of CO, with H, and can generate
formate reversibly using the F,,;-dependent formate dehydro-
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genase. Formate is also used in these organisms for purine
biosynthesis”' and as a substrate for methanogenesis.””

Class II methanogens (Methanomicrobiales and Methano-
sarcinales )’ contain a third subtype of class IIl RNR (NrdD3).
Unlike the class I methanogens, many of these organisms lack
formate dehydrogenase and use formyl-THF for purine
biosynthesis. The source of electrons for nucleotide reduction
by NrdD3 is unknown. Although NrdD3 is phylogenetically
more closely related to methanogen NrdDls, its active site
more closely resembles that of NrdD2, lacking the catalytic
Met, but containing a pair of bottom face Cys residues (Figure
ID).> Also, all NrdD3 operons contain a thioredoxin-like
protein, NrdH, suggesting redoxin-dependent chemistry.
However, unlike other redoxin-dependent RNRs, homology
models suggest that NrdD3 lacks an active-site residue that
could perform acid/base catalysis (Figure 1D),” suggesting
differences in the mechanism of nucleotide reduction.

Although NrdD2 is the most widely distributed class III
RNR, it is uncommon in methanogens. We speculate that this
may be related to the unique electron carriers used in
methanogenesis, which include ferredoxin (Fdx) and coenzyme
Fu, ~ instead of reduced pyridine nucleotides, the source of
electrons for TrxB.

In addition to the NADPH-dependent TrxB, many
methanogens contain the Fdx-dependent ferredoxin disulfide
reductase (FDR),”* a [4Fe-4S] protein related to plant
ferredoxin:thioredoxin reductase (FTR),*® which could provide
a route for nucleotide reduction using electrons from Fdx, via
NrdH and NrdD3 (Figure 2). A FDR from Methanosarcina

FdXeq X FDRZG,, X X X dcTP
FdXox FDR<{

Figure 2. Model for Fdx-dependent nucleotide reduction by M. barkeri
NrdD. Fdx provides the electron source for reduction of FDR, which
reduces the redoxin NrdH, which in turn regenerates the active-site

Cys pair required for nucleotide reduction by NrdD. In our assays,
Ti(III) citrate was used as a surrogate for reduced Fdx.

NrdH? NrdD

NrdH? ' NrdDJ I

acetivorans (which we call FDR2) was recently structurally and
biochemically characterized and found to mediate the reduction
of disulfides using electrons from M. acetivorans Fdx.** In
addition to the [4Fe-4S] domain, FDR2 contains a C-terminal
rubredoxin domain thought to be involved in the transport of
electrons to the catalytic site. The gene sequence for FDR2 in
M. acetivorans occurs adjacent to that of methanoredoxin
(MRX), a glutaredoxm -like protein with protein disulfide
reductase acthlty Apart from FDR2, Methanosarcina species
contain one other FTR-like protein (FDRI1), lacking the C-

terminal rubredoxin domain.

To investigate the source of electrons for nucleotide
reduction by NrdD3, we cloned and reconstituted the class
III RNR system from the model methanogen M. barkeri,
demonstrating that M. barkeri NrdD3 can catalyze nucleotide
reduction using a recombinant NrdH/FDRI system (Figure 2).
The distribution of this subtype of class III RNR is discussed in
relation to the different methanogenic pathways that exist in
these organisms.

B MATERIALS AND METHODS
Materials and General Methods. All chemical reagents
were purchased from Sigma-Aldrich, unless otherwise indicated.
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Primers were purchased from Integrated DNA Technologies.
UV—vis absorption spectroscopy was performed on an Agilent
8453 diode array spectrophotometer or a Varian Cary 3 UV—
vis spectrophotometer. Anaerobic procedures were conducted
in an MBraun glovebox at 30 °C. All solutions and proteins
were made anaerobic on a Schlenk line by three cycles of
evacuation (S min) followed by flushing with Ar gas (10 min)
before being brought into the glovebox. Nucleotides and SAM
were brought into the glovebox as lyophilized solids. Pyrococcus
furiosus genomic DNA was purchased from ATCC. M. barkeri
(strain Fusaro) genomic DNA was a gift from W. W. Metcalf
(University of Illinois, Urbana, IL). E. coli TrxA and TrxB*"**
and M. acetivorans ferredoxin disulfide reductase (MaFDR2)>*
were purified according to published procedures. Ti(Ill) citrate
was prepared in the glovebox and its concentration determined
by titration with benzyl viologen, following published
procedures.””

Cloning of M. barkeri Genes. The genes were amplified
from genomic DNA by polymerase chain reaction (PCR) using
QS polymerase (NEB) and the respective primers (Table 1)
and inserted into the respective linearized plasmids (Table 1)
using a Gibson isothermal assembly kit (NEB) following the
manufacturer’s protocol.’”® All constructs were confirmed by
DNA sequencing by Quintara Biosciences.

The genes for MbNrdH, MbTrxA, MbTrxB, and MbMRX?®
were inserted into pET28a (Novagen) linearized with Ndel and
HindIIJ, to give plasmids pET28a-MbNrdH, pET28a-MbTrxA,
pET28a-MbTrxB, and pET28a-MbMRX, respectively. The
pET28a plasmid contains an N-terminal His, tag followed by
a thrombin cleavage site (MGSSHHHHHHSSGLVPRGSH-).

To increase the yields and stability of MbNrdG and
MbFDRI, a new plasmid was constructed to allow expression
of proteins with a fusion to P. furiosus maltose binding protein
(PfMBP), as previously reported.”’ The gene for PEMBP was
inserted into pSV272** linearized with Sacl and Bsal, to give
pSV-PfMBP, containing an N-terminal Hisq tag (MHHHHH-
HSSGG-). The genes for MbNrdG and MbFDRI were inserted
into pSV-PIMBP linearized with Ndel and Eagl, to give
plasmids pSV-PIMBP-MbNrdG and pSV-PfMBP-MbFDRI,
respectively.

The gene for MbNrdD was inserted into pET24a (Novagen)
linearized with Ndel and HindIIl, to give plasmid pET-
MbDNrdD. This construct consists of a deletion of the N-
terminal 36 nonconserved residues of MbNrdD, and
installation of an N-terminal His, tag, followed by a hydrophilic
linker found to increase yields of the soluble protein
(MHHHHGSGSGSGSG-). A His, tag was used because the
more common Hisg tag resulted in unusually tight binding to
the TALON affinity resin, making the protein difficult to elute.

Construction of His-Tagged Lactobacillus leichmannii
NrdJ. To facilitate affinity purification of L. leichmannii Nrd]J,
used in control experiments to verify the activity of the M.
barkeri thioredoxin system, the gene was amplified from
plasmid pSQUIRE™ using primers (Table 1) and inserted
into pET28a (Novagen) linearized with Ncol and HindIII by
Gibson assembly.*

Expression and Purification of Proteins. Protein
Expression. The plasmids were separately transformed into
BL21(DE3) codon plus (RIL) cells (Stratagene), grown on LB-
agar plates with 50 yg/mL kanamycin (Kan) and 30 ug/mL
chloramphenicol (Cm). A single colony was inoculated into a §
mL starter culture of LB (50 yg/mL Kan and 30 yg/mL Cm in
all growths), grown at 37 °C until reaching saturation (12 h),
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Table 1. Primers Used for Amplification of Genes by PCR and Construction of Plasmids

primer sequences

CTTTAAGAAGGAGATATACATATGCATCACCATCACGGCAGCGGAAGTGGAAGCGGCAGCGGCTCTGACAACAAGCCAGT

GGTGCTCGAGTGCGGCCGCAAGCTTACCTGAGTTCCCTTGGACTGTATCG
CCTGTATTTTCAGGGCGCCCATATGAAAGTAAACTACGCAGGGACTGTCC

gene

Mbar A1037

plasmid

pET-MbNrdD

forward

reverse

forward

Mbar_A1036

pSV-PIMBP-MbNrdG

GCCCGTTTGATCTCGAGTGCGGCCGTCATACAGAGTCTGAGAGCACTTCG
GCCTGGTGCCGCGCGGCAGCCATATGGCAAAAATAATCATATATACAACGG
GGTGCTCGAGTGCGGCCGCAAGCTTACAGGACTTCCTGGATTTTTTCAGGG

CCTGTATTTTCAGGGCGCCCATATGACTGATCATAATGAACTAAAACAG

reverse

forward

Mbar_A1038

pET28a-MbNrdH

reverse

forward

Mbar_A2920

pSV-PEMBP-MbFDRI

GCCCGTTTGATCTCGAGTGCGGCCGTTAATTCGCTTTGAAGAAAAGTTCGC
CCTGGTGCCGCGCGGCAGCCATATGGATGTATCTACTCTGAATAAAG
GGTGCTCGAGTGCGGCCGCAAGCTTATCCTTGAAATCCAAGGGC

reverse

forward

Mbar_A2431

pET282-MbMRX

reverse

CAGGTCTCCCATGCATCATCATCATCATCACAGCAGCGGCGGAAAAGTTGTTATTTGGC

CAGAGCTCCCTCCTTGCATGTTGTTAAGG
CTTTAAGAAGGAGATATACCATGCATCATCATCATCATCACAGTGAAGAAATATCTCTC

GGTGCTCGAGTGCGGCCGCAAGCTTCATGTAGTCTCTTTTTTGATACTC
GGTGCTCGAGTGCGGCCGCAAGCTTACTTAATTGGGCAGGCG

CCTGGTGCCGCGCGGCAGCCATATGGTTAAAGTTACACTTATTCACG
GGTGCTCGAGTGCGGCCGCAAGCTTCAGCTAATACGGGATATAGCATC
CCTGGTGCCGCGCGGCAGCCATATGTATGATCTTATAATTATAGGAGG

forward
reverse
forward
reverse
forward
reverse
forward
reverse

Mbar A2899
Mbar A2898

Ref!
Ref?

pET28a-MbTrxA
pET28a-MbTrxB

pSV-PIMBP
pET-LINtdJ
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and transferred into 200 mL of LB. For expression of MbNrdD,
which contains a putative Zn binding site, 50 yuM ZnSO, was
added to the medium.’* The cultures were grown at 37 °C
while being shaken at 200 rpm. At an ODgy, of ~0.8, the
temperature was decreased to 25 °C (or 30 °C for FDR1) and
IPTG (Promega) was added to a final concentration of 0.1
mM. After 12 h (or 4 h for FDR1), cells were harvested by
centrifugation (4000g for 10 min at 4 °C). The typical yield was
~5 g of cell paste/L.

Standard Procedure Used for Purification of MbNrdG,
MbFDR1, MbTrxB, and LINrdJ. After being harvested, the cells
(~1 g) were suspended in 5 mL of lysis buffer [SO mM Tris-
HCI (pH 8), 1 mM phenylmethanesulfonyl fluoride (PMSF),
0.2 mg/mL lysozyme, 0.03% Triton X, and 1 yL of Benzonase
(Novagen)]. For MbTrxB, additional SO M flavin adenine
dinucleotide (FAD) was added. The cell suspension was frozen
at —80 °C and then thawed and incubated at room temperature
for 40 min to allow lysis. Fifteen milliliters of buffer A [20 mM
Tris (pH 7.5) and S mM p-mercaptoethanol (BME)]
containing 1.3% streptomycin sulfate was added. The mixture
was shaken for an additional 10 min, and the precipitated DNA
was removed by centrifugation (20000g for 10 min at 4 °C).
Solid (NH,),SO, was then added to 60% saturation. The
solution was shaken for an additional 10 min, and the
precipitated protein was isolated by centrifugation (20000g
for 10 min at 4 °C).

The pellet was dissolved in 20 mL of buffer B [20 mM Tris
(pH 7.5), 5 mM BME, and 0.2 M KCl] and incubated with 2
mL of TALON resin (Clontech) while being shaken for 30
min. The column was then packed (0.8 cm X 4 cm) and
washed with 10 column volumes (CV) of buffer B. Protein was
eluted with 5 CV of buffer B containing 150 mM imidazole.
The eluted protein was precipitated with solid (NH,),SO, to
60% saturation and isolated by centrifugation (20000g for 10
min at 4 °C). The pellet was dissolved in 0.5 mL of buffer B
and desalted using a Sephadex G-25 column (1.5 cm X 8.5 cm,
15 mL), pre-equilibrated with buffer C [20 mM Tris (pH 7.5),
50 mM KCl, 5% glycerol, and 1 mM dithiothreitol (DTT)].
The eluted protein was concentrated to ~400 uL by
ultrafiltration (Amicon YM-30), frozen in aliquots in liquid
N,, and stored at —80 °C [for yields, extinction coefficients,
and sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) gels, see Figure S1].

Purification of MbNrdH, MbMRX, and MbTrxA. The lower-
molecular weight thioredoxin-like proteins were purified by
modification of the standard procedure described above. After
being harvested, the cells (~1 g) were suspended in 5 mL of 20
mM Tris (pH 7.5), followed by lysis by three freeze—thaw
cycles. The subsequent steps were identical to those described
above, except that BME and DTT were omitted from all
buffers, and protein precipitation was conducted using
(NH,),SO, to 70% saturation (for yields, extinction
coefficients, and SDS—PAGE gels, see Figure S1).

Purification of MbNrdD. MbNrdD required high concen-
trations of salt and/or glycerol for stability and was purified by
modification of the standard procedure described above. After
lysis, streptomycin sulfate precipitation, ammonium sulfate
precipitation, and binding to the TALON resin, the column was
washed with § CV of buffer B, then 10 CV of buffer B
containing 2 M NaCl to remove bound DNA, and then 5 CV of
buffer B. Protein was eluted with S CV of buffer D [20 mM Tris
(pH 7.5), 300 mM KCI, and 20% glycerol] containing 150 mM
imidazole and 5 mM BME. The eluted protein was precipitated
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with solid (NH,),SO, to 60% saturation and isolated by
centrifugation (20000g for 10 min at 4 °C). The pellet was
dissolved in 0.5 mL of buffer D and desalted using a Sephadex
G-25 column (1.5 cm X 8.5 cm, 15 mL), pre-equilibrated with
buffer D containing 1 mM DTT. The eluted protein was
concentrated to ~300 uM by ultrafiltration (Amicon YM-30),
frozen in aliquots in liquid N, and stored at —80 °C (for yields,
extinction coefficients, and SDS—PAGE gels, see Figure S1).

Reconstitution of [4Fe-4S] Clusters of MbNrdG and
MbFDR1. The procedure was conducted in a glovebox.
Solutions of Na,S and Fe(NH,),(SO,), in water (100 mM)
were freshly prepared in the glovebox. Solutions of the
respective proteins (~200 M) were made anaerobic on a
Schlenk line and brought into the glovebox. A solution of DTT
(1 M) was added to a final concentration of 10 mM, followed
by ordered addition of the solution of Na,S (S equiv) and
Fe(NH,),(S0O,), (5 equiv). The mixture was incubated for 12
h at 4 °C. Ethylenediaminetetraacetic acid (EDTA, S equiv)
was then added, and the solution was desalted by repeated
dilution with 20 mM Tris (pH 7.5) and concentration by
ultrafiltration (Amicon YM-30). The final material contained
3.3 atoms of Fe per NrdG peptide and 3.6 atoms of Fe per
FDRI peptide, determined by the ferrozine assay.”

Generation of the MbNrdD G°. In a 1.5 mL
polypropylene Eppendorf tube, a S0 yL mixture of MbNrdD
(40 pM), MbNrdG (40 pM), SAM (1 mM), bicine potassium
salt (pH 7.5, 10 mM), 3,6-diaminoacridine hydrochloride (10
uM), Tris (pH 7.5, 20 mM), KCl (300 mM), and glycerol
(20%) was placed 1 m from a fluorescent lamp in the glovebox
at 30 °C for 1 h. This mixture was used directly for assays
without further purification. For inspection by X-band electron
paramagnetic resonance (EPR) spectroscopy, the reaction was
conducted on a 200 uL scale in an EPR tube sealed with a
rubber stopper and quenched in liquid N, immediately after the
mixture had been removed from the glovebox. The amount of
G® in the solution was determined by comparing the EPR
signal intensity to that of a CuSO, standard.*® A typical yield of
0.1 G* per NrdD polypeptide was reproducibly obtained.

X-Band EPR Spectroscopy. Continuous wave X-band EPR
spectra were recorded at 77 K in the MIT Department of
Chemistry Instrumentation Facility on a Bruker ESP-300 X-
band spectrometer equipped with a quartz finger Dewar filled
with liquid N,. Experimental conditions were as follows:
microwave frequency, 9.45 GHz; modulation amplitude, 0.15
mT; modulation frequency, 100 kHz; time constant, 5.12 ms;
scan time, 41.9 s; microwave power, 20 uW.

Activity Assay for dCTP Formation by MbNrdD Using
DTT as the Electron Source. The assay mixture contained, in
50 L, MbNrdD (10 uM, ~1 uM G*), MbNrdH (10 uM),
ATP (0.5 mM), 5-[*H]CTP (0.5 mM, 3730 cpm/nmol), and
DTT (2 mM) in assay buffer [SO mM Tris (pH 7.5), 200 mM
KCJ, and 10 mM MgSO,] and was incubated at 30 °C. Aliquots
(10 uL) were removed at 30 s intervals and reactions quenched
with 2% perchloric acid (10 pL). Subsequent to neutralization
and removal of the phosphates using calf intestine alkaline
phosphatase (Roche), dCTP formation was analyzed by the
method of Steeper and Steuart.”” One unit of activity is
equivalent to 1 nmol of dCTP/min. The specific activity of
MbNrdD is 5S units/mg of NrdD protein (~0.83 s™' per G*).

Protein Film Voltammetry (PFV) of MbNrdH. All
potential measurements were performed in a glovebox
(MBraun) with a PGSTAT 12 potentiostat (EcoChemie). A
three-electrode configuration, including a standard calomel
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reference electrode, a platinum counter electrode, and a
pyrolytic graphite edge (PGE) working electrode, was used in
conjunction with an electrochemical cell. The cell was water
jacketed and connected to a circulator for temperature control.
In this study, the temperature was maintained at 25 °C for all
experiments. In each experiment, the PGE working electrode
was sanded, polished with 1.0 ym alumina slurry, and sonicated
for >10 min before use. Protein films were generated by
painting the graphite surface of the working electrode with
droplets of a concentrated protein solution (4.6 mM, usually
2—5 uL). The working electrode was subsequently placed in
the protein-free buffer solution of the electrochemical cell and
subjected to the cycling of applied potentials. All buffers were
prepared anaerobically, with sodium acetate (5 mM), MES (S
mM), MOPS (5 mM), TAPS (5 mM), CHES (5 mM), CAPS
(5 mM), and sodium chloride (150 mM), and adjusted to a pH
range of 4.5—9.5. The raw voltammograms were analyzed with
SOAS.™

Activity Assay for dCTP Formation by MbNrdD Using
Ti(IN) Citrate as the Electron Source. Reproducible activity
was obtained by initiating the reaction in the following manner.
To a 32.5 yL mixture containing ATP, 5-[*H]CTP, Ti(III)
citrate, and assay buffer was added S uL of MbFDRI, followed
immediately by a 12.5 yL mixture containing MbNrdD and
MbNrdH. The final assay mixture contained, in 50 uL,
MbNrdD (10 uM, ~1 uM G°), MbNrdH (10 uM),
MbEDRI (10 xM), ATP (0.5 mM), 5-*H]CTP (0.5 mM,
3730 cpm/nmol), and Ti(II) citrate (1 mM) in assay buffer
and was incubated at 30 °C. Aliquots (10 uL) were removed at
30 s intervals and reactions quenched with 2% perchloric acid
(10 uL). Workup is as described above. The specific activity of
MbNrdD under these conditions was 41 units/mg of NrdD
protein (~0.61 s™" per G*).

Stoichiometry of Ti(lll Consumption and dCTP
Production. The assay mixture was divided into 10 uL
aliquots containing MbNrdD (10 uM, ~1 uM G*), MbNrdH
(2 uM), MbEDRI (2 M), dATP (0.1 mM), 5-[*H]CTP (0.5
mM, 3730 cpm/nmol), and varying amounts of Ti(III) citrate
(0—-0.6 mM) in assay buffer. The reaction was initiated as
described above and the mixture incubated at 30 °C for 2 h to
allow for complete consumption of Ti(III). Workup to quantify
dCTP formed is as described above.

Activity Assay for Reduction of DTNB by MbTrxB. The
assay mixture contained, in 300 #L, MbTrxB (10 nM; we used
an extinction coefficient &,55 of 11300 M™' cm™ previously
measured for E. coli TrxB*®), NADPH (0.3 mM), S5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB, 1 mM), Tris (pH 7.5,
50 mM), and EDTA (0.1 mM), sealed in an anaerobic cuvette,
incubated at 30 °C, and monitored by the change in Ay,
(assuming €4, = 14150 M™' cm™"). The specific activity was
3.4 uM min~' mg~, calculated as previously described.*"*!

Activity Assay for dCTP Formation by LINrdJ Using
the M. barkeri Thioredoxin System. The procedure was
adapted from existing protocols™ and was conducted in the
glovebox to avoid the reported reaction of the archaeal TrxB
with 0,.*° The assay mixture contained, in 50 xL, LINrdJ (1
uM), AdoCbl (10 uM), TrxA (100 uM), TrxB (1 uM), dATP
(0.12 mM), 5-[*H]CTP (1 mM, 3730 cpm/nmol), NADPH (2
mM), HEPES (50 mM, pH 7.5), EDTA (4 mM), and MgSO,
(1 mM) and was incubated at 30 °C. Aliquots (10 uL) were
removed at 30 s intervals and reactions quenched with 2%
perchloric acid (10 uL). Workup is as described above. The
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specific activity of LINrdJ is 420 or 200 units/mg using the E.
coli or M. barkeri thioredoxin system, respectively.

B RESULTS

Generation of the MbNrdD G°. For our studies of
NrdD3, we chose the model methanogen M. barkeri.* Initial
attempts to purify MbNrdD were confounded by the instability
of the protein, which aggregated over time and bound tightly to
various chromatographic resins and to DNA. We later found
that this instability and nonspecific binding could be overcome
by addition of 200—300 mM KCl and/or 20% glycerol to the
buffers used for chromatography, storage, and assays. To
generate active MbNrdD for biochemical studies, we incubated
MbNrdD with MbNrdG and SAM in the presence of the
diaminoacridine/bicine photoreduction system,3 resulting in
the generation of a radical with a characteristic doublet EPR
signal (Figure 3), consistent with its assignment as G°.

3360 3380 3400 3420

[C]

3320 3340

Figure 3. EPR spectrum of the MbNrdD G* (40 uM NrdD peptide).

MbNrdD stored in buffer containing 20 mM Tris (pH 7.5),
300 mM KCIl, and 20% glycerol was stable at 4 °C in the
glovebox for several weeks, during which a yield of ~0.1 G*® per
NrdD peptide was reproducibly obtained.

Reduction Potential of MbNrdH. All NrdD3 sequences
that we have examined, from methanogens that have been
sequenced to date, occur adjacent to a thioredoxin-like protein
NrdH, making it a likely candidate for the electron donor for
NrdD3. To investigate this possibility, we conducted PFV of
MbNrdH to determine its reduction potential (Figure 4A).

The potential of MbNrdH at pH 7.0 and 25 °C was
determined to be —250 mV (vs SHE), with a variation of 1—2
mV in each experiment. The half-height widths of the peaks (&)
are 59.5 and 60.9 mV for the reductive and oxidative peaks,
respectively. The values are between the theoretical half-height
widths for one-electron (89 mV) and two-electron (44.5 mV)
redox processes, as has been observed previously for other
thioredoxins.***> Considering the two-electron redox nature of
the thiol to disulfide transformation, the broadening of the
peaks of the voltammograms may suggest that different
MbNrdH conformations exist on the electrode surface under
the experimental conditions, which has been observed
previously.***

The thiol to disulfide transformation is also a proton-coupled
process, and thus, the potentials of thioredoxins are highly
dependent on the pH. To investigate the pH dependence, the
reduction potentials of MbNrdH were determined across a pH
range of 4.5—9.5 (Figure 4B). A linear fit of all data points gave
a slope of —5$3.2 mV/pH unit (—56.8 mV/pH unit for a fit of
only the pH range of 4.5—7.0), implying a one-H*/one-e~ or
two-H*/two-e~ process (the theoretical slope for such
processes is —59 mV/pH unit).

From the half-height widths of the peaks and the pH

dependence of the reduction potentials, we conclude that the
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Figure 4. (A) Example of PFV analysis of MbNrdH at pH 7.0 and 25
°C. The dashed line is the background capacitance of the blank
working electrode. The solid line shows the raw data with MbNrdH on
the electrode. The two reversible peaks of the inset were obtained
from background subtraction. The reduction potential (E,) of
MbNrdH is determined by averaging the potential values of the two
peaks. SHE is the standard hydrogen electrode. (B) pH dependence of
the MbNrdH reduction potential at 25 °C. MbNrdH reduction
potentials at different pH values were fitted to a linear model (E,, =
129.4 — 53.2 X pH unit).

voltammograms from this study represent a redox couple
approaching a two-H*/two-e™ redox process, characteristic of a
thioredoxin cycling between the fully reduced (-SH HS-) and
fully oxidized (-S—S-) states. The potential of MbNrdH (—250
mV) is close to that reported for E. coli TrxA (=270 mV)*® and
for E. coli NrdH (—248.5 mV),"? the reductant of E. coli class Ib
RNR, suggesting that MbNrdH has an appropriate potential for
supporting nucleotide reduction.

MbNrdH Is Required for Nucleotide Reduction by
MbNrdD Using DTT as an Electron Source. To establish
whether NrdH can support nucleotide reduction by NrdD3, we
conducted assays using MbNrdD (0.1 G*/a), MbNrdH, and
DTT as an electron source, and the results are summarized in
Table 2. MbNrdD was active for reduction of CTP to dCTP
with ATP as an effector, but much less active for CDP
reduction [~10% of the activity for CTP reduction (Table 2)].
This promiscuous activity was also previously observed for N.
bacilliformis NrdD2.? Catalytic activity was dependent on the
presence of G* and MbNrdH (Table 2). As with N. bacilliformis
NrdD2, DTT alone fails to efficiently reduce MbNrdD in the
absence of MbNrdH, and formate failed to produce any dCTP.
MbNrdH could not be replaced by MbTrxA, or by MbMRX.*®
Thus, the experiments demonstrate that the specific redoxin
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Table 2. Requirements for dCTP Formation by MbNrdD
Using DTT as the Electron Source”

reaction conditions activity (units/mg)

complete (CTP, ATP) 55+3
—SAM (no G* formed) ND
—NrdH ND
—NrdH + TrxA ND
—NrdH + MRX ND
-DTT ND
—DTT + formate (10 mM) ND
—DTT + TrxB (1 uM) + NADPH (2 mM) ND
—ATP 22 +1
—ATP + dATP (0.1 mM) 4742
—CTP + CDP (0.5 mM) 6+1

“ND, activity not detected, <10 turnovers per G* over 20 min.

MbNrdH is required for nucleotide reduction by MbNrdD with
DTT as the electron source.

CTP reduction activity was enhanced 2.5-fold by ATP and 2-
fold by dATP (Table 2). MbNrdD has an annotated N-terminal
ATP cone domain, which controls the activity of many RNRs
by binding the activator (ATP) or the inactivator (dATP).
However, in MbNrdD, this domain lacks conserved residues
required for nucleotide binding and is thus predicted to be
inactive.*”** In MbNrdD, both ATP and dATP are predicted to
bind to the specificity site and activate nucleotide reduction.
The degree of activation is smaller than that observed in E. coli
NrdD (5-fold enhancement of CTP reduction by ATP).*

The MbTrxB/NADPH system failed to replace DTT as the
electron source, demonstrating that MbNrdH is not a substrate
for MbTrxB. This is consistent with the observation that
bacterial and archaeal TrxB are highly specific for their cognate
TrxA.>® Also, TrxB sequences are not highly conserved among
methanogens containing NrdD3, and it was noted that the
Methanosarcina TrxBs are more closely related to that of
sulfate-reducing bacteria than to that of other methanogens.40
As a control to verify the activity of the recombinant M. barkeri
thioredoxin system, MbTrxB is active for DTNB reduction (3.4
#M min~" mg™'), and the MbTrxA/MbTrxB/NADPH system
can provide electrons for CTP reduction by L. leichmannii
Nrd** (200 units/mg).

Identification of FDR as a Candidate Reductant for
NrdH Using Bioinformatics. Having established that NrdH
can supply electrons for nucleotide reduction by NrdD3, we
next sought the source of electrons for reduction of NrdH. We
previously noted that the NADPH-dependent NrdD2, present
in anaerobic bacteria and archaea with a large variety of
metabolic types, is uncommon in methanogens, which instead
use NrdD1 or NrdD3.” A possible reason is that unlike in most
other types of energy metabolism, NADH and NADPH are not
used as electron carriers in methanogenesis. This and the
inability of the MbTrxB/NADPH system to deliver electrons to
MbNrdD through MbNrdH lead us to propose that the source
of electrons for NrdD3 is one of the electron carriers used in
methanogenesis. Possible candidates for the source of electrons
for reduction of NrdH [—250 mV (see above)] are Fdx (—420
mV)>" and coenzyme F,y (=360 mV).>>

M. barkeri and other organisms in the order Methanosarci-
nales can generate methane from methanol or methylamines
[methylotrophic methanogenesis (Figure SA)] or from acetate
[aceticlastic methanogenesis (Figure SB)]. These pathways
differ in the electron carriers used in energy conservation
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Figure S. Pathways for methanogenesis from methanol or acetate. (A) In methylotrophic methanogenesis, oxidation of each methyl group produces
four electrons in the form of F,,yH, from the oxidation of methyl- and methylene-tetrahydromethanopterin (H,MPT) and two electrons in the form
of reduced Fdx from the oxidation of the formyl group to CO, by formylmethanofuran dehydrogenase (FMF-DH). (B) In aceticlastic
methanogenesis, breakdown of each acetate molecule produces two electrons in the form of reduced Fdx from the carbon monoxide dehydrogenase/

acetyl CoA synthase system (CODH/ACS).*

(Figure S), allowing us to examine the distribution of class III
RNRs among the metabolically diverse Methanosarcinales for
clues regarding the source of electrons for reduction of NrdH
(Table 3).

Table 3. Occurrence of RNRs, FDR1, and FDR2 in
Sequenced Methanosarcinales

FDR1
and/or
organism substrates RNRs FDR2
Methanosarcina™>* methanol, NrdD3, FDRI,
methylamines, Nrd] FDR2
acetate, H, + CO,
Methanohalophilus®® and methanol, NrdD3, FDRI1
Methanohalobium methylamines NrdJ
Methanococcoides,> methanol, NrdD3, FDR1
Methanosulsumi and methylamines NrdD2
Methanolobus®
Methanosaeta™® acetate NrdD3, FDR2
NrdJ

Most class II methanogens contain NrdD3 and NrdJ. Among
the Methanosarcinales, this combination is present in the
aceticlastic Methanosaeta and metabolically versatile Methano-
sarcina species (Table 3). In contrast, some obligate
methylotrophs (Methanococcoides, Methanosalsum, and Meth-
anolobus) lack Nrd] and instead contain NrdD3 and NrdD2
(Table 3). In methanogens, NADPH required for biosynthesis
can be generated reversibly from F,H, using the cytosolic
enzyme F,,-NADP' reductase,’”” and the presence of the
NADPH-dependent NrdD2 in obligate methylotrophs may
reflect their obligate production of F,H, (Figure SA).
Conversely, we propose that the presence of NrdD3 in all
Methanosarcinales may reflect its dependence on the
universally produced reduced Fdx (Figure SA,B).

Next, we sought a pathway for Fdx-dependent reduction of
NrdH. For thioredoxin reduction, an alternative to the flavin-
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containing thioredoxin reductase TrxB, which obtains electrons
from NADPH, is the plant-type [4Fe-4S] cluster-containing
FTR, which obtains electrons from plant Fdx>® FTR-like
proteins have been classified into several subtypes according to
their primary sequence,”” and two of these subtypes (FDR1
and FDR2) are broadly distributed in Methanosarcinales
(Table 3). Methylotrophic methanogens contain FDRI,
which is located in the genome adjacent to FMF-DH, a source
of reduced Fdx (Figure SA). Aceticlastic methanogens contain
the recently characterized FDR2,”* and CODH/ACS provides
a possible source of reduced Fdx (Figure SB). Metabolically
versatile Methanosarcina species contain both FDR1 and FDR2.

FDR1 Supports Nucleotide Reduction by MbNrdD
Using Ti(lll) Citrate as an Electron Source. To determine
whether a FDR can provide electrons for nucleotide reduction,
we conducted assays using MbNrdD (0.1 G*/a), MbNrdH,
and MbFDRI. To avoid the additional complexities of a Fdx-
regenerating system, the one-electron reductant Ti(Ill) citrate
was used as a surrogate for reduced Fdx (see Figure 2), and the
results are summarized in Table 4. The catalytic activity for
nucleotide reduction with the NrdH/FDR1/Ti(IIll) system is
comparable to that of the NrdH/DTT system and is dependent
on the presence of both NrdH and FDRI1 (Table 4). The
number of dCTPs formed per Ti(III) in the reaction mixture is
0.45 (Figure 6), consistent with a 1:2 stoichiometry and
demonstrating that the reducing equivalents come from Ti(III).

Table 4. Requirements for dCTP Formation by MbNrdD
Using Ti(III) Citrate as the Electron Source”

reaction conditions activity (units/mg)

complete (CTP, ATP) 41 + 1
—NrdH ND
—FDRI1 ND

“ND, activity not detected, <10 turnovers per G* over 20 min.
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Figure 6. Amount of S-[*H]dCTP formed after incubation of
MbNrdD with $-[*H]CTP, dATP, NrdH, FDRI, and limiting
amounts of Ti(Il) citrate at 30 °C for 2 h. The stoichiometry of
dCTP produced per Ti(II) added is 0.4S. The concentration of
MbNrdD G® in the reaction is ~1 M.

We also conducted assays with M. acetivorans FDR2**
(MaFDR?2, 86% sequence identity between M. acetivorans and
M. barkeri FDR2), using assay conditions identical to those
used for FDRI, but did not detect significant activity (<20
turnovers over 1 h). It is possible that either FDR2 does not
deliver electrons for NrdD3 in this organism or our assay
conditions with Ti(III) citrate do not support FDR2 activity.
Further studies are required to determine whether FDR2 can
deliver electrons for NrdD3 in other organisms, such as
Methanosaeta, that lack FDRI.

B DISCUSSION

The [4Fe-4S] protein FTR was first studied in plants and
cyanobacteria,”> where it plays a regulatory role in CO, fixation.
A recent bioinformatics study showed that FTR-like proteins
are present in diverse nonphotosynthetic bacteria and archaea,
where they have an unknown function.”” Our experiments with
the M. barkeri class II RNR demonstrate a new biosynthetic
role for a FTR-like protein, FDRI, in providing electrons for
anaerobic ribonucleotide reduction.

The potential measured for MbNrdH (—250 mV) suggests
that the driving force for nucleotide reduction using electrons
from Fdx (=420 mV)>" is much larger than required. However,
because nucleotide reduction accounts for a minute fraction of
the energy expenditure of the cell, there may not be strong
selection to maximize the energetic efficiency of this reaction.
Low-potential Fdx drives a variety of biosynthetic reactions in
anaerobic organisms, and its use as an electron source could
serve as a means to synchronize RNR activity with metabolic
activity, a function similar to the allosteric activation of other
RNRs by ATP."

The link between RNR and metabolism may be informative
with regard to ecologically important archaea, such as relatives
of methanogens that conduct anaerobic methane oxidation,
which have been difficult to culture and study. Of the anaerobic
methanotrophs for which (genomic or metagenomic informa-
tion is available, ANME-2a°" and ANME-2d°* contain NrdD3,
Nrd], and one or more FDRs, similar to related class II
methanogens. In contrast, ANME-1% contains NrdD2, NrdJ,
and no FDR, suggesting different roles for Fdx in the
metabolism of these organisms.

Apart from the unique electron source used by NrdD3, the
configuration of its active-site residues is also remarkable
(Figure 1D). The complex chemical mechanism of redoxin-
dependent RNRs is thought to depend on acid/base catalysis
by a conserved active-site Glu residue,” and replacement of this
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residue in E. coli NrdA(E441Q) leads to accumulation of radical
intermediates and failure to complete the catalytic cycle.”* Our
observation that NrdD3 conducts NrdH-dependent nucleotide
reduction provides evidence of mechanistic similarities with the
redoxin-dependent class I and II RNRs and NrdD2, despite the
absence of a conserved active-site acid/base residue. Further
investigations of this enzyme could lead to a deeper
understanding of the mechanism of ribonucleotide reduction.
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