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ipa-43d is a hypothetical gene identified by the Bacillus
subtilis genome project (Mol. Microbiol. 10, 371-384 1993;
Nature 390, 249-256 1997). The ipa-43d protein overex-
pressed in E. coli was purified to homogeneity and its prop-
erties were analyzed biochemically. The ipa-43d protein
was found to be tightly associated with FMN and to be
capable of reducing both nitrofurazone and FMN effective-
ly. Although the ipa-43d protein catalysis obeys the ping-
pong Bi-Bi mechanism, catalysis mode was changed to the
sequential mechanism upon coupling with the biolumines-
cent reaction. Database search showed that B. subtilis pos-
sessed four genes (ipa-44d, ytmO, yddN, and yvbT), encod-
ing proteins similar in amino acid sequence to LuxA and
LuxB of Photobacterium fischeri, and, in particular, ipa-
44d is immediately adjacent to the ipa-43d gene on the chro-
mosome.

Bacillus subtilis ; nitroreductase; flavin reduc-
tase; flavoprotein; protein evolution
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The oxygen-insensitive nitroreductase activity in Es-
cherichia coli consists of three functionally redundant
components, NfsA, NfsB, and NfsC." In previous ex-
periments, nfsA*® and nfsB*® were cloned and their
gene products, NfsA and NfsB, were characterized
biochemically.>® NfsA and NfsB form homodimers
tightly associated with two FMN cofactors and respec-
tively share a considerable amino acid sequence identity
with Frp” and FRase 1,¥ flavin reductases in biolumines-
cent bacteria, which are distantly related in amino acid
sequence to each other.® These flavin reductases can
reduce FMN efficiently”® and are implicated to be in-
volved in the bioluminescent reaction.”” Although the
tertiary structures of NfsA and NfsB are not yet known,
those of Frp and FRasel have recently been clarified:
both Frp and FRasel are homodimers of interlocking
subunits, with the FMN cofactor bound in the dimer in-
terface.

Under physiological conditions, no or little FMN
reductase activity was found in wild-type E. coli en-
zymes (NfsA®; NfsB). Single amino acid substitutions
that affect the tertiary structure of the active center,
however, resulted in the conversion of NfsA and NfsB
to FMN reductases as active as or more active than

authentic FMN reductases such as Frp and FRase 1.!>19
For example, in NfsB, any of ten single amino acid sub-
stitutions of Phe-124, a key amino acid in the putative
active center, resulted in a nitroreductase/ FMN reduc-
tase conversion.'? It may be reasonable to assume that
progenitors of the NfsA/Frp and NfsB/FRase I pairs
lost FMN reductase activity during evolution in E. coli
cells or acquired FMN reductase activity during evolu-
tion in bioluminescent bacteria, most possibly by alter-
ing physical or chemical environments in the vicinity of
the active center or the bound cofactor FMN.

To gain a further insight into the evolutionary or
molecular mechanisms of divergence of the nitroreduc-
tase/flavin reductase family, we did gene searching and
biochemical characterization of enzymes similar to
NfsA and Frp in bacteria other than E. coli and
bioluminescent bacteria. Here, we show that ipa-43d, a
hypothetical gene identified by the Bacillus subtilis ge-
nome project,"!” encodes an NADPH-linked ox-
idoreductase similar in amino acid sequence to E. coli
NfsA and Vibrio harveyi Frp. The ipa-43d protein was
overexpressed in E. coli cells, purified to homogeneity
and analyzed biochemically. The ipa-43d protein was as-
sociated with both FMN reductase and nitroreductase
activities. In addition, the ipa-43d protein was found to
be capable of interacting with a bacterial luciferase to
change its reaction mode from the ping-pong Bi-Bi
mechanism to the sequential mechanism.

Materials and Methods

Materials. Sources for all enzymes and chemicals used
in this paper have been described elsewhere.>*® E. coli
strain, JM83 (ara A(lac-proAB) F~ rpsL(f80lacZ
AMI5)'® was used for cloning and overexpression of
cloned fragments. B. subtilis ISW 1214 (hsrM1 leuA8
metB5) was purchased from Takara Shuzo (Kyoto,
Japan). Vibrio harveyi ATCC 33843 was obtained from
the American Type Culture Collection. E. coli and B.
subtilis were cultured in Luria-Bertani (LB) medium'” at
30-37°C, while V. harveyi was cultured in Photobacteri-
um medium (Difco Laboratories) at 26°C. Plasmid
pIPA43 is a pSU2719'"® derivative which the 8.6-kb
Sall/Bgl1l fragment of A sacT that contains ipa-43d
gene is inserted into the Sa/1/BamHI site of pSU2719.
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The pIPA43 DNA was digested with Sa/1/EcoRV, filled
in, and self-ligated to produce pIPA-43d44d. The pIPA-
43d44d DNA was digested with EcoRI and then self-li-
gated to produce the expression plasmid pIPA-43d (see
Fig. 1c). After PCR amplification'® of the genomic
DNA of V. harveyi with the oligonucleotides (5’
TTGAATTCCCAATAAATGCCGTTATGGTGA and
5" TTTCTAGATGTGGGTTCAACAAAGTGATGG)
based on frp-flanking sequence reported by Lei et al.,”
amplified DNA was digested with EcoRI/Xbal and was
cloned into the EcoRIl/Xbal site of pUC118* to
produce the expression plasmid pFRP. The pFRP insert
was confirmed by sequence analysis.

Overexpression of ipa-43d in E. coli cells and prepara-
tion of cell extracts. E. coli IM83 was transformed with
pIPA-43d by the polyethlene glycol method.?” An ali-
quot (0.25ml) of an overnight culture at 30°C was
added to 10ml LB broth'” with 0.03 mg chloram-
phenicol ml™!; the culture was incubated with shaking at
37°C for 6 h. Cells were harvested by centrifugation,
and cell extracts were prepared as described previously.”
B. subtilis cell extracts were prepared similarly.

Overproduction and purification of NfrAl. Three
hundred ml of an overnight culture of E. coli IM83 with
pIPA-43d at 30°C was added to 6 1 of LB broth contain-
ing 30 ug chloramphenicol 17! and 0.01% (v/v) foam
suppressant Disfoam CE457 (Nippon Oil and Fats), and
cultivated at 37°C for 6 h with aeration as described
previously.?? Cells were harvested by centrifugation, sus-
pended in 250 ml of 20 mm Tris/HCI buffer (pH 7.0),
and treated with a 20-min sonication at 4°C using a
Branson model 250 sonifier. Treated suspensions were
centrifuged at 12,000 g at 4°C for 1 h, and the resultant
supernatant fluid was dialyzed against 20 mm Tris/HCl
(pH 7.0) at 4°C. Then, the dialysate was put on a Q
Sepharose FF (Pharmacia) anion-exchange column
(2.6 x10 cm) equilibrated with 20 mm Tris/HCI (pH
7.0), washed with 200 ml of the starting buffer (flow
rate: 4 mlmin~'), and eluted with a 0-500 mMm linear
gradient of KClin 20 mMm Tris/HCI (pH 7.0) (flow rate:
2 mlmin~!). Peak fractions of NADPH-nitrofurazone
reductase activity (see below) eluted around 300 mm KCl
(40 ml) were pooled. Pooled peak fractions were dia-
lyzed against 40 mm sodium phosphate (pH 6.0) at 4°C.
The dialysate was put on a Blue Sepharose CL-6B (Phar-
macia) affinity chromatography column (size: 1 X 8 cm)
equilibrated with 40 mM sodium phosphate buffer (pH
6.0). The column was washed with 30 ml of 40 mm phos-
phate buffer (pH 6.0) and NfrAl was eluted with 20 ml
of 0.5 mm NADPH at a flow rate of 1 min ml~'. The
Blue Sepharose chromatography step was repeated once
more. Purified NfrA1l was dialyzed against 50 mm Tris/
HCI (pH 7.0) and stored at 4°C for further analysis. All
chromatographic procedures were done at 4°C. Except
for the enzyme preparation used for co-factor analysis
(see below), purified NfrAl was treated with 50 mm
Tris/HCI (pH 7.0) containing 1 mMm FMN at 4°C for 48
h before dialysis. V. harveyi Frp was overproduced and
purified similarly.
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Molecular mass mesurement of NfrAI. The molecu-
lar size of native NfrA1l was assayed with Superose 12
(Pharmacia) gel-filtration in 50 mMm Tris/HCI (pH 7.0)
containing 150 mm NaCl (elution rate: 0.2 ml min™?),
while that of denatured NfrAl was estimated by SDS-
PAGE. SDS-PAGE analysis was done essentially as de-
scribed by Laemmli*® under reducing conditions with
159% (w/v) gel (1-mm thickness) at 30 mA for 1.5 h. The
gel was stained with Coomassie Brilliant Blue R-250
(Fluka Chemie).

Enzyme assay. Reductase activities were assayed with
the spectrophotometric method as described previous-
ly.>® A typical reaction mixture (3.0 ml) contained 50
mM Tris/HCI buffer (pH 7.0), 0.1 mM NADPH (or
NADH), 0.1 mM of a given electron acceptor, and a suit-
able amount of enzyme. The reaction was started by the
addition of NADPH (or NADH), and the initial rate
was measured at 23°C with a model U-3210 Hitachi
recording spectrophotometer. While the biolumines-
cence reaction coupled with FMN reductase was done
by the method of Lei & Tu.” The mixture, containing
0.1-0.8 um FMN, 0.0002% (v/v) decanal, 50 mM potas-
sium phosphate (pH 7.0), 0.1 mg Photobacterium
fischeri luciferase ml™!, and a suitable amount of
purified reductase (30 ng NfrA1l ml™! or 380 ng NfsA
ml "), was preincubated at 23°C for 3 min. One hundred
microliters of 0.08-0.8 uMm NADPH was than added to
0.1 ml of the mixture to start the reaction. Lumines-
cence was measured at 23°C for 2min with a
Laboscience (Tokyo, Japan) lumiphotometer, model
TD 4000 and the values were presented in relative light
units (rlu).

Other techniques. Protein was mesured by a dye-bind-
ing method® with bovine plasma y-globulin (Bio-Rad)
as a standard. TLC was done to characterize the NfrA1-
bound flavin®*® and the amount of NfrAl-bound FMN
was mesured as described by Ohnishi et a/.*> Nucleo-
tides were sequenced using a BcaBest dideoxy sequenc-
ing kit (Takara Shuzo).?® Nucleotide and amino acid se-
quences, hydrophobicity,?” and secondary structures®
were analyzed using DNASIS software (Hitachi
Software Engineering). A protein sequence homology
search was done under nr-aa and nr-nt databases with
the FASTA system.” Other molecular techniques are de-
scribed in Sambrook et al.!”

Results and Discussion

Identification of NfrAl, a B. subtilis protein similar
in amino acid sequence to Frp and NfsA

During the course of the database search, the product
of a hypothetical gene ipa-43d identified by the B. subti-
lis genome project!*!® (Fig. 1(a)) was found to be very
similar in amino acid sequence to Frp, a flavin reductase
in V. harveyi and NfsA, the major oxygen-insensitive
nitroreductase in E. coli (Fig. 1(b)). The putative ipa-
43d gene product (Ipa-43d) consists of 249 amino acid
residues and its molecular weight is 28,320. Except for
two insertions 4-6 amino acid long, the Ipa-43d protein
showed 41-429% amino acid identity to Frp or NfsA.
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Fig. 1. Physical Map Near the nfr41 Locus and the Deduced Amino Acid Sequence of NfrA1 Protein.

(a) Structure of the B. subtilis genomic DNA recovered as pIPA43. Horizontal arrows indicate both sizes and locations of genes or
hypothetical genes identified by the genome project.'® Vertical dotted lines show the pIPA-43d insert which includes the ipa-43d (nfrAl)
gene. ipa-44d, an immediate neighbor of nfrA1, is one of the four /uxAB-like B. subtilis genes (see Fig. 4). (b) Amino acid sequence compari-
son among NfrA1,'*! NfrA2,') E. coli NfsA® and V. harveyi Frp.” NfrA2 is an NfrA1 cognate found at 37.4°-37.5° in the B. subtilis chro-
mosome.'¥ Invariant amino acids are indicated by white letters in black boxes. Open circles indicate 17 amino acids surrounding the putative
active sites (cofactor FMN loci),'® Thick bars under the amino acid sequences show secondary a-helices (A-K) and S-sheet structures (1-5)
determined by X-ray crystallography.'® (c) Upstream and downstream sequences flanking the nfrAI coding region. Thin underlines labeled
(—10), (—35) and (SD), respectively, show — 10 region,*” —35 region®" and Shine-Dalgarno sequence.’® A pair of arrows in the 3’-untran-
slated region indicates the location of a stem-loop structure, a possible transcription terminator.>” Three consecutive asterisks indicate in-
frame termination codons.
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Hydrophobicity profiles?” and predicted secondary struc-
tures®® were also similar to those of Frp and NfsA (data
not shown). Since the Ipa-43d protein is associated with
flavin reductase and nitroreductase activity (see below),
we will hereafter refer to it as nfrAl (the Ist nitro/
flavin reductase similar in sequence to NfsA; see below
for the second gene, nfrA2).

The putative initiation codon is preceded by se-
quences similar to the Shine-Dalgarno sequence®® and
—10 and —35 promoter consensus sequences’? (Fig.
1(c)). The DNA sequence following the coding region
contained an imperfect inverted repeat, possibly a termi-
nal signal for transcription.3"
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NfrAl is an NADPH-linked nitro/flavin reductase

To decide whether NfrAl is a flavin reductase or
nitroreductase, an expression plasmid (pIPA-43d) was
constructed in which the expression of the nfrAl gene
was under the control of the lac promoter-operator sys-
tem (see Materials and Methods). Two new protein
bands, 28 and 24 kDa in size, were detected in the ex-
tracts of E. coli cells with pIPA-43d (lane 1 in Fig. 2(a)).
Subsequent purification (lane 3) showed the 28-kDa
band to correspond to NfrAl. As shown in Table 1,
both FMN reductase and nitroreductase activities sig-
nificantly increased when extracts were assayed in the
presence of NADPH. Since nitroreductase and FMN
reductase activities were always coeluted on column
chromatography (see below), NfrAl is a nitro/flavin
reductase, an enzyme capable of reducing both nitro-
compounds and flavins such as FMN. That NADPH
was much more effective as an electron donor than
NADH (Table 1) indicates that NfrAl is an NADPH-
linked enzyme.

Purification of NfrAl including FMN as a prosthetic
group

Using Q Sepharose and Blue Sepharose column chro-
matography, NfrAl was purified to homogeneity from
the extracts of E. coli cells harboring pIPA-43d (Table 2
and Fig. 2(a); see Materials and Methods for details).
Elution profiles of Superose 12 (Fig. 2(b)) indicate
NfrAl to be associated not only with FMN reductase ac-
tivity but also with nitroreductase activity. Although the
molecular weight of NfrA1l was estimated and calculat-
ed, at about 28,000 by SDS-PAGE (Fig. 2(a)) and

(c)
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Fig. 2. Purification of NfrAl Protein with FMN Reductase and Nitrofurazone Reductase Activities.

(a) SDS-PAGE patterns of NfrAl preparations. Lanes: 1, crude cell extracts of JM83 with pIPA-43d (163 ug); 2, pooled peak fractions of
the first cycle of Q Sepharose FF chromatography (40 ug); 3, pooled peak fractions of Blue Sepharose CL-6B chromatography (25 ug); M,
protein size markers (Pharmacia). Molecular sizes are shown in the right margin. (b) Superose 12 elution profiles of purified NfrAl. FMN
reductase and nitrofurazone reductase activities are coeluted. Note the ratio between FMN reductase activity and nitrofurazone reductase ac-
tivity is constant throughout peak fractions. Molecular sizes are shown in the upper margin. The molecular size of NfrA1 can be estimated at
53 kDa. (c) Absorption spectra of purified NfrA1 holoenzyme and free-FMN. After unbound flavin in enzyme solution was removed by gel
filtration, the absorption spectrum of NfrAl was measured. Solid and dotted lines, respectively, show spectra of 1.86 mg/ml (66 mm) of
NfrAl and 35 mMm free FMN in 50 mM Tris/HCI buffer (pH 7.0) containing 150 mm NaCl. The NfrAl spectrum has peaks at 451, 374, 273,
and 218 nm, while peaks of free FMN are 448, 375, 268, and 224 nm. Inset: TLC patterns of NfrAl-bound and authentic flavins. Lane 1,
flavins released from NfrAl; lane 2, authentic FMN; lane 3, authentic FAD; lane 4, authentic riboflavin. Arrows show positions of

riboflavin, FMN and FAD.
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nucleotide sequencing (see Fig. 1(b)), NfrA1 protein and
activity were eluted at the position corresponding to 53-
kDa protein in Superose 12 gel filtration (Fig. 2(b)). As
shown below, amino acids forming and/ or surrounding
the active center of Frp are highly conserved in NfrAl.
The FMN cofactors in Frp have been shown to be situat-
ed in the pockets formed at the interface of two protein
subunits,'” and NfrAl is tightly associated with FMN
(see below). Thus, it is strongly suggested that, as with
active Frp,'® active NfrAl is a homodimer.

A concentrated solution of purified NfrAl was yel-
low, and this coloration was resistant to dialysis (data
not shown). The absorption spectrum in the visible-light
region of purified NfrA1l was identical to that of FMN
but was shifted about 5 nm toward the long wavelengths
(Fig. 2(c)). Almost exclusive association of NfrAl with
FMN was demonstrated by thin-layer chromatography
(Fig. 2(c) inset). Together, these results indicate that
NfrAl is a flavoprotein tightly associated with FMN.
Based on spectroscopy and protein weight analysis, the
molar ratio between bound FMN (cofactor FMN) and
protein was estimated at 0.96, thus suggesting that 1 mol
of FMN binds to 1 mol of NfrAl subunit. Note that two
different FMN molecules are involved in the case of
FMN reduction: FMN tightly associated with the en-
zyme as a prosthetic group and FMN serving as a sub-
strate.

NfrAl reduces nitrofurazone and FMN according to
the ping-pong Bi-Bi mechanism

Previous experiments showed that FMN reduction by
Frp,*® and the first step of nitrofurazone reduction by

S. ZENNO et al.

As partly shown in Fig. 3(a) and 3(b) parallel lines were
observed in all cases, suggesting that both FMN reduc-
tion and nitrofurazone reduction obey the ping-pong
Bi-Bi mechanism (Fig. 3(e)). Kn, Vmax and Via/Kn
values are shown in Table 3.

V. harveyi Frp is associated with nitroreductase activi-
ty as strong as E. coli NfsA and NfrAl

A previous experiment® showed no or little FMN
reductase activity associated with NfsA, the major E.
coli nitroreductase (see also Table 4). Jablonski and
DeLuca® isolated Frp from V. harveyi as a major
NADPH-FMN reductase. In this study, we showed both
nitroreductase and FMN reductase activities are associ-
ated with NfrA1l. These findings, however, do not neces-
sarily mean that NfrAl is an intermediate in substrate
specificity between NfsA and Frp, since Jablonski and
DeLuca® did not examine whether Frp is capable of
reducing nitro-compounds or not. To clarify this point,
we purified V. harveyi Frp, from E. coli cells overex-
pressing it, to homogeneity (data not shown) and exam-
ined whether it is associated with nitroreductase activi-
ty. Frp had nitroreductase activity (Table 4), indicating
that Frp may also be a nitro/flavin reductase as with
NfrAtl.

Kinetic parameters of NfrAl, Frp and NfsA are sum-
marized in Table 3. Enzyme specificity at limiting con-
centrations of the substrate is reflected by Vya/ K,
while V.. may serve as an index for substrate specificity
at saturating concentrations. In general, V.. values of

NfsA® obey the ping—pong Bi-Bi mechanism. Thus Table 3. Kinetic Parameters of NfrAl, Frp amd NfsA
FMN and nitrofurazone reduction by NfrAl were ana- v
lyzed using dogble—reciprocal plots of initia} velocity ver- Enzyme Substrate Kn  mol min-! mg™' V.. /K,
sus concentrations of NADPH, FMN or nitrofurazone. (un) of protein)
p
NADPH* 0.85 61 72
NErA1 NADPH™ 3.9 10 2.6
Table 1. Nitro/Flavin Reductase Activity in the Extracts of E. coli nitrofurazone'  16.3 97 5.9
Cells with pIPA-43d FMN' 4.7 9 2.0
Reductase activity NADPHf 12.4 145 12
Pyridine (nmol min~" mg~! of protein) on: Fr NADPH™ 7.9 25 3.1
nucleotide Enzyme source P nitrofurazone’ 19.5 142 7.3
nitrofurazone FMN FMN' 25.8 23 0.9
NADPH  E. coli IM83 24 15 NADPH* 11.0 85 77
JM$3 (pIPA-43d) 2260 749 NESA* NADPH= 0.75 1.1 1.5
Purified NfrAl 53000 22000 nitrofurazone’ 5.5 45 8.1
B. subtilis ISW 1214 28 63 FMN" 2.5 1.1 0.4
NADH E. coli IM83 6 25
IMB83 (pIPA-43d) 39 10 * K,,s obtained when nitrofurazone was used as an electron acceptor.
Purified NfrA1l 220 110 = K,,s obtained when FMN was used as an electron acceptor.
B. subtilis ISW 1214 7 24 I K,,s obtained when NADPH was used as an electron donor.
’ + Zennon et al.9)
Table 2. Purification of NfrAl from JM83 (pIPA-43d) Extracts
Volume Total protein Total activity Specific activity Yield Purification
(ml) (mg) (umolmin™")  (umol min~'mg™' of protein) (%) factor
Crude extracts 287 6228 14092 2.3 100 1
Q Sepharose 40 1584 12725 8.0 90
Blue Sepharose CL-6B 14 142 7450 52.5 53 23
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Fig. 3. Lineweaver-Burk Plots and Deduced Mechanisms of NfrAl Catalysis.

(a) Double-reciprocal plots of initial velocity versus NADPH concentration of FMN reductase activity in the absence of the bacterial lu-
minescent system. Constant concentrations of FMN are: A, 10 um; A, 20 um; &, 50 um. (b) Double-reciprocal plots of NADPH-nitrofura-
zone reductase activity. Constant concentrations of nitrofurazone are: o, 3 um; @, 5 um; O, 7 uM; A, 10 uM. (¢, d) Double-reciprocal plots
of FMN reductase activity in the presence of the bacterial luminescent system. Luciferase-coupled assay was done as follows. 1.3 um P.
fischeri luciferase, nitroreductase (0.11 nM NfrAl or 1.4 nM NfsA) and 13 uM decanal were mixed with FMN at given concentrations and
0.04-0.4 um NADPH. NADPH concentrations are, from top line to bottom, 0.04 um (A), 0.05 um (A), 0.08 um (m), 0.1 um (D), 0.16 uMm
(®)and 0.4 um (O). As a nitroreductase, NfrA1 (c) and NfsA (d) were used. (e) In the absence of the bacterial luminescent reaction system ,
the catalytic mode of NfrAl is the ping-pong Bi-Bi mechanism, in which NfrAl tightly associated with cofactor FMN serves as a holoen-
zyme. (f) In the presence of the bacterial luminescent reaction system, the reaction mode of NfrAl is the sequential mechanism, in which the
reduced form of the FMN cofactor is presumed to be used as a substrate for bacterial luciferase. E, NfrAl not associated with cofactor
FMN. E-FMN and E-FMNH,, respectively, show NfrA1 tightly associated with the oxidized and reduced forms of FMN. Nitrofurazone and

its reduced form, respectively, are shown by NF and NFH,. Lu and Lu-FMNH, show luciferase and luciferase-FMNH, complex, respec-
tively.

Frp were twice as large as those of NfrAl, suggesting much less effective than NfrA1l in the presence of excess
that, at saturating concentrations of subtrates, Frpisan  nitrofurozone.

enzyme more effective in both FMN and nitrofurazone
reduction than NfrA1l. In contrast, comparison of V., /
K., values may indicate that Frp is an NADPH oxidase

NfsA is capable of effectively reducing not only nitro-
compounds but also quinones, ferricyanide, and flavins
lower in molecular weight than FMN,® most of which
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Table 4. Electron Acceptor Activities of NfrAl, NfsA and Frp

Reductase activity

yogietase, ac . .
Electron acceptor (umol min mg of protein) of:

NfrAl  NfsA* Frp Frp~

Flavins

FMN 2 1 2087 (51

FAD 29 3 19 (51)

Riboflavin 60 7 18 —

Lumiflavin 60 10 16 —
Nitro compounds

Nitrofurazone 53 73 104 (100) —

Methyl 4-nitrobenzoate 33 24 57 —
Quinones

Menadione 62 24 119 (62))]

1,4-benzoquinone 99 163 260 —
Miscellaneous

Tartrazine 0.7 0.8 0.1 —

Methylene blue 15 3 62 (12)

Ferricyanide 205 251 410 (84)
2,6-dichloroindophenol 46 27 98 (69)

Enzyme activity was measured using 50 mMm Tris/ HCI buffer (pH 7.0), while
values in parentheses show activities in 50 mM potassium phosphate buffer (pH
7.0). —, not determined. References: * Zenno et al.;% = Jablonski and
DeLuca.’?

may not be natural substrates (see Table 4). Thus, we
next examined the electron acceptor activity of purified
NfrAl and Frp (Table 4). Both NfrAl and Frp were
found to have a broad electron-acceptor activity spec-
trum very similar to that of NfsA. Taken together, these
results may indicate that NfrAl, Frp and NfsA are mem-
bers of an identical nitro/flavin reductase family and
NfsA has lost an FMN reductase activity in evolution
without losing other activities.

One unexpected finding is that Frp FMN reductase ac-
tivity varies depending on the composition of the buffer
used: 50 mM potassium phosphate buffer (pH 7.0),
which had been used by Jablonski and DeLuca,*? gave
more than 4-fold the activity with the 50 mm Tris/HCl
buffer (pH7.0), we routinely used (see Table 4), suggest-
ing possible involvement of amino groups in interac-
tions between FMN (substrate) and Frp but not those be-
tween nitro-compounds and Frp.

Bioluminescent reaction alters catalysis mode of
NfrAl

The catalytic mode of Frp has been shown to be
changed from the ping-pong Bi-Bi mechanism to the se-
quential mechanism upon coupling with the biolumines-
cent reaction.” It was postulated that this is due to direct
transfer of the reduced form of FMN cofactor from Frp
to bacterial luciferase (or LuxA/LuxB complexes) so
that Frp apoenzyme and holoenzyme, respectively, may
serve as an active enzyme (E) and ES complex in the bac-
terial luciferase-dependent FMN reduction (see Fig.
3(f)). Putative luciferase/FMN reductase complexes
have been reported in the case of Photorhabdus lu-
minescens>® and V. harveyi.’® Thus, we examined the
possible effect of the bioluminescent reaction on kinetics
of the NfrAl-dependent reduction of FMN. As in the

S. ZENNO et al.

case of Frp,” the catalytic mode of NfrA1l was found to
be altered from the ping-pong Bi-Bi mechanism to the
sequential mechanism upon coupling with the
bioluminescent reaction (Fig. 3(c)). As luciferase, we
used that prepared from P. fischeri (Boehringer Man-
nheim).

Although much less effective, NfsA, an E. coli
nitroreductase, could also supply FMNH; to the bacteri-
al luminescent system with a similar catalytic mode alter-
ation (Fig. 3(d)). NfsA-97-99G, an FMN reductase ver-
sion of NfsA was much more effective as an FMNH,
supplier than wild-type NfsA.!» Together, these observa-
tions indicate that, although B. subtilis is not a lumines-
cent bacterium, a B. subtilis enzyme, NfrAl, can supply
the reduced form of FMN cofactor to P. fischeri lu-
ciferase as effectively as does Frp, an authentic
bioluminescent bacterial enzyme.

These findings also prompted us to search for luxAB-
like genes in the B. subtilis chromosome.'*!> We found
four putative /uxAB-like genes (Fig. 4). In particular,
one of them, ipa-44d, was found to be an immediate
neighbor of ipa-43d (Fig. 1(a)). Sixteen and twelve per-
cent of Ipa-44d amino acids were conserved in P.
fischeri LuxA and LuxB, respectively. We tested
whether the bioluminescent reaction occurs in B. subtilis
cells and their extracts in the presence of decanal, FMN
and dithionite, but so far no positive signals were ob-
tained. Thus, it may follow that B. subtilis LuxA or
LuxB homologs can produce no or little visible light
upon supplying of FMNH,.

NfrAl may have an FMN-binding pocket very similar
in three-dimensional structure to that in Frp

Searching of the entire B. subtilis chromosome
showed that the B. subtilis chromosome contains the sec-
ond nfsA/frp-type gene (nfrA2; see Fig. 1(b)) along
with an nfsB/FRase 1-type gene (yfkO) and three nox-
type genes (vdgl, ydfN, and yodC)“* (data not
shown). Amino acid sequence similarity may suggest
that NfrAl and YfkO, respectively, are the orthologs of
E. coli NfsA and NfsB, respectively. NfrA2 is a member
of the NfsA /Frp family but slightly more distant from
NfsA and Frp than is NfrAl.

A recent structural analysis of Frp showed that the
FMN cofactor is stabilized with electrostatic interac-
tions in the crevice formed in the dimer interface.!” The
FMN hydrogen bonds to side chains of His-11, Ser-13,
Arg-15, Tyr-69, Gln-67, Lys-167 and Arg-169 and to the
main chain Gly-130 and Gly-131 and Ser-39 of the other
subunit. Arg-225 and Arg-135 appear important for the
determination of substrate specificity.!” Our amino acid
sequence alignment (Fig. 1(b)) showed that, except for
Ser-39 and Val-106, all key 17 amino acids of Frp, which
are labeled with open circles in Fig. 1(b), are invariant in
NfrAl. In NfrA2, twelve amino acids are conserved and
two are replaced with similar amino acids. Together,
these results indicate that the FMN-binding pocket or ac-
tive center of NfrA1l and probably NfrA2 is very similar
in structure to that of Frp.!9

Additional discussion
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LuxA:
Ipa-44d:

Fig.
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4. Comparison of Amino Acid Sequences of Four B. subtilis LuxAB-Like Proteins and Authentic /uxA and /uxB Gene Products.

LuxA, the o subunit of P. fischeri luciferase;*” Ipa-44d, B. subtilis hypothetical protein;'*'® YtmO, B. subtilis hypothetical protein;'>
YddN, B. subtilis hypothetical protein;'® YvbT, B. subtilis alkanal monooxygenase homolog;® LuxB, the 8 subunit of P. fischeri lu-
ciferase.’” Invariant amino acids are indicated by white letters in black boxes, while similar amino acids are in grey boxes. Amino acid groups
are as follows: A, S, P, and G; N, D, E, and Q; H, R, and K; M, L, I, and V; F, Y, and W.*®

In this work, we have shown that ipa-43d encoding an
NADPH-linked nitro/flavin reductase that is similar in
amino acid sequence and biochemical properties to
NfsA nitroreductase and Frp FMN reductase. To our
knowledge, NfrAl is the first non-luminescent-bacterial
NfsA/Frp-type enzyme capable of reducing FMN and
supplying the reduced form of cofactor FMN to the bac-
terial luciferase. Since four /uxAB-like genes were iden-
tified in the B. subtilis chromosome' (see Fig. 4), the
presence or absence of /uxAB-like genes might be criti-
cally important for NfsA/Frp family members to ac-
quire or lose FMN reductase activity in evolution.

Although virtually no amino acid sequence identity
can be detected between Frp and FRase I,® recent crystal-
lographic analyses showed that Frp is similar in overall
folding to FRase 1.'%'V In particular, an amino-terminal
short region involved in FMN binding appeared to be
chemically similar among all members of Frp/NfrAl
and FRase I families (Fig. 5), suggesting that these en-
zymes may possibly be derivatives of a common progeni-
tor.
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Nox:8 LDAKTAALKRRSIRRYR-KDPVPE 30
FRase I:3 HPIIHDLENRYTSKKYDPSKKVSQ 26
NfsB:1 MDIISVALKRHSTKAFDASKKLTP 24
NfrAl:2 NNTIETILNHRSIRSFT-DQLLTA 24
NfrA2:2 NEVIKVLTDHRSIRSYT-DEPVAQ 24
Frp:2 TPTIETILAHRSIRKFT-AVPITD 24
NfsA:2 NNTIETICGHRSIRHFT-DEPISE 24

Fig. 5. Amino Acid Sequence Similarity between Frp/NfrAl and
FRase I Families.

Bold face letters show chemically similar amino acids. Nox, Ther-
mus thermophilus NADH oxidase®®; FRase I, P. fischeri flavin
reductase”; NfsB, E. coli NAD(P)H nitroreductase”; NfrAl, B. sub-
tilis nitro/ flavin reductase''¥; NfrA2, B. subtilis nitro/flavin reduc-
tase homolog®; Frp, V. harveyi flavin reductase”; NfsA, E. coli
NADPH nitroreductase.® FRase I family includes Nox, FRase I and
NfsB, while Frp/NfrAl family, NfrA1l, NfrA2, Frp, and NfsA.
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