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ABSTRACT. Luminous bacteria contain three types of NAD(P)AMN oxidoreductases (flavin reductases)

with different pyridine nucleotide specificities. Among them, the NADPH-specific flavin reductase from
Vibrio harveyi exhibits a uniquely high preference for NADPH. In comparing the substrate specificity,
crystal structure, and primary sequence of this flavin reductase with other structurally related proteins,
we hypothesize that the conserved Arg203 residue of this reductase is critical to the specific recognition
of NADPH. The mutation of this residue to an alanine resulted in only small changes in the binding and
reduction potential of the FMN cofactor, tlife, for the FMN substrate, and thga: In contrast, they,

for NADPH was increased 36-fold by such a mutation. The characteristic perturbation of the FMN cofactor
absorption spectrum upon NADBiInding by the wild-type reductase was abolished by the same mutation.
While the Keaf Kmnappn Was reduced from 1996 1CP to 46 x 1P M~ min~! by the mutation, the
mutated variant showed lka/Kmnapn Of 4 x 10® M~ min~?, closely resembling that of the wild-type
reductase. The deuterium isotope effelts and P(V/K) for (4R)-[4-°H]-NADPH were 1.7 and 1.4,
respectively, for the wild-type reductase but were increased to 3.8 and 4.0, respectively, for the mutated
variant. Such a finding indicates that the rates of NADPH and NAERsociation in relation to the
isotope-sensitive redox steps were both increased as a result of the mutation. These results all provide
support to the critical role of the Arg203 in the specific recognition and binding of NADPH.

In recent years the important functional roles of NAD(P)H  that the reduced riboflavin'phosphate (FMNE) required
flavin oxidoreductases (or flavin reductases) in supplying by luciferase as a substrate for bioluminescence is supplied
reduced flavins required by various biological activities have by at least one of these flavin reductases through direct
begun to gain recognition (ref and relevant references transfer 2, 3, 5, 7). UsingVibrio harveyiluciferase and FRP
therein). However, at present, much remains to be explored(6) as a model system for biological intermolecular transfer
regarding the structurefunction relationships of flavin  of reduced flavin, members of our laboratory have conducted
reductases and very little has been documented with respecextensive enzymological studies on luciferase and, more
to the mechanisms of reduced flavin transfer from flavin recently, have also begun to delineate the structure and
reductases to receptor enzymes. Three types of flavinmechanism of FRP.

reductases have been identified in luminous bact@rieb]. Thefrp gene encoding the. hareyi FRP has been cloned,
We have proposed to name them flavin reductase P (FRP)sequenced, and expresses). (Homogeneous FRP holo-
for the NADPH-preferring species, flavin reductase D (FRD) enzyme, which binds one FMN cofactor per 26 300-Da
for the NADH-preferring species, and flavin reductase G yonomer 6), and apoenzymes| have been obtained and

(FRG) for the enzyme that utilizes NADH and NADPH  iheir structural and catalytic properties have been character-
without any marked difference in efficienc§)(Itis believed ;o4 Active FRP holoenzyme can be reconstituted from the

apoenzyme and both forms undergo a monocnaémer
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Health and E-1030 from The Robert A. Welch Foundation. equilibrium @). FRP has also been crystalized as a homo
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e-mail dtu@uh.edu. (10) a bound NAD inhibitor. On the basis of kinetic
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form; FRP, NADPH-preferring flavin reductase; FRD, NADH-prefer-  that luciferase preferentially utilizes the reduced FMN
ring flavin reductase; FRG, general flavin reductase that utilizes NADH cofactor rather than the FMNHproduct of FRP for the
and NADPH with similar efficiencies; FMNK reduced riboflavin 5 coupled bioluminescence reactidy).(However, the molec-
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phosphate (reduced). cofactor of FRP to luciferase and that for the high specificity
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of FRP for NADPH remain unclear. The latter was targeted was used as the template for site-directed mutagenesis. The

as the focus for the present investigation. mutagenesis was carried out by using the Muta-Gene M13
Although the structure of the FRINAD* complex has in vitro mutagenesis kit from Bio-Rad and the primér 5

been determined, the mode of the NADPH substrate binding GATTGCTTGTAGCGCTCGCATAATACG-3 The se-

must be distinct from that of the NADinhibitor binding. guence is for the antisense strand. The underlined bases were

The NAD* bound by FRP is the most folded, with well- those altered to change the arginine residue at position 203

defined intramolecular ring stacking, in comparison with that to an alanine to create the FRP variant R203A. The mutation

bound to any other proteins for which the crystal structures Was verified by DNA sequencing.

are known. Moreover, although the bound NADS right Expression of the Wild-Type and Mutated frp Geiid-

next to the FMN cofactor, the nicotinamide ring is not close type and mutanfrp genes were expressed by use of pET

to the flavin isoalloxazine ring. In contrast, the functionally andE. coli BL21 system 12). The wild-type and mutant

active conformation of NADPH requires a close proximity frp genes were amplified by polymerase chain reaction with

between the nicotinamide and the isoalloxazine for a hydride the primers 5TTATGGTGAGGATCCAGCCAAATA-3

transfer. Nevertheless, the FRRAD™* structure provides  and 3-ATATGATGTGAGCTCAACAAAGTG-3. The un-

a clue as to how FRP achieves a specificity for NADPH derlined bases were those mutated to creat@#rneH| and

and how it facilitates the release of the NADproduct (0). Sad restriction enzyme sites. The wild-type and mutapt

NADPH and NADF" are hypothesized to shuttle between amplified products were digested wilanH! and Sad and

an open and a folded conformation during FRP catalysis. It inserted into pET-21d at the same sites to yield pFRP2 and

is also proposed that NADPH in an open conformation is pFRP3A, respectively. The insertions were further confirmed

the active form for hydride transfer and the closed conforma- by DNA sequencing. The pFRP2- or pFR®-transformed

tion of NADP, similar to that of the bound NAD isready ~ E. coliBL21 cells were first grown at 37C overnight in 50

for release as a product. Using®¥- and 42H-labeled mL of Luria—Bertani medium containing 100 mg/L ampi-

NADPH, we have identified that theRIH of NADPH is cillin and then transferredot4 L of the same medium for

transferred to thee face of the FRP FMN cofactof (). On further growth at the same temperature. Isopropy! 1-fhio-

the basis of this stereochemical relationship, the proposedp-galactoside (IPTG) was added to 0.2 mM when ¢®D

open configuration of bound NADPH, the necessary close reached about 1.0. Cells were harvested fteof additional
proximity between the NADPH nicotinamide ring and the growth.

flavin isoalloxazine ring, and the FRP crystal structu8k ( I :
) o . . Purification of the Wild-Type and Mutant FRBoth FRP
we have identified a potential NADPH site by computer and R203A were purified by batch adsorption, anion

ligand docking using the Quanta program (H. Wang gnd exchange chromatography, and hydrophobic chromatogra-

S.-C. Tu, unpublished results). FRP has a 9-residue (reS|due%hy_ About 30 g of cell paste was resuspended in 300 mL

?rzoé-til-Rs;;tcstj\rlé%KE)Lﬁ)?)Iilogr? dﬂlie(l;[cllfinnOte:(eeSrgil\s/:dSLHO\t/\I:; q of 50 mM R containing 0.5 mM dithiothreitol and sonicated
y : 9 9 on ice for 20 min. The lysed cells were centrifuged for 20

e S o e T a1 10008 T0 th Superata, 15 L. b voume o
be a likely site for interacting with the adenosiriepRosphate DEAE-cellulose DE-52 was added and stirred for 20 min
moiety of NADPH. In this study, we employed the approach onice. The resin was washed by 50 miMuRtil the eluate _

' ' was clear. Active reductase was then recovered by elution

of site-directed mutagenesis to investigate the p053|bIeWith 300 mM R. The sample obtained was diluted 6-fold

:gzgt'?]ri]t%nm;?‘ dOfbi;{whdeinFREe?lZIgtiOﬁ\ drgé’('jdusi mOEIAS?E;' awith water and loaded on a 1:6 25 cm DEAE-Sepharose
g 9. PP column equilibrated with 50 mM ;P The column was

working hypothesis. isocratically eluted with 160 mM;PThe fractions containing

EXPERIMENTAL PROCEDURES active reductase were pooled. The pool was adjusted to 0.8
M ammonium sulfate and was applied to a phenyl-Sepharose
Materials NADPH, NADPY, NADH, FMN, NADP*- column (1.5x 15 cm) preequilibrated wit1 M ammonium

dependent alcohol dehydrogenase fiohermoanaerobium  sulfate. The column was washed with 0.8 M (N$O,
brockii, aldehyde dehydrogenase from bakers’ yeast, ethanol-in 50 mM R until Ay, reached baseline and then eluted
ds, and N-tris(hydroxymethyl)methyl-3-aminopropanesul- With 0.6 M (NH).SQ, in 50 mM R. The fractions with
fonic acid (Taps) were all from Sigma. Restriction endo- AssdAz73> 0.3 were pooled and concentrated in the following
nucleases, T4 DNA ligases, and T4 DNA polymerase were Way. The sample was adjusteml M (NH,),SO, and loaded
from PromegaEscherichia colBL21 and expression vector  on a 1.5x 5 cm phenyl-Sepharose column. Active reductase
pET-21d were from Novagen. DEAE-cellulose DE52 was was recovered by elution with 50 mM;.PThe enzyme
from Whatman. DEAE-Sepharose Fast Flow and phenyl- samples so obtained weré0% pure on the basis of sodium
Sepharose Fast Flow were from AmershaRharmacia. All dodecyl sulfate-polyacrylamide gel electrophoresis.

primers were synthesized by Biosynthesis Inc. All phosphate  Stoichiometry and Kfor the Binding of Cofactor FMN
(R) buffers were at pH 7.0 and consisted of phosphates atApoenzyme of R203A was prepared following procedures
mole fractions of 0.39 sodium monobase and 0.61 potassiumreported previously § and was titrated with various
dibase. concentrations of FMN. The degrees of quenching of the

Site-Directed Mutagenesi§he DNA of pFRP1 §) was protein fluorescence at 330 nm were followed by use of 280
digested withEcoRI and Sal and the fragment containing nm excitation light, and the stoichiometry and dissociation
the frp gene was inserted into M13mp18 at theoRI and constants for the cofactor FMN binding were determined as
Sal sites. The single-stranded DNA of the resulting construct described previouslygj.



Functional Role of FRP Arg203 in NADPH Binding Biochemistry, Vol. 39, No. 26, 20000815

Enzyme AssayReductase activities were measured spec- 125 T T T
trophotometrically §) at 23°C with FMN and NAD(P)H at

designated concentrations. The initial rate was determined 8 100
as micromoles of NADPHefso 6.22 mMt cm2) oxidized 8
per liter per minute. § 75
Kinetic Isotope EffectsThe kinetic isotope effects were f
determined by measuring the reductase activities withNd5 £ %0
FMN and NADPH or (R)-[4-°H]NADPH. (4R)-[4-°H]NAD- 2

N
[4]

PH (NADPD) was synthesized following the procedure of
Sem and Kasperl@). The crude product was applied to a
DE-52 column (1x 15 cm) preequilibrated with 60 mM O 2 3 4
sodium phosphate (pH 7.5). The column was first washed [FMN)[Apo-R203A]
with 120 mM sodium phosphate (pH 7.5) and then with 250 Figyre 1: Fluorometric titration of FRP apoenzyme with FMN.
mM sodium phosphate (pH 7.5). The fractions wiksd A constant amount of apoenzyme atN| was titrated with FMN
Asso < 2.41 were collected and used immediately for kinetic in 0.05 M R buffer, pH 7.0. I_Emi_ssion intensities at 330 nm were
isotope effect experiments. measured, after 280 nm excitation, and were plotted against molar
L . . ratios of FMN/monomeric apoenzyme.

Determination of Redox Potential§he redox potentials
of FRP and R203A were determined at 3 by anaerobic 07 . . : 1.00
spectrophotometric titratiori4) with NADH. The anaerobic
reaction solution (1 mL of 50 mM Pinitially contained 2
uM benzyl viologen, 2Q«M reductase, and 20M phenosa-
franin. The spectrum at equilibrium was taken after each
addition of NADH on a Milton Roy 3000 spectrophotometer.
Spectral data were analyzed according to the Nernst equation.2 °°[

0.75F

0.50

sorbance

0.25

log (R203A,x/R203Areq)

RESULTS

Overexpression of FRP and R203Fhe frp andfrpR293A . ‘ ‘ o , ‘
genes were expressed under the control of the T7 promoter oo ;‘I"’ | 500m 600 700 05 | °-°PS /P;*s 10
in E. coliBL21 which has the IPTG-inducible gene to encode avelength (nm) 09 (PSox/PSrea)
the T7 RNA polymerasel@). The IPTG-induced cells were ~ FIGURE 2. Determination of the standard reduction potential of

: R203A. Aliquots of NADH were added sequentially into 1 mL of
RP R A m 0,
found to contain F or R203A at levels of more than 20% 50 mM R buffer containing 2Q«M phenosafranin, M benzyl

of the tqtal cellular proteins. The' Igvels of expression were yjigjogen, and 20M R203A. Panel A shows the spectral changes
much higher than those of the original construct pFRE)1 ( in the direction of the arrow with increasing amounts of added

The purified FRP and R203A contained one FMN cofactor NADH. The ratio of Asqd AAsqo gives the value of [PRI/[PSed,

er enzyme monomer as reported previously, indicatin that WhereAAs,,is the difference of the original absorbance at 540 nm
P y P P y 9 minus the observeds,, after the addition of a given amount of

the high level of expression did not lead to any significant \\pp; [R203A,|/[R203Arq was similarly determined by the ratio
accumulation of apoenzyme. Moreover, t_he overexpressedof A,./AAsqs where all absorbance readings at 465 nm were those
FRP was essentially identical to the native FRP frem after the subtraction of the contribution by RSThe plot of log

harveyi with respect to specific activity and general kinetic [R203AwJ/[R203A.d versus log [P§]/[PSed is presented in
parameters. panel B.

FMN Cofactor Binding by R203AVhen 1uM R203A the Asso at each equilibrium state) were used to determine
apoenzyme was titrated with various levels of FMN, changes the concentrations of BSand P&gqat each equilibrium state.
in the protein fluorescence intensities were measured andr203A, and R203A:levels were similarly determined from
plotted against the molar ratio of [FMN]/[enzyme monomer] values of AAsss after the contributions of Rgwere sub-
(Figure 1). The maximal fluorescence change was found to tracted. Log [R203AJ/[R203A.d is plotted against log
be at a molar ratio of 0.9, indicating that the mutant enzyme [PS, J/[PS.d, vielding a linear line. On the basis of the
binds one FMN per monomer. In another fluorescence ordinate intercept of such a plot and th@52 mV standard
titration experiment, a limiting level of R203A apoenzyme reduction potential for PSAE®'s9), the standard reduction
at 10 nM was incubated with various amounts of FMN. A potential of R203A AE® r2034) Was calculated to be-259
double-reciprocal plot of protein fluorescence quenching myv according to the rearranged standard Nernst equation in

versus FMN concentration was constructed. From such a plot,which F is the Faraday constarR,is the gas constant, and
the dissociation constant of the binding of the cofactor FMN T is absolute temperature:

to the R203A apoenzyme was found to be QuM. This
Kq was very close to the 0.2M Kgq previously found for ~ log ([R203A],/[R203A.J) =

o
=]
S

the native FRPE). o or 2F
Reductie Potentials The standard reduction potentz! (AB”ps— AE RZO3’*)2.303?T+
of R203A was determined by anaerobic titrations with log ([PS,J/[PS.d) (1)

NADH, with phenosafranin as a redox standard. After each

NADH addition, the sample was allowed to reach redox The standard reduction potential for FRP was similarly
equilibrium and the absorption spectrum was recorded determined under identical conditions and a value-864
(Figure 2A). Values ofAAs4, (defined as initialAs4o minus mV was obtained.
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Ficure 3: Steady-state kinetic analyses of the R203A variant. Initial
rates of decreases g4 were measured after 0.0IM R203A
was mixed with designated amounts of FMN and NADPH in 1
mL of 50 mM R buffer. The double-reciprocal plots of initial
velocity versus FMN concentration at constant levels of NADPH
are shown. NADPH concentrations are, from top to bottom, 10,
20, 40, 80, 120, and 160M.

Steady-State Kinetic Analysélhe activities of FRP and
R203A were determined as a function of FMN concentration
at several constant levels of NADPH. The rates of NADPH
oxidation were calculated on the basis of inittef\sz40/min
and ez40 of 6.2 mMt cm. Figure 3 shows the double-
reciprocal plot of the rate of NADPH oxidation versus FMN

Wang et al.

reciprocal of NADPH concentration from Figure 3 is
presented in Figure 4A®) in comparison with the results
obtained similarly with the wild-type FRFD). On the basis

of such a secondary pldi.; values of 3230 and 4170 mih
were obtained for R203A and FRP, respectively. In contrast
to the similar values ok.a, the Kmnappu Of 710 uM for
R203A determined from the same secondary plot was much
larger than that of 2LM for FRP. The same sets of data in
Figure 3 were reanalyzed for the secondary plot shown in
Figure 4B. In this case, R203A was similar to FRP with
respect to not Nl but alsoKm gvn (With 5.8 and 6.9«M

for R203A and FRP, respectively).

Binding of NADP. NADP™ binding by R203A was also
compared with that by the wild-type FRP by absorption
spectroscopy (Figure 5). When 4 FRP was mixed with
0.3 mM NADP, the binding of NADP was readily detected
by the changes in the absorption spectrum of the FMN
cofactor of FRP. With R203A in place of FRP under
otherwise identical conditions, the absorption spectrum of
the R203A FMN cofactor did not show any significant
changes.

Catalytic Actiity with NADH as a Substraterhe wild-
type FRP uses NADH at a much lower efficiency than
NADPH. When FRP was assayed at a constant level of FMN
and increasing concentrations of NADH up to a level still
suitable for absorption spectrophotometric measurement, the
reaction rates of FRP showed a linear dependence on NADH
concentration (Figure ). Thus, NADH at up to 0.45 mM
was still far below theK,. Such results do not allow the
determination of the value &fyax Or K. However, a value
of keaf Km = 3 x 10° M~ min~* can be determined for FRP.

concentration for the data obtained with R203A. The pattern The same experiment was repeated with R203A under

of parallel lines indicates that the reaction follows a ping-
pong kinetic mechanism similar to that reported earlier (
15) and confirmed in this study for the native FRP. The

otherwise identical conditions. Again, the R203A activity
showed a linear dependence on NADH concentration, and a
value of 4x 10° M~* min~ for k.o/Km was obtained (Figure

secondary plot of the intercept on the ordinate versus the6, @).
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Ficure 4: Steady-state kinetic analyses of FRP and R203A. On the basis of plots shown in Figure 3 for R203A, the ordinate intercepts are
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plotted versus the reciprocals of the NADPH concentrati@spanel A). The same original results in Figure 3 were reanalyzed for

double-reciprocal plots of initial velocity versus NADPH concentration at several constant levels of FMN. The ordinate intercepts are also

plotted versus the reciprocals of the FMN concentrati@sp@nel B) for R203A. The experiments were then repeated with /MBRP

per assay in place of R203A under otherwise identical conditions.

A and B for FRP.

Results were similarly analyzed and show@)asythbdls in panels
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- - L e Ficure 7: Deuterium isotope effects of NADPD on FRP and
30 00 w0 500 %0 R203A. The reactions were carried out in 1 mL of 50 mMb&ffer
Wavelength (hm) containing 50uM FMN, 10 nM R203A or 2.5 nM FRP, and
. NADPH or NADPD at concentrations as indicated. Initial rates of
Ficure 5: Effects of NADP" on the absorption spectra of FRP  \AppH (@) or NADPD (0) oxidation were analyzed as a function
and R203A. The absorption spectra were recorded before and aftel,¢ N ADPH (or NADPD) concentrations as double-reciprocal plots
the addition of 0.3 mM NADP to 40 uM of either the wild-type for R203A (panel A) and FRP (panel B)
FRP or the R203A variant. '

0.0

25 191 203 220
5 T T T T . . B
FRP SYDQTMOAYYASRTSNQKLSTWSQEVTGKL

2.0F o wT :

= . R203A NfsA QYDEQLAEYYLTRGSNNRRDTWSDHIRRTI

[=

'€ 15} 1 SNra RYDEQLAEYYLTRGSNTRRDTWSDHIRRTL

= YWCG_BACSU TYDKTISDYYRERTNGKREETWSDQILNFM

=1 1SD KREE 11
1.0F 1

g CHRR_PSESP AYNDTMEAYYNNRSSNRKIDNWTKQMADFL
0.5F g YCND_BACSU AYDEQMSEYMNKRTNGKETRNWSQSIASYY

Ficure 8: Comparison of the FRP residyge-residug,, sequence

0.0, 700 200 300 200 500 with homologous sequences. The homologous sequences were

obtained by searching the Blast server from National Center for
[NADH] (uM) Biotechnology Information (NCBI) against the complete sequence
FIGURE 6: Steady-state kinetic analyses of FRP and R203A with Of FRP. The six homologous sequences were further aligned by
NADH as a substrate. Decrease\jzowere measured immediately ~ CLUSTLW, also developed at NCBI. Partial sequences of resigtie
after mixing of 0.16:M FRP (©) or R203A @) with 45xM FMN residugyo according to the residue numbers of FRP are shown for
and various amounts of NADH as designated in 1 mL of 50 mM V. harweyi FRP, NfsA (theE. coli major nitroreductase A), SNrA
P, buffer. Initial velocities (expressed as micromoles per liter per (Salmonella typhimuriurmajor nitroreductase), YWCG_BACSU
minute for NADH oxidation) were plotted as a function of the (Bacillus subtilishypothetical 28.3 kDa protein in the QOXD-VPR
corresponding NADH concentrations. intergenic region), CHRR_PSESPYeudomonasp. Cr(VI) re-
ductase), and YCND_BACSWB( subtilishypothetical 27.9 kDa
. I protein in the PHRC-GDH intergenic region). The boldface letters
Deuterium Isotope_ EffectThe aCt'V'F'eS of FRP and indicate identical residues, and the underlined letters refer to similar
R203A were determined as a function of NADPH or residues.
NADPD concentration at a saturating level (@d) of FMN. _ .
Figure 7 shows the double reciprocal plots of the reaction and NADH oxidase, the latter two enzymes are substantially

rate versus the concentration of NADP@)(or NADPD (O) more homologous to each other than to FRP. One major
for FRP (panel B) and R203A (panel A). TH/ and structural difference is that the Arg203 residue of the
D(V/K) were calculated from the intercepts on ordinate and NADPH-preferring FRP is within a disordered resigije
slopes to be 1.7 and 1.4, respectively, for FRP and 3.8 andresidugos loop whereas th¥'. fischeriFRase I/FRG and the

4.0, respectively, for R203A. T. thermophilusNADH oxidase do not discriminate between
NADH and NADPH and neither has such a loop. Moreover,
DISCUSSION the sequence of FRP was used in a search and several

homologous proteins were found. The alignment of these

A clue that the Arg203 residue &f. harveyi FRP might homologous sequences corresponding to the FRP regitlue
be important in the specific recognition of NADPH was residueg,, peptide is shown in Figure 8. Interestingly, the
revealed by a computer modeling of NADPH binding as Arg203 resude is conserved in all of these proteins. Finally,
elaborated above. Such a possible functional role of the while we did not find any literature information for the
Arg203 residue was further supported by other consider- pyridine nucleotide specificity for four of these proteins, the
ations. In addition to FRP, the crystal structures of\fit&io E. coli nitroreductase NfsA is known to be similar to FRP
fischeriFRase | 16) (or FRG according to our classification) in its high specificity toward NADPH X9). Taking these
and theThermus thermophilUSADH oxidase (7) have also considerations together, the FRP Arg203 is hypothesized to
been determined. It has been not&d 10, 18) that while be critical to the specific recognition of NADPH and this
FRP shows significant structural similarities with FRase | study was initiated to investigate such a working hypothesis.
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The crystal structures of FRP show no direct participation
of the Arg203 in the FMN cofactor binding®,10). It was

Wang et al.

and 1.4, respectively, for the native FRP were increased to
3.8 and 4.0, respectively, for R203A (Figure 7). Following

expected that the mutation of Arg203 to an alanine residue the general scheme

would not adversely affect the FMN cofactor binding. Indeed,
the R203A variant was similar to the wild-type FRP with

respect to the single site per reductase monomer (Figure 1)

and theKy for the FMN cofactor binding. Moreover, the

k
E+ST-EST-EP-E+P
2 Kq

—259 mV standard reduction potential of R203A (Figure 2) where S is NADPH (or NADPD), P is NADR and ks
was also found to be essentially the same as that for the(= the reduction of FRP FMN cofactor by NADPH or

wild-type FRP.

NADPD) andk, are the isotope-sensitive steps, the isotope

The crystal structures of FRP, however, do not reveal any effects can be expressed as

direct information regarding the nature of the binding of
NADPH or the flavin substrate. The ability to recognize and
utilize these two substrates by the R203A variant was
compared with that of the wild-type FRP by an examination
of their steady-state kinetic characteristics. Similar to the
wild-type FRP, R203A displayed a ping-pong kinetic pattern
(Figure 3). In comparison with FRP, the mutation of Arg203
to alanine resulted in only minor changes\iRax and the

K for the FMN substrate (Figure 4B). Therefore, the Arg203

o, Kt (Kaplko) + (Kanks) Keg
1+ (Kg'ks) + (Kypi'Ks)

ks + (ko) + (Kardke)°Keg
1+ (ka/ko) + (Kgpks)

(2)

P(VIK) = (3)

In comparison with FRP, the dissociation of NADPK)(

residue appeared not to have any major functional role in and NADP' (ks) of R203A must both become substantially

the binding and utilization of the FMN substrate. However,
the Kn, of the R203A variant for NADPH (71@&M) was
much higher than that (24M) for FRP (Figure 4A). Such
a finding is quite consistent with the proposed functional
role of Arg203 in NADPH recognition and binding.

The wild-type FRP was also able to bind NAD&s shown
by the perturbation of the FMN cofactor absorption spectrum
upon addition of NADP (Figure 5). However, no significant
spectral perturbation was observed upon addition of NADP
to the R203A variant (Figure 5). This could be due to a lack
of significant binding of NADP (at 0.3 mM) by the R203A.
Assuming <5% of R203A was bound by NADPunder
conditions described for Figure 5, thg for NADP™ binding
by R203A is estimated to be5.7 mM, a value substantially
higher than the 0.25 mM, for NADP' binding by the wild-
type FRP 11). Our results cannot exclude the possibility
that NADP'" can be significantly bound by R203A but the
binding did not result in any noticeable absorption spectral

faster relative tks andk,. Thus, the mutation of Arg203 to
alanine markedly reduced the affinity of NADPH or NADP
binding.

Among the three known species of flavin reductases in
luminous bacteria, the FRP exhibits a uniquely high degree
of specificity toward NADPH. In the present study, func-
tional consequences of the mutation of the conserved Arg203
residue of FRP to an alanine were examined with respect to
FMN and pyridine nucleotide binding, reduction potential
of the bound flavin cofactor, steady-state kinetics, and
deuterium isotope effects. Results from all of these studies
fully support the hypothesis that Arg203 is critical to the
specific recognition and utilization of NADPH by FRP. Since
this Arg203 residue is highly conserved (Figure 8), the
present finding suggests that this residue may have a similar
functional role in other homologous proteins.

A number of pyridine nucleotide-dependent enzymes have
been examined with respect to the molecular basis for their

perturbation of the mutated reductase. Even in such a casecofactor specificity toward NAD(H) or NADP(H). A gen-

our spectroscopic data indicate that the nature of NADP
binding was significantly different between the wild-type

erality has emerged from these studies. For many NAD(H)-
specific enzymes [such as several species of dihydrolipo-

FRP and R203A. In either case, these observations furtheramide dehydrogenasgd), horse liver 21) andDrosophila

support the proposed critical role of Arg203 in the recogni-

(22) alcohol dehydrogenased,actobacollus delbrueckii

tion of the 2-phosphate attached to the adenosine moiety of (subspeciebulgaricug p-lactate dehydrogenas23dj, Bacil-

NADPH/NADP*.

If Arg203 is critical to the discrimination between NADPH
and NADH by FRP, the mutation of Arg203 to an alanine
should not have any marked effect on the ability of the
reductase to utilize NADH as a substrate. For both the wild-
type FRP and R203A, theiK,, values for NADH were

lus stearothermophilus-lactate dehydrogenas@4) and
glyceraldehyde-3-phosphate dehydrogenaSg éndPseu-
domonas mealonii 3-hydroxy-3-methylglutaryl-CoA reduc-
tase R6)], their high selectivity for NAD(H) is related to
the interaction of an aspartate residue with théaroxy
group of the cofactor adenosine moiety. On the other hand,

apparently much higher than the NADH concentrations useda number of enzymes have been shown to involve the
for results shown in Figure 6. However, these results allow interaction between a lysine residue [suchPashia stipitis

the determination o.a/Km napn Values of 3x 10° and 4 x

10° M~ min~! for FRP and R203A, respectively. The close

similarity of FRP and R203A in theik.a/Km napn 1S quite

distinct from the marked difference in valueskaf/Km naopH

for FRP (1990x 10° M~! min™) and R203A (46x 10°

M~1 min~') determined from results shown in Figure 4.
Deuterium isotope effects of R}-[4-°HINADPH (NAD-

PD) were tested to further elucidate the functional role of

Arg203. The relatively smalfV and°(V/K) effects of 1.7

xylose reductase2{)) or, especially, an arginine residue
(such as several species of glutathione reduct&®<8),
Escherichia coliisocitrate dehydrogenasg9d), mouse lung
carbonyl reductase3(), andLactococcus lacti$-phospho-
gluconate dehydrogenas@&1f] and the 2-phosphate of
NADP(H) as a determinant for their cofactor selectivity.
Consistent with such a general pattern, we have now
identified Arg203 as a critical residue in the recognition and
binding of NADPH byV. harveyi FRP. The protein fold of
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FRP is distinct from that of the other NADP(H)-preferring
enzymes mentioned abov8, (10). Therefore, the present
work provides an example from a new structural class of
enzymes for the essential role of arginine in enzyme
specificity toward NADP(H).
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