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Abstract: Nitroreductases are flavoenzymes that catalyze nitrocompounds and are widely utilized
in industrial applications due to their detoxification potential and activation of biomedicinal pro-
drugs. Type | nitroreductases are classified into subgroups depending on the use of NADPH or
NADH as the electron donor. Here, we report the crystal structure of the fungal nitroreductase
Frm2 from Saccharomyces cerevisiae, one of the uncharacterized subgroups of proteins, to reveal
its minimal architecture previously observed in bacterial nitroreductases such as CinD and YdjA.
The structure lacks protruding helical motifs that form part of the cofactor and substrate binding
site, resulting in an open and wide active site geometry. Arg82 is uniquely conserved in proximity
to the substrate binding site in Frm2 homologues and plays a crucial role in the activity of the
active site. Frm2 primarily utilizes NADH to reduce 4-NQO. Because missing helical elements are
involved in the direct binding to the NAD(P)H in group A or group B in Type | family, Frm2 and its
homologues may represent a distinctive subgroup with an altered binding mode for the reducing
compound. This result provides a structural basis for the rational design of novel prodrugs with
the ability to reduce nitrogen-containing hazardous molecules.
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Introduction

Nitroreductases reduce the nitrogen substituted
compounds such as furazones, nitroaromatic com-
pounds, flavins and ferricyanide by utilizing FMN
as a cofactor and NAD(P)H as the reducing agent.'?
Nitrogen substituted compounds are widely present
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in the environment and are involved in a range of
industrial process such as explosives, pesticides,
antimicrobial agents, pharmaceuticals, food addi-
tives, and dyes.>® Nitroreductases in bacteria are
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classified into two families in which Type I nitrore-
ductases catalyze the reduction of organic nitro com-
pounds using a two-electron transfer mechanism,
whereas Type II catalyzes a one electron reduction
of the nitro group to produce nitro anion radicals.
Almost all Type I oxygen insensitive nitroreductases
share similar biochemical properties, such as a
homodimeric association, broad substrate specificity
and the catalytic reaction using a ping-pong bi-bi
kinetic mechanism.*® Type I can be classified into
two main groups, Groups A and B, according to their
similarity with E. coli nitroreductases NfsA and
NfsB, respectively.” Group A uses NADPH as a
reducing agent, whereas Group B can use either
NADH or NADPH. Groups A and B share very low
sequence identity with one another, despite some
biochemical similarities.® Recently, an additional
uncharacterized putative nitroreductase-like protein
family including fungal proteins of Frm2 and Hbnl
was identified using sensitive methods of phyloge-
netic analysis in bacterial and eukaryotic genome
databases.!%1! These proteins, termed
nitroreductase-like A proteins (NrlA), have similar
physical and chemical properties as determined from
the hydrophobic cluster analysis pattern and are
suggested to be involved in maintaining the oxida-
tive and/or nitrosative balance within cells. No
structure is available for eukaryotic nitroreductases,
and few data exist on the distribution of
nitroreductase-like proteins in eukaryotic cells. In
the yeast Saccharomyces cerevisiae, two proteins,
Frm2 and Hbn1l, sharing sequence homology of 59%
identity, were identified as influencing the response
to oxidative stress by modulating the GSH contents
and antioxidant enzymatic activities such as SOD,
CAT, and GPx.° Frm2 has low sequence homology
and does not belong to either of the subgroups in the
Type I family. We have previously reported on the
enzymatic function of Frm2 as a novel nitroreduc-
tase that catalyzes 4-nitroquinoline-N-oxide (4-NQO)
using NADH. LC-MS analysis indicated that Frm2
reduced 4-NQO substrate into 4-aminoquinoline-N-
oxide (4-AQO) via 4-hydroxyaminoquinoline (4-
HAQO).'2 A Frm2 deletion mutant exhibited growth
inhibition in the presence of 4-NQO, demonstrating
its involvement in the oxidative stress defense sys-
tem. In the present study, we have determined the
structure of Frm2 and compared it to other nitrore-
ductases in Groups A and B of the Type I family to
understand the functional and biochemical relevance
of the protein and, thus, its activity.

Results

Overall structure of wild-Frm2

The crystal structure of Frm2 was determined in the
absence of the FMN cofactor at a 3.0 A resolution by
molecular replacement. Frm2 forms a homodimer
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and the monomer possesses a typical nitroreductase
motif (« + f fold) with the active site sandwiched at
the dimer interface. Antiparallel beta strands of the
core motif are surrounded by two long and five short
helices. The beta strand at the C-terminus extends
across the N-domain of the neighboring monomer to
form a beta sheet core. A disordered loop in the
region of 174-185 was not traced and is thus miss-
ing in the final model. The structure shows an
obvious binding groove for the FMN cofactor that is
surrounded by a loop of the a2 helix—B1 strand, «6
helix of one monomer, and B3 strand from a neigh-
boring subunit [Fig. 1(A)]. A positively charged sur-
face originating from Argl4 and Argl5 is located
deep inside the cavity in a position to coordinate the
phosphate group of the FMN cofactor. Based on the
superposition to the FMN 4-NQO complex structure
of CinD, Leul45, and GIn146 are located in the sur-
face of the si face for the FMN isoalloxazine ring
with Thr16, Arg82, His147 in the same face, while
the Phe48 and Cys120 positions in the re face of the
isoalloxazine ring.!> The homodimeric interface
forms the active site pocket in which Trpl33,
His147, Leul45, GInl146, and Pro45 from one subu-
nit constitutes the FMN binding site with the other
subunit. The conserved Arg 14 originating from an
adjacent subunit is well positioned for direct binding
to the FMN phosphate group. In comparison to other
available structures in Group A (PDB code 3n2s,
1f5v, 3qdl) and Group B (licu, 1vfr, 1kqd, 2wzw),
Frm2 and its homologues exhibit conserved residues
such as Tyr 18, which is involved in the interaction
to Oy of the isoalloxazine ring based on the CinD
structure superposition, and Phe48, which is
involved in the stacking interaction to the 4-NQO
substrate [Fig. 1(B)]. In addition, it has a His147
located at the si face of the ring that is replaced by
Glu in Group B and to Gly in Group A. Both Frm2
and CinD catalyze the 4-NQO substrate. The posi-
tion of Arg82, which corresponds to the Lys 88 resi-
due [Supporting Information Fig. S1], is in proximal
position to the 4-NQO in CinD, which suggests its
involvement in the reduction of the NO,; moiety to
NH2 for the conversion of 4-NQO to 4-AQO. Inter-
estingly, this positively conserved charged residue is
substituted to Asn in Group B and to residue Gln or
Asn in Group A. To investigate the functional role of
this residue, we generated the mutant of R82A and
R82E and assayed the nitroreductase activity. When
compared to wild type, both mutants showed no or
marginal activity for 4-NQO, suggesting its essential
role in the reduction activity of the nitrocompound
substrate [Fig. 1(C)].

Absence of protruding helices

Upon comparison to other nitroreductase structures,
Frm2 reveals a distinctive feature near the FMN
binding groove that lacks the prominent helical
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Figure 1. Overall structure and active site of Frm2. (A) Homodimeric arrangement of Frm2 (Mol A: green, Mol B; blue) with
labeled secondary structures. The a-helix 8 located at the C-terminal end is not visible in the structure. FMN binding pocket is
located in dotted box. The key residues in the FMN binding groove and active site are shown as sticks in the enlarged surface
diagram. (B) Comparison of the active site. Models of 4-NQO and FMN are superposed to the active site pocket of Frm2
(green) based on the substrate bound CinD complex structure (pdb 4bnb, gold). The positively conserved residue Arg82, corre-
sponding to Lys88 in CinD, is positioned in close proximity to NO, moiety of 4-NQO. (C) Nitroreductase activities are shown by
the reduction of NADH with the 4-NQO substrate for wild type Frm2 and for mutant proteins of the Arg82 residue (R82A and
R82E). Specific activities are indicated in the table. Assays were performed in 1 mL of 50 mM Tris-Hcl (pH 7.5) containing 10
uM FMN, 0.2 mM NAD(P)H and 0.05 mM nitrocompounds. Reactions were started by adding 100 nM of enzyme, and changes

in absorbance were measured for 20 min at room temperature. One unit is defined as umoles NAD(P)H per min.

domains observed in Groups A or B proteins. The
Dali server indicated that Frm2 has structural
homologues to bacterial nitroreductases such as the
CinD from Lactococcus lactis and an uncharacter-
ized protein from Bacillus cereus with 1.5 A rm.s.d.
(21.6 Z score, over 189 Ca atoms) and 1.7 A rm.s.d.
(21.4 Z score, over 199 Ca atoms), respectively.’* It
also exhibits overall similarity to the minimal nitro-
reductase YdjA from E. coli with 3.5 A rm.s.d over
133 aa.'® We found five structures in the PDB data-
base (2wqf, 1lywq, 2ifa, 2i7h, 3bm1l) that share the
common minimal architecture without the protrud-
ing helical motifs in the FMN binding entrance.
Among those structures, enzymatic characterization
was reported only for CinD.'® Previously, these pro-
truding helical motifs were suggested to confer sub-
strate specificity with a role in binding NAD(P)H
molecules.'® In Frp of Group A, for example, three
helices of I, J, and K located in the extra C-terminus
occupy the front space of the binding groove where

1160 PROTEINSCIENCE.ORG

residues in these helices such as Arg225, Argl33,
and Asnl34 interact with the nicotinamide moiety,
and the positively charged side chains of Lys167 and
Argl5 interact with the pyrophosphate of NADPH!’
[Fig. 2(A)]. For NfnB of Group B, two a-helices of C
and D, inserted between the a4- and «ob-helix in
Frm2, constitute a small domain in the equivalent
position near the FMN pocket entrance. The purine
ring of the adenosine moiety stacks between the side
chains of Tyr113 and Arg120 of the helix, while the
2'-phosphate group of NADPH points externally
with only a salt bridge to Argl05, resulting in the
inefficient discrimination between NADPH and
NADH® [Fig. 2(B)]. Because the nicotinamide ring
of NAD(P)H and the isoalloxazine ring of the FMN
cofactor should be positioned close enough for inter-
action, the absence of the secondary helical elements
that bind to the NAD(P)H molecule suggests a sig-
nificantly altered binding mode in the interaction
with the reducing agent in Frm2 [Fig. 2(C)]. Based
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Figure 2. Protruding helical elements in the NAD(P)H interaction. (A) Frp structure from Vibrio harveyi in Group A has helices of
I, J, and K (red) in the C-terminus for interaction to NADPH (pdb 2bkj). The unusually folded structure of nicotinamide adenine
dinucleotide is located in proximity to the protruding helices. (B) NfnB structure from Mycobacterium smegmatis in Group B has
helices of C and D (green) for the nondiscriminative interaction to NADPH (pdb 2wzw). (C) The minimal architecture of Frm2
without the protruding helices suggests an alternative binding mode for the reducing agent. (D) Frm2 utilizes mainly NADH,
whereas NfsA in Group A utilizes the NADPH molecule. Kinetic parameters associated to substrate consumption in wild type

are shown in a table.

on the proximal geometry, Phell0 and Leull3 in
the loop between a4- and o5-helix may be involved
in the binding in Frm2. Intriguingly, Frm2 primarily
utilizes NADH as an electron donor and shows only
marginal activity with NADPH'? [Fig. 2(D)]. CinD
exhibits four times higher activity with NADH com-
pared to NADPH.'® Recently, a fungal nitroreduc-
tase from Taiwanofungus camphorate, having a 35%
sequence identity to Frm2, was characterized to
show significantly high activity with NADH.'® This
finding suggests that nitroreductases in this archi-
tecture may take a binding mode that favor NADH
molecule. It would be interesting to determine
whether other homologues, previously known to be
nitroreductase-like A proteins,'®!! also preferably
utilize NADH over NADPH.

In summary, the Frm2 structure reveals that it
has minimal architecture with a simple and wide
open configuration in the FMN binding entrance.
The conserved Arg82 is essential for enzymatic
activity in the reduction of 4-NQO. The absence of
the secondary elements involved in the binding to
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NAD(P)H in Groups A or B in the Type I nitroreduc-
tase family suggest that Frm2 may take an altered
binding mode for the reducing compound interac-
tion. Frm2 and some bacterial nitroreductase-like A
proteins with the minimal architecture could be clas-
sified into a new group, possibly related to the pri-
mary use of NADH.

Materials and Methods

Cloning and protein expression and purification

The gene encoding Frm2 (Alias; YCLX08C) was
amplified by PCR from S. cerevisiae genomic DNA.
The easy cloning kit (enzynomics) was used for com-
plete construction of the pET28a vector. The con-
structed vector was transformed into E. coli BL21-
DE3, which was cultured at 17°C in Luria—Bertani
(LB) broth media with kanamycin (30 mg/mL) for
16 h. The cells were collected by centrifugation
(8000g, 30 min), resuspended in lysis buffer (50 mM
HEPES at pH 7.9, 500 mM NaCl, 1 mM EDTA, 1%
NP40, and 10% glycerol, 1 mM DTT), and sonicated
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Table I. Data Collection and Structure Refinement
Statistics

Data collection Native Frm2

X-ray source 7A, PAL
Space group P32
Unit cell dimensions
a, b, c(A) 60.04, 60.04, 110.67
a B,y () 90, 90, 120
Wavelength () 0.97918
Resolution (A) 50-3.0
Reym (%)*" 13.3 (43.1)°
I/s(I) 7.4 (1.7)
Completeness (%) 97.2 (91.8)
Redundancy 5.6 (3.2)
Solvent content (%) 53.6
No. of copies in ASU 2
Refinement
Resolution (A) 26.3-3.0
No. of reflections 8754
Ruyord/Rivee (%) 21.9/26.8
R.m.s deviations .

Bond lengths (A)/angles (°) 0.006/1.2

Average B factor 44.3

No. of nonhydrogen atoms 2760

No. of water molecules 9
Ramachandran plot (%)

Favored region

Allowed region

82.7
16.7

? Numbers in parentheses are statistics from the highest
resolution shell.

® Reym = obs — Tavg!/Iobss Where Iy is the observed indi-
vidual reflection.

¢ Ryork = | Fol — |F.11/IFyl, where F, and F. are the
observed and calculated structure factor amplitudes,
respectively. Re... was calculated using 5% of the data.

(Vibra-cell VCX600; Sonics and Materials, USA) in
an ice bath for 4 min. The supernatant was clarified
by centrifugation (10000g, 30 min, 4°C) and purified
using a nickel-affinity chromatography (Peptron).

Crystallization and data collection

Frm2 crystallization trials were conducted using the
sitting drop method at 18°C. We mixed 20 mg/mL of
Frm2 solution with an equal volume of crystallization
reservoir solution containing 20% (w/v) polyethylene
glycol (PEG) 4000 and 0.2M ammonium citrate triba-
sic pH 7.0, 0.1M Tris pH 8.5. Before the data were
collected, the crystals were cryo-cooled to 95 K using
a cryoprotectant consisting of a mother liquor supple-
mented with 25% glycerol. The diffraction data set
was collected using the MX6C synchrotron beamlines
at the Pohang Accelerator Laboratory (Pohang,
Korea). The crystals diffracted to a resolution of 2.9
A, and the data were collected with rotations of crys-
tal spanning 365° at 1° intervals.

Structure determination and refinement

Diffraction data were processed and scaled using
HKL2000. The structure was determined by the
molecular replacement method using the Phaser
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CCP4?° suite and the structure of the CinD of L.lac-
tis (PDB code 2wqf) as a searching model. The
resultant model was refined in conjunction with
model rebuilding using CNS.2! COOT was used for
stereographic manual refinement and model build-
ing.?2 The structure was validated with PRO-
CHECK.?? Sequence alignments and structure-based
sequence alignments were performed using Clustal
W.24 Molecular images, including cartoon and stick
representations, were produced using PyMOL
(http://www.pymol.org/). The crystallographic data
statistics are summarized in Table 1.

Nitroreductase activity assay of Frm2
Steady-state enzyme kinetics with purified NTRs
were assessed spectrophotometrically at 340 nm
(based on the equal absorption of NAD(P)" reduction
products of NAD(P)H at this wavelength). Assays
were performed in 1 mL of 50 mM Tris—Hecl (pH 7.5)
containing 10 pM FMN, 0.2 mM NADP)H and
0.05 mM nitrocompounds. Reactions were started by
adding 100 nM of enzyme, and changes in absorb-
ance were measured for 20 min at room tempera-
ture.  Michaelis—-Menten curve fitting were
performed using Sigmaplot 10.0 (Systat Software,
Richmond, CA). The NfsA, encoding the major
oxygen-insensitive nitroreductase in E. coli, was
used as a positive control.

Accession numbers
The atomic coordinates and structure factors (4urp)
have been deposited in the Protein Data Bank,
Research Collaboratory for Structural Bioinfor-
matics, Rutgers University, New Brunswick, NdJ
(http://www.rcsb.org).
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