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ABSTRACT: 4-Hydroxyphenylacetate (4-HPA) is oxidized as an energy source by two component enzymes,
the large component (HpaB) and the small component (HpaC). HpaB is a 4-HPA monooxygenase that
utilizes FADH2 supplied by a flavin reductase HpaC. We determined the crystal structure of HpaC (ST0723)
from the aerobic thermoacidophilic crenarchaeonSulfolobus tokodaiistrain 7 in its three states [NAD-
(P)+-free, NAD+-bound, and NADP+-bound]. HpaC exists as a homodimer, and each monomer was found
to contain an FMN. HpaC preferred FMN to FAD because there was not enough space to accommodate
the AMP moiety of FAD in its flavin-binding site. The most striking difference between the NAD(P)+-
free and the NAD+/NADP+-bound structures was observed in the N-terminal helix. The N-terminal helices
in the NAD+/NADP+-bound structures rotated ca. 20° relative to the NAD(P)+-free structure. The bound
NAD+ has a compact folded conformation with nearly parallel stacking rings of nicotinamide and adenine.
The nicotinamide of NAD+ stacked the isoalloxazine ring of FMN so that NADH could directly transfer
hydride. The bound NADP+ also had a compact conformation but was bound in a reverse direction,
which was not suitable for hydride transfer.

Reduced flavins play important roles as metabolic reaction
mediators in a variety of biological processes, including
bioluminescence (1, 2), activation of ribonucleotide reductase
(3), degradation of aromatic compounds (4-7), synthesis of
antibiotics (8-10), and fossil fuel degradation (11). Flavin
reductases (FRs) catalyze the reduction of free flavin using
NADH or NADPH. FRs can be classified into various
subgroups according to their substrate specificities, amino
acid sequences, and functional properties. The FRs that use
NADH, NADPH, or both are referred to as FRD, FRP, and
FRG, respectively (12, 13).

In recent years, a new family of short-chain FRs has been
reported (14-17), with these catalysts acting as small
components of two-component monooxygenase systems
(Figure 1). The small-component FRs supply reduced flavins
to the large component monooxygenases. 4-Hydroxypheny-
lacetate (4-HPA)1 3-monooxygenase is such a two-compo-
nent enzyme comprising HpaC and HpaB (17). HpaC is an
NADH:flavin oxidoreductase that supplies FADH2 to HpaB,

while HpaB oxidizes 4-HPA to 3,4-dihydroxyphenylacetate
(3,4-DHPA) using FADH2, which is the first step of the
4-HPA catabolic pathway (4, 18). 4-HPA is a typical
fermented product of aromatic amino acids and some plant
materials in animal intestinal tracts, and some bacteria utilize
it as a source of carbon and energy (19). There is no apparent
interaction between the HpaB and HpaC proteins (20). To
understand the molecular mechanisms of flavin reduction by
HpaC and coupled monooxygenation by the partner protein
HpaB, we are investigating the structure and function of
HpaC and HpaB two-component systems fromSulfolobus
tokodaiistrain 7 (21), an aerobic thermoacidophilic crenar-
chaeon. Here we report the crystal structures of HpaC
(ST0723) fromS. tokodaiistrain 7 in its three states, NAD-
(P)+-free, NAD+-bound, and NADP+-bound, and discuss the
environments of FMN and NAD(P)+, the hydride transfer,
the conformational changes caused by NAD(P)+ binding, and
the substrate specificity.

MATERIALS AND METHODS

Protein Expression and Purification. The gene (st0723)
encoding the HpaC protein (ST0723) was amplified by PCR
using the genomic DNA ofS. tokodaii strain 7 as the
template. The PCR product was digested withNdeI and
BamHI and ligated into the T7 expression vector pET-28a-
(+) (Novagen). TheEscherichia colistrain Rosetta(DE3)
(Novagen) was used as the host for protein expression. The
cells were grown in LB media containing 30µg/mL
kanamycin at 310 K. Protein expression was induced with 1
mM IPTG (isopropylâ-D-thiogalactopyranoside) (Wako).
After 12 h, the cells were harvested by centrifugation at
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4500g and resuspended in Sol A (50 mM Tris-HCl, pH 7.5,
400 mM NaCl, 5 mM imidazole). The cells were disrupted
by sonication and centrifuged at 40000g for 30 min. The
supernatant was heated at 353 K for 30 min and centrifuged
at 40000g for 30 min. Then, 0.01% polyethylene imine
(Wako) was added, and the resultant supernatant was stirred
for 30 min on ice. After centrifugation at 40000g for 30 min,
the supernatant was loaded onto a Ni-NTA agarose column.
The protein was eluted with Sol B (50 mM Tris-HCl, pH
7.5, 400 mM NaCl, 200 mM imidazole). The purified protein
solution was dialyzed against 20 mM Tricine, pH 8.5, at
room temperature and concentrated to 2 mg/mL using an
Apollo 20 mL concentrator (Orbital Biosciences). The protein
concentrations were measured by the Bradford method (22)
using bovine serum albumin as a standard. For the production
of Se-Met-labeled protein, the same host strain was grown
in minimal M9 medium supplemented with amino acids and
selenomethionine. At an OD600 of 0.2, expression was
induced with 1 mM IPTG (final concentration), and the cells
were harvested after 12 h. Dithiothreitol (DTT, a final
concentration of 5 mM) was added to all of the buffers except
the buffers for the Ni-NTA purification.

Crystallization and Data Collection. Crystallization was
performed using the sitting-drop vapor diffusion method at
293 K. Crystals of ST0723 (0.07× 0.07× 0.2 mm) were
obtained in a day by mixing 1µL of the protein solution
and 1 µL of the reservoir solution containing 7.5% (v/v)
2-propanol and 1.4-1.7 M ammonium sulfate. A drop was
equilibrated against 400µL of the reservoir solution. The
NAD(P)+ complex crystals were prepared by soaking the
NAD(P)+-free crystal in the reservoir solution supplemented
with 50-100 mM NAD(P)H for 15 min at room temperature.
The bound flavin stayed reduced for at least 2 h at room
temperature. The soaking experiments were performed under

aerobic conditions. Se-Met-labeled crystals were obtained
under the same conditions as the NAD(P)+-free crystals.

NAD(P)+ complex and Se-Met-labeled crystals were
transferred to the reservoir solution containing 25% (v/v)
glycerol as the cryoprotectant and flash-cooled at 100 K in
liquid nitrogen. Diffraction data were collected in a nitrogen
cryostream at beamline BL41XU of SPring-8 (Harima,
Japan) and at beamline PF5A of the Photon Factory
(Tsukuba, Japan). NAD(P)+-free crystals were mounted in
a glass capillary, and X-ray diffraction data were collected
at room temperature with an in-house R-AXIS VII (Rigaku,
Japan). The diffraction data were indexed and scaled with
HKL2000 (23). The NAD(P)+-free, NAD+ complex, NADP+

complex, and Se-Met-labeled crystals belonged to space
groupP3121 with unit cell dimensionsa ) b ) 87.6 Å and
c ) 49.6 Å,a ) b ) 86.4 Å andc ) 49.0 Å,a ) b ) 86.6
Å and c ) 49.1 Å, anda ) b ) 86.1 Å andc ) 49.3 Å,
respectively. They contained one HpaC monomer per asym-
metric unit according to the Matthews coefficient (24). The
data statistics are given in Table 1.

Structure Modeling and Refinement. The structure of HpaC
was determined by the SAD method using the peak data
(wavelength, 0.9790 Å). All of the five expected Se atoms
in the asymmetric unit were found using the program SOLVE
(25). The program RESOLVE (25) was used to improve
phases. Automated model building was carried out with ARP/
wARP (26), and approximately 70% of the residues were
built. The remainder were built manually with XtalView (27)
and refined with REFMAC5 (28). The NAD(P)+-free
structure was then determined by the molecular replacement
program MOLREP (29) using the Se-Met structure as the
initial model. Then, simulated annealing andB-factor refine-
ments were performed using CNS (30), and further refine-
ments were performed using XtalView and REFMAC5.

FIGURE 1: Multiple sequence alignment of the homologous proteins of ST0723. Secondary structural elements in ST0723 are indicated
above the alignment. Strictly conserved residues among the proteins are shown with a red background. Key: Af.FeR, ferric reductase from
A. fulgidus(gi 14278202); Ps.StyB, styrene monooxygenase component 2 fromPseudomonassp. (gi 2598027); Sc.ActVB, actinorhodin
polyketide putative dimerase fromStreptomyces coelicolor(gi 14717099); Re.DszD, NAD(P)H:FMN oxidoreductase fromRhodococcus
erythropolis(gi 11323312); Bc.TftC, chlorophenol-4-monooxygenase component 1 fromBurkholderia cepacia(gi 3220029); Bt.PheA2,
phenol 2-hydroxylase component B fromB. thermoglucosidasius(gi 7672525).
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Water molecules were added using ARP/wARP. The final
model consisted of all of the residues except Lys92, Asn139,
Ser155, and Leu156 as well as 18 waters and 1 FMN. Lys92
and Asn139 were refined as Ala because of the lack of their
side-chain electron densities. There was no density for the
last two residues (Ser155 and Leu156). The NAD+ and
NADP+ complex structures were solved by molec-
ular replacement using the NAD(P)+-free structure as the
initial model. There were very clear densities for NAD+

and NADP+, respectively. The final NAD+-bound model
was composed of 1-155 residues, 84 waters, 1 reduced
FMN, and 1 NAD+, while the final NADP+-bound model
was composed of 1-156 residues, 56 waters, 1 reduced
FMN, and 1 NADP+. Lys92, Asn139, and Leu156 were
refined as Ala. The qualities of the models were checked by
PROCHECK (31). The refinement statistics are shown in
Table 1.

FlaVin Reductase Assays. Flavin reductase assays were
performed in a reaction mixture containing 0.2µg/mL
protein, 50 mM phosphate buffer (pH 7.0), 200µM NADH
or NADPH, and 30µM FMN, FAD, or riboflavin. Enzyme
activity was determined by measuring the decrease in
absorbance of NAD(P)H at 340 nm (ε340 ) 6.22 mM-1

cm-1). The reaction was initiated by adding NAD(P)H.

RESULTS AND DISCUSSION

OVerall Structure. HpaC fromS. tokodaiistrain 7 consists
of 156 amino acid residues with a predicted molecular weight
of 17965. The crystal structures of HpaC in its three states
[NAD(P)+-free, NAD+-bound, and NADP+-bound] were
solved at 2.30, 1.70, and 2.05 Å, respectively (Figure 2).
The quality of the three structures was assessed by a
Ramachandran plot, and no residue in the three structures
fell in the generously allowed and disallowed regions. The

secondary structure of each monomer was composed of
twelveâ-strands, threeR-helices, and two 310 helices, which
formed a seven-strandedâ-barrel with a cappingR2 helix
flanked by the remaining helices and strands. In all three
states, HpaC existed as a homodimer (2× 18 kDa) in the
crystal with approximate dimensions of 60× 40 × 40 Å3.
The molecular weight of the enzyme was determined to be
ca. 30000 by gel filtration (data not shown), indicating that
it also existed as a homodimer in solution. The two subunits
of the homodimer were related by a molecular 2-fold axis.
The dimer interface was stabilized by the interactions of the
residues located at theR1 helix andâ1, â4, â5, â9, â10,
â11, andâ12 strands. The three structures were very similar
to one another with the following pairwise RMSDs (root
mean square deviations) for CR atoms of residues 1-154:
0.93 Å between the NAD(P)+-free and NAD+-bound struc-

Table 1: Data Collection and Refinement Statistics for NAD(P)+-Free, Se-Met-Labeled, NAD+-Bound, and NADP+-Bound HpaC Crystals

NAD(P)+ free NAD+ complex NADP+ complex SAD selenomethionine

diffraction data
beamline in-house Photon Factory SPring-8 SPring-8

R-AXIS VII BL5A BL41XU BL41XU
wavelength (Å) 1.5418 1.0000 0.9840 0.9790
space group P3121 P3121 P3121 P3121
unit cell parameters (Å) a ) b ) 87.6,c ) 49.6 a ) b ) 86.4,c ) 49.0 a ) b ) 86.6,c ) 49.1 a ) b ) 86.1,c ) 49.3
resolution (Å) 50-2.30 (2.38-2.30) 50-1.70 (1.76-1.70) 50-2.05 (2.12-2.05) 50-2.08 (2.15-2.08)
no. of measurements 59629 237246 100597 106364
no. of unique reflections 10047 23559 13622 12984
completeness (%) 99.4 (96.5) 99.9 (100.0) 99.1 (99.4) 98.3 (87.6)
Rmerge

a 0.092 (0.308) 0.063 (0.260) 0.052 (0.264) 0.080 (0.192)
〈I〉/〈σ(I)〉 28.6 (3.46) 66.4 (10.5) 26.4 (4.97) 48.8 (5.10)

refinement statistics
resolution range (Å) 20-2.30 20-1.70 20-2.05
Rcryst

b (%) 21.1 17.9 20.4
Rfree

c (%) 24.5 20.0 24.6
RMS deviations

bonds (Å) 0.011 0.017 0.008
angles (deg) 1.284 1.657 1.342

averageB factors (Å2)
protein 42.1 22.3 26.1
FMN 31.7 18.2 28.6
NAD+ 19.6
NADP+ 30.4

Ramachandran plot
most favored regions (%) 91.9 94.9 93.4
additionally favored regions (%) 8.1 5.1 6.6

a Rmerge ) ∑hkl∑i|Ii(hkl) - 〈I(hkl)〉|/∑hkl∑iI i(hkl), where〈I(hkl)〉 is the average of individual measurements ofIi(hkl). b Rcryst ) ∑hkl||Fo| - |Fc||/
∑hkl|Fo|. c Rfree was calculated using 5% of the reflections excluded in the refinement.

FIGURE 2: Overall structure of HpaC with bound NAD+. Ribbon
diagram of the NAD+-bound structure with the two subunits colored
red and blue, FMN (reduced form) yellow, and NAD+, green. FMN
and NAD+ are represented as sticks.
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tures, 0.89 Å between the NAD(P)+-free and NADP+-bound
structures, and 0.15 Å between the NAD+-bound and
NADP+-bound structures.

A structural similarity search using DALI (32) revealed
that HpaC was similar to the following proteins: the styrene
monooxygenase small component fromThermus thermo-
philus (19% identical in amino acid sequence; PDB code
1USC; not published) with an RMSD of 2.2 Å for 152 CR,
PheA2 fromBacillus thermoglucosidasiusA7 (27% identical;
1RZ0) (33) with an RMSD of 2.2 Å for 144 CR, ferric
reductase (FeR) fromArchaeoglobus fulgidus(25% identical;
1I0R) (34) with an RMSD of 2.4 Å for 146 CR, a flavoprotein
from T. thermophilus(22% identical; 1WGB; not published)
with an RMSD of 2.1 Å for 144 CR, and FMN-binding
protein fromMethanobacterium thermoautotrophicum(16%
identical; 1EJE) (35) with an RMSD of 2.5 Å for 153 CR.
The structural comparison of these proteins revealed that the
residues on the C-terminalâ-sheet, the loop betweenR3 and
η1 helices, and the successiveη1 helix contributed to the
flavin and NAD(P)H specificities, which will be discussed
in detail in the following sections.

Comparison of FMN Binding Sites. The HpaC crystals
were yellow, and the electron density map clearly showed
that each HpaC subunit tightly bound an FMN. The FMN
was located in a pocket near the dimer interface and
surrounded byâ3, â5, andâ11 strands andR2, R3, andη1
helices. Thesi face of the isoalloxazine ring was buried,
while there face was completely exposed to the substrates’
binding site. The bound FMN was stabilized by 11 hydrogen
bonds and hydrophobic interactions (Figure 3). The 2,4-
pyrimidinedione moiety of the isoalloxazine ring formed
hydrogen bonds with the main-chain atoms of theâ5 strand
(Phe48 and Asp50) and the side-chain atoms of Thr34 and
Asn55. The N5 atom was hydrogen-bonded with the amide
nitrogen atom of Asn33. The dimethylbenzene portion of
the isoalloxazine ring formed hydrophobic contacts with the
enzyme. The ribityl chain of FMN was hydrogen-bonded to
the main-chain atoms of Thr31 and Phe79, the Nδ atom of
Asn55, and the Nη1 and Nη2 atoms of Arg87. It is likely that
the bound FMN is a cofactor because it is tightly bound to
the enzyme. Phe79 interacting with the FMN was conserved
in the homologous proteins, but many other contact residues
were not conserved (Figure 1). There were some water
molecules at the NAD(P)H binding pocket in the absence
of NAD(P)+, and one water molecule was located above the
isoalloxazine ring of the oxidized FMN.

HpaC was found to be most similar to PheA2 (1RZ0) (33)
of the same short-chain flavin reductase family, but these
proteins contained different kinds of flavins, FMN vs FAD.
Superimposition of the structures of HpaC and PheA2
revealed that the loop betweenR3 andη1 helices and the
successiveη1 helix in HpaC were closer to the bound flavin
than those in PheA2. The main chain of Pro83 and Val84
and the side chain of Arg87 caused a steric hindrance to
FAD binding so that there was not enough space to
accommodate the AMP moiety of FAD in HpaC. Thus,
HpaC preferred FMN to FAD.

Comparison of NAD+ and NADP+ Binding Sites. The
HpaC crystals were bleached by adding excess amounts of
NADH or NADPH, which indicated that HpaC was capable
of receiving the hydride from NAD(P)H and of reducing the
bound FMN. NAD+ was bound in a cleft formed between

FMN, the N-terminalR1 helix, theâ1, â5, â11, andâ12
strands, and theâ4 strand of the other subunit. The bound
NAD+ was hydrogen-bonded with six amino acid residues
and several water molecules (Figure 4C). The NMN (nico-
tinamide mononucleotide) moiety of NAD+ was hydrogen-
bonded to Nú of Lys53, Nε of His123, which was strictly
conserved and essential to NAD binding (36), Oη of Tyr145,
and Nε of Arg148. The 5′-phosphate of AMP was hydrogen-
bonded with Nη of Arg10 and Nη of Arg148. The adenosine
moiety was hydrogen-bonded with Oγ of Ser37 in the other
subunit. The nicotinamide was parallel to the isoalloxazine
ring of FMN, and the distance between the C4 atom of the
nicotinamide and the N5 atom of the isoalloxazine ring was
3.4 Å, which was close enough for hydride transfer to occur.
The bound NAD+ was in a compact folded conformation
(Figure 4A) with nearly parallel stacking of the nicotinamide
and adenine rings, which was very similar to the conforma-
tion of NAD+ bound to PheA2 (33). The distance between
the adenine C6 and the nicotinamide C2 atoms was only
4.2 Å, indicative of the compactness of the NAD(P)+

conformation (37). This conformation is one of the most
compact observed to date for NAD(P)+ (38). The conforma-
tion of NAD+ bound to HpaC was different from the
conformation of NADP+ bound to a homologous protein FeR
(34). The NADP+ in FeR adopted an extended conformation,
and the adenine ring was located between the 310- and the
C-terminalR3 helices. However, the C-terminal region in
HpaC forms aâ-sheet, and the adenine ring of NAD+ was
located between the N-terminal residues and the nicotinamide

FIGURE 3: Hydrogen bond network between FMN (oxidized form)
and HpaC in the NAD(P)+-free structure, which is almost the same
as the hydrogen bond network between FMN (reduced form) and
HpaC in the NAD(P)+ complex structures. Schematic representation
of FMN and the amino acid residues that interact with FMN by
potential hydrogen bonds and hydrophobic contacts. Potential
hydrogen bonds are represented by dashed lines and hydrophobic
interactions by spiked semicircles. The figure was generated using
LIGPLOT.
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FIGURE 4: 2Fo - Fc electron density maps of NAD+ (A) and NADP+ (B) contoured at 0.8σ with phases computed from the final refine
models omitting NAD(P)+. Stereoview of the residues around the NAD+ (C) and NADP+ (D) binding sites. FMN (reduced form), NAD-
(P)+, and the amino acid residues interacting with NAD(P)+ are in stick models, and the carbon atoms, oxygen atoms, nitrogen atoms, and
phosphate atoms are colored in gray, red, blue, and orange, respectively. Water molecules are colored in cyan. Black dotted lines show
potential hydrogen bonds.
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ring. The bound FMN is in the oxidized form in the NAD-
(P)+-free structure, while it is in the reduced form in the
NAD(P)+ complex structures. The isoalloxazine rings of both
the oxidized and reduced FMN were planar, and no confor-
mational changes were observed.

We succeeded in solving the structures of the cryocooled
NAD+/NADP+ complex HpaC, but we failed to refine the
structure of the cryocooled NAD(P)+-free HpaC with final
Rcryst ) 27% andRfree ) 33%. Thus, we collected the dataset
of the NAD(P)+-free HpaC at room temperature using glass
capillaries. A CR superimposition of the three structures is
shown in Figure 5. The NAD(P)+-free structure (at room
temperature) was very similar to the NAD+/NADP+ complex
structures (under cryocooled conditions), with the most
obvious difference being seen at the N-terminal helix. The
N-terminal helices of the NAD+/NADP+ complex structures
were tilted ca. 20° relative to that of the NAD(P)+-free
structure. Such a conformational change may have occurred
due to cryofreezing or by NAD(P)H binding in order to retain
the bound NAD(P)H until the hydride transfer occurred from
NAD(P)H to FMN.

Although HpaC is an NADH-dependent flavin reductase,
the crystal structure of the NADP+-bound HpaC was also
solved by soaking the crystal in an excess amount of
NADPH. The bound NADP+ adopted a compact folded
conformation in which the adenine ring and the nicotinamide
ring were stacked (Figure 4B). Unlike NAD+, however,
NADP+ bound upside down in the catalytic pocket. In the
NAD+-bound structure, the distance between the C4 atom
of the nicotinamide and the N5 atom of the isoalloxazine
ring was 3.4 Å, while in the NADP+-bound structure, the
adenine ring lay between the isoalloxazine ring of FMN and

the nicotinamide ring of NADP+, and the distance was 7.8
Å, which was too long for direct hydride transfer to occur.
In the ferredoxin-NADP+ reductase (FNR), a Tyr residue
stacking with FAD must move when the nicotinamide ring
of NADP+ interacts with the isoalloxazine ring of FAD (39),
but such a movement cannot occur in the NADP+-bound
structure of HpaC because the adenine moiety is sandwiched
between the nicotinamide ring and the isoalloxazine ring.

NADP+ interacts with the same residues as NAD+ (Figure
4D). The adenine moiety was found to be hydrogen-bonded
with the side chain of His123. The 2′-phosphate was
hydrogen-bonded to Nú of Lys53. The pyrophosphate was
hydrogen-bonded with the side chains of Tyr145, Arg148,
and Arg10. The nicotinamide interacted with the side chain
of Ser37 of the other subunit. The NAD+-bound and
NADP+-bound structures were found to be almost identical
to each other, with an RMSD of 0.15 Å for CR atoms of
residues 1-154. In the NAD+/NADP+-bound structures, the
residues interacting with NAD(P)+ were located at the same
position, meaning that HpaC does not distinguish between
the adenine moiety and the nicotinamide moiety of NAD-
(P)H.

Substrate Specificity. We measured the flavin reductase
activity of HpaC to examine its substrate specificity. The
reductase activity depended on added NADH or NADPH.
As shown in Table 2, HpaC preferred NADH to NADPH as
a substrate (NADPH was only 5.4% effective when com-
pared with NADH). On the other hand, FMN was the best
substrate among the three flavin compounds. FAD and
riboflavin were 65.7% and 40.1% effective, respectively,
when compared with FMN.

The NAD(P)+-bound structures of HpaC provide a clue
to the NADH dependency of HpaC. In the NAD+-bound
structure, the nicotinamide moiety of NAD+ stacks the
isoalloxazine ring of FMN, whereas in the NADP+-bound
structure, NADP+ binds in a reverse direction and the
nicotinamide moiety of NAD+ lies far (7.8 Å) away from
the isoalloxazine ring of FMN. If NADP+ could bind in the
same fashion as NAD+, the 2′-phosphate of NADP+ would
be buried inside the pocket and surrounded by the side chains
of Met9, Leu14, Asn33, Asn36, and Ser37 of the other
subunit. Thus, there would be no positive charged residue
in this hypothetical 2′-phosphate binding region. It is known
that the positively charged residues, such as lysine, arginine,
and histidine, play important roles in recognizing the
2′-phosphate of NADPH in NADPH-specific enzymes (40,
41). In the NADP+-bound structure of HpaC, two positively
charged residues, Lys6 and Lys53, are positioned at the
entrance of the NAD(P)H binding pocket, and these positive
charges likely contribute to the reverse mode of binding of
NADP+. Lys53 is not conserved in the short-chain flavin
reductase family, while Lys6 is conserved as positively
charged Arg or Lys (Figure 1).

FIGURE 5: Superimposition of the NAD+- and NADP+-bound
enzymes onto the NAD(P)+-free enzyme. Superimposition was
performed using the program lsqkab. The NAD(P)+-free, NAD+-
bound, and NADP+-bound enzymes are drawn asR-carbon traces
and colored in red, green, and blue, respectively. FMN (reduced in
the NAD+-bound enzyme) and NAD+ are colored in yellow and
orange, respectively. The black circle indicates the N-terminal
region.

Table 2: Flavin Reductase Activity

electron acceptor electron donor relative activity (%)

FMN NADH 100
FAD NADH 65.7
riboflavin NADH 40.1
FMN NADPH 5.4
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The specific activity of NADPH-bound HpaC was found
to be more than 1 order of magnitude lower than that of
NADH-bound HpaC. There are two possibilities regarding
the inefficient hydride transfer from NADPH to FMN: (1)
a hydride transfers in a long way from the C4 atom of the
nicotinamide to the N5 atom of the isoalloxazine ring; (2) a
hydride transfers from the small portion of NADP+ that
would bind to HpaC, just like NAD+ to FMN. In the
NADP+-bound structure of putative StyB (1USF), the 2′-
phosphate of the bound NADP+ was found to be located
inside the NAD(P)H binding pocket. Although there is no
evidence for multiple conformations of NADP+ bound to
HpaC, it is possible that a small portion of NADP+ could
bind HpaC in the same manner as NAD+.

In summary, we have determined the crystal structure of
the short-chain flavin reductase HpaC in its three states
[NAD(P)+-free, NAD+-bound, and NADP+-bound]. The
structures indicate that (1) HpaC prefers FMN to FAD
because of the insufficient space for accommodating the
AMP moiety of FAD, (2) NADH and NADPH bind HpaC
in the same place but in a reverse direction, and (3) HpaC
prefers NADH to NADPH for efficient hydride transfer.
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