BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Structure—Function Relationship of Vibrio harveyi NADPH—Flavin
Oxidoreductase FRP: Essential Residues Lys167 and Arg15 for

NADPH Binding
Hae-Won ChungJr and Shiao-Chun Tu*™#

"Department of Biology and Biochemistry, University of Houston, Houston, Texas 77204-5001, United States
j’-Department of Biochemical Science and Technology, National Taiwan University, Taipei, Taiwan, ROC

ABSTRACT: Vibrio harveyi NADPH—FMN oxidoreductase
(FRP) catalyzes flavin reduction by NADPH. In comparing
amino acid sequence and crystal structure with Escherichia coli
NfsA, residues N134, R225, R133, K167, and R1S were targeted
for investigation of their possible roles in the binding and
utilization of the NADPH substrate. By mutation of each of these
five residues to an alanine, steady-state rate analyses showed that
the variants K167A and R15A had apparently greatly increased
K nappu and reduced k,./K,, nappr, Whereas little or much more
modest changes were found for the other variants. The deuterium
isotope effects °(V/K) for (4R)-[4->H]-NADPH were markedly
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increased to 6.3 and 7.4 for K167A and RI15A, respectively, indicating that the rate constants for NADPH and NADP*
dissociation were greatly enhanced relative to the hydride transfer steps. Also, anaerobic stopped-flow analyses revealed that the
equilibrium dissociation constant for NADPH binding (Ky) to be 2.5—3.9 and 1.1 mM for K167A and R15A, respectively, much
higher than the 0.4 yuM Kj for the native FRP, whereas the k_, of these two variants were similar to that of the wild-type enzyme.
Moreover, the K167 to alanine mutation led to even a slight increase in k_,/K, for NADH. These results, taken together, provide
a strong support to the conclusion that K167 and R1S each was critical in the binding of NADPH by FRP. Such a functional role

may also exist for other FRP homologous proteins.

Reduced flavins participate in various biochemical pro-
cesses, such as reduction of ferrisiderophores for iron
release,’ activation of the ribonucleotide reductase,” and
reduction of methemoglobin.>* In particular, reduced flavin
serves as a substrate for monofunctional flavin-dependent
monooxygenases.” The required reduced flavin is provided by
NAD(P)H-flavin oxiodoreductases (flavin reductases), which
catalyze the reduction of flavin by NAD(P)H. Each pair of a
monofunctional flavin-dependent monooxygenase and its
functionally linked, and often structurally associated, flavin
reductase are referred to as a two-component monooxygenase
couple.’> Among such couples, the complex formation and
activity coupling between flavin reductase and bacterial
luciferase have been extensively studied.® Bacterial luciferase
catalyzes the oxidation of reduced FMN (FMNH,) and a long-
chain aliphatic aldehyde (RCHO) by molecular oxygen to
generate carboxylic acid (RCOOH), FMN, water, and light
(Anax 490 nm) (eq 1). The required FMNH, is produced by
flavin reductases (eq 2).

FMNH, + RCHO + O,

— FMN + RCOOH + H,0 + light (1)

FMN + NAD(P)H + H* — EMNH, + NAD(P)*  (2)
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Depending on the substrate specificity, flavin reductases are
classified as three types.” Flavin reductase P (FRP) is specific
for NADPH as a substrate and flavin reductase D (FRD)
prefers the NADH substrate, whereas the general flavin
reductase (FRG) utilizes NADPH and NADH with similar
efficiencies.” '* For the Vibrio harveyi bacterial biolumines-
cence, the direct transfer of FMNH, from FRP to
luciferase,""'* the complex formation between these two
enzymes in vitro'>'* and in vivo'* have all been documented.
The frp gene encoding V. harveyi FRP has been cloned,
sequenced, and overexpressed."> The purified FRP comprises
260 amino acid residues (molecular mass 26 kDa) per
monomer, which contains one noncovalently but tightly
bound FMN cofactor.'® FRP undergoes a monomer—dimer
equilibrium in solution,'® and the crystal structure at 1.8 A
resolution of the dimeric enzyme has been determined.'”
Structurally, the V. harveyi FRP is closely homologous to the
Escherichia coli NfsA, which is a major oxygen-insensitive and
NADPH-specific nitroreductase. NfsA and FRP share 51%
identity in amino acid sequence, and both contain one FMN
cofactor per monomer.'® Superimposition of the FRP crystal
structure with that of NfsA reveals a strong similarity despite
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Figure 1. Sequence alignment of FRP" and homologous sequences from E. coli major nitroreductase (nfsA),>* Salmonella typhimurium major

nitroreductase (snrA),l(

and Bacillus subtilis nitro/flavin reductase (nfrAl

).2° The homologous sequences were acquired from the National Center

for Biotechnology Information, and all sequences were aligned using ClustalW2. According to the definition from ClustalW2, asterisk () is for fully
conserved residue. Colon (:) and period (.) indicate partially conserved residues with strongly (scoring >0.5 in the Gonnet PAM 250 matrix) and
weakly (scoring <0.5 in the Gonnet PAM 250 matrix) similar properties, respectively. Residues targeted for mutation were pointed by arrows.

the difference in using FMN and nitro compound, respectively,
as their electron-accepting substrates.'® Kobori et al.'®
proposed a model for binding of NADPH to NfsA by
considering two minimum requirements. First, Arg203 should
interact with the 2’-phosphate group of NADPH. Second, the
nicotinamide ring of NADPH and the isoalloxazine ring of the
FMN cofactor should be positioned close enough for hydride
transfer.'® Specifically, they proposed that Arg225, Arg133, and
Asnl134 interact with the nicotimamide moiety, and the
positively charged side chains of Lys167 and Argl$ interact
with the pyrophosphate of NADPH. In addition to the close
similarities between the crystal structures of NfsA and FRP, the
Argl$5, Argl33, Asnl34, Lys167, Arg203, and Arg225 are all
conserved for these two enzymes and two other homologous
enzymes, namely Salmonella typhimurium major nitroreductase
(snrA)" and Bacillus subtilis nitro/flavin reductase (nfrA1)*°
(Figure 1). Moreover, we have previously shown that the
Arg203 residue of V. harveyi FRP is indeed critical in NADPH
binding by interacting with the adenosine 2'-phosphate of
NADPH.”' In order to explore further the structure—function
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relationship of V. harveyi FRP with respect to its preference for
NADPH as a substrate, we set out to test the possible
functional roles of Argl$, Argl33, Asn134, Lys167, and Arg225
by site-directed mutagenesis. Through multiple kinetic analyses
of the purified mutated enzymes, the critical roles of Argl5 and
Lys167 in NADPH binding were revealed.

B EXPERIMENTAL PROCEDURES

Materials. Primers, NADP*, NADPH, isopropyl f-p-1-
thiogalactopyranoside, ethanol-ds, aldehyde dehydrogenase
from baker’s yeast, and alcohol dehydrogenase from Thermoa-
naerobium brokii were all purchased from Sigma-Aldrich.
BL21(DE3)pLysS competent cells were obtained from
Stratagene. HiTrap DEAE FF, Superdex 75 10/300 GL, and
Mono Q 5/50 GL columns were from GE Healthcare. A stock
1 M phosphate buffer solution was prepared with monobasic
(KH,PO,) and dibasic (K,HPO,) at a molar ratio of 0.16/0.83.
Dilutions with water to various degrees were made, and pH was
adjusted to 7.0, if necessary, by the addition of either 4 M
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H;PO, or S M NaOH. Unless stated otherwise, S0 mM
phosphate, pH 7.0, was used as the standard buffer.
Site-Directed Mutagenesis and Cell Growth. A pET
vector harboring the wild-type V. harveyi frp gene, designated
PFRP,”! was used as a template for site-directed mutageneses
using QuickChange lightning site-directed mustagenesis kit
from Agilent Technologies. The primers used are listed in
Table 1. The constructed mutant frp genes were verified by

Table 1. Mutagenic Primers for FRP Variants®

mutant primer

R1SA S'cttgctcatcgctctatcgcaaaattcaccgeagttec3’
R133A S'gcgtatatattggaggactagcgaatagcgcagctcaagttg3’
N134A S'gtatatattggaggactaagggctagcgcagctcaagttgatga3’
K167A S'atcccgatcaaaatcecgaagtagegecacgectace3’
R225A S'gettgetggtgagtcggeacctcatattetgecg3’

“The mutagenic primers for FRP variants were designed using the
QuickChange Primer Design Program from Stratagene. The bases
modified to introduce the mutations are shown underlined and in
boldface.

DNA sequencing (SeqWright). E. coli BL21(DE3) pLysS
competent cells (Stratagene) were transformed with pFRP and
FRP mutant plasmids and were inoculated at 37 °C overnight
in 50 mL of LB broth containing 100 mg/L ampicillin (LBA).
The overnight culture was transferred to 1 L of LBA and
incubated in a thermostated shaker at 37 °C. Cells were grown
until ODgy nm reached around 0.8 and induced with 0.2 mM
isopropyl p-p-1-thiogalactopyranoside. The cultures were
further incubated in a thermostated shaker at 28 °C overnight
and were harvested by centrifugation for 30 min at 8000g.

Purification of FRP Wild-Type and Variant Enzymes.
The harvested E. coli BL21 cells expressing wild-type or
mutated FRP were suspended in 35 mL ice-cooled lysis buffer
[SO mM phosphate buffer pH 7.0 containing 1 mM
ethylenediaminetetraacetic acid, 1 mM dithiothreitol (DTT),
and 0.1 M NaCl]. The suspension was then sonicated on ice
three times, each time for 8 min, and was subsequently
centrifuged at 4 °C for 30 min at 14000g. In our earlier
experiments we have observed that a significant part of the
recombinant enzyme could be found in inclusion bodies.
Therefore, the distributions of wild-type FRP and variants
between soluble and inclusion body fractions were determined
in each particular case by the following procedures. After
centrifugation, the pellet was resuspended in the lysis buffer,
sonicated, and centrifuged in order to further extract enzyme
trapped in the pellet. Such a wash cycle was repeated two times.
The supernatants from the first and second washes were
combined. After the third wash, ~50 mg of the inclusion body
pellet was resuspended in 1 mL of 1% sodium dodecyl sulfate
solution and was analyzed, along with samples from the
combined soluble phase, by sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis.

For purification of wild-type FRP and variants found in the
soluble fraction, the crude lysate of cells was filtered with 0.20
um sterile syringe filter and loaded (flow rate 1 mL/min) on a
DEAE-Sepharose FF column (1.6 X 2.5 cm) (GE Healthcare)
pre-equilibrated with the standard buffer. The column was
washed with the same buffer until the A,q, baseline reached
near zero, and fractions with significant enzymatic activities
were obtained by elution (flow rate 3 mL/min) with 20 column
volumes of a 0—0.5 M NaCl gradient in the standard buffer.
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The active fractions were concentrated to ~2 mL using an
ultrafiltration centrifugal device with a 10000 Da molecular
weight cutoff (MWCO) membrane. The concentrated sample
was loaded on a Superdex 75 10/300 GL (Tricorn) column (1
X 30 cm) pre-equilibrated and eluted with the standard buffer
(flow rate 1 mL/min). The active fractions were loaded (flow
ratel mL/min) on a Mono Q column (0.5 X 5 cm) (GE
Healthcare) pre-equilibrated and eluted the same way as for the
DEAE-Sepharose FF column to obtain the highly purified FRP
enzymes.

For FRP variants that were primarily found in inclusion
bodies, their solubilization and purification followed the
procedures as described previously'®** with minor modifica-
tions as described below. The inclusion body pellet after the
third wash was suspended in 2 mL of 6 M guanidinium
hydrochloride, 1 mM DTT, and 1 mM ethylenediaminetetra-
acetic acid in standard buffer. The suspension was gently stirred
for 3 h at 4 °C and centrifuged at 14000g for 30 min. The
supernatant was applied onto a Superdex 75 10/300 GL
(Tricorn) column (1 X 30 cm) pre-equilibrated and eluted (0.5
mL/min) with 6 M urea and 1 mM DTT in standard buffer.
Flavin reductase-containing fractions were collected and
concentrated to about 2 mL using an ultrafiltration
centrifugation device with MWCO 10000 Da. The concen-
trated sample was mixed into 50-fold volume of precooled
standard buffer containing 0.1 mM FMN and gently stirred on
ice in the dark for 15 min. The sample was loaded on a DEAE-
Sepharose FF column (0.5 X S cm) (GE Healthcare) pre-
equilibrated and washed (flow rate 3 mL/min) with the same
buffer until the A,g, absorbance baseline reached near zero.
Fractions with active FRP variants were obtained by
subsequently eluting with 20 column volumes of a gradient
of 0—0.5 M NaCl in the standard buffer.

Enzyme Assay and Kinetic Isotope Effect. All activity
assays were carried out at room temperature in 1 mL of the
standard buffer containing designated amounts of the wild-type
or mutated FRP, FMN, and NADPH. Initial rates of NADPH
oxidation (in AA,,/min) were measured using a Varian Cary
50 UV—vis spectrophotometer and converted to uM/min
NADPH oxidation on the basis of €549 = 6.2 mM ™' cm™. (4R)-
[4H] NADPH (NADPD) was prepared by following the Sem
and Kasper’s protocol*® with minor modifications. 20 mM N-
tris[hydroxymethyl |methyl-3-aminopropanesulfonic acid buffer
containing 0.2 M ethanol-dg, 5.6 mM NADP*, and 1 mM DTT
was incubated with 5 units/mL alcohol dehydrogenase and 1
unit/mL aldehyde dehydrogenase at pH 9.0. After 6—7 h, the
reaction was quenched by adding several drops of CCl,. After
the reaction solution was separated into two layers, the aqueous
layer was loaded onto a DEAE-Sepharose FF column pre-
equilibrated and eluted with the standard buffer. After the A,
in eluate reached near zero, elution was continued with 20
column volumes of a gradient of 0—0.5 M NaCl in the standard
buffer (flow rate 3 mL/min). (4R)-[4-*H] NADPH was
obtained from fractions having A,¢)/A349 < 2.41 and was used
to replace NADPH in steady-state initial rate measurements for
the determinations of deuterium isotope effect ®(V/K)

Anaerobic Stopped-Flow Measurements of Wild-Type
FRP and FRP Variants. An FRP enzyme solution containing
glucose oxidase (2% of the FRP enzyme concentration)
(solution A) and an NADPH solution containing 1 mM
glucose (solution B) were anaerobically prepared in a nitrogen-
flushed glovebox at designated concentrations. Each solution
was transferred to a glass syringe, leaving an open gas phase on
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Figure 2. Initial velocities of wild-type FRP, K167A, and R15A as a function of NADPH or NADPD concentrations. Steady-state initial velocities
were measured in 1 mL of 50 mM Pi standard buffer containing 50 M FMN, various levels of NADPH or NADPD as indicated, and 2.7 nM FRP
(left panel), 0.04 uM K167A (middle panel), or 0.06 uM R1SA (right panel). The capital letters H and D are for NADPH (O) and NADPD (@),
respectively. Initial velocities are normalized for all three panels on the basis of 0.1 M enzyme per activity assay.

top of the solution in the syringe held at a tilted position. The
solutions were made oxygen-free by blowing high-purity
nitrogen gas for ~2 h over the solutions in the syringes. The
syringes were sealed and transferred to an Olis rapid scanning
monochromator stopped-flow apparatus, whose flow systems
were prewashed once with a S0 mM dithionite solution and
several times with an anaerobic standard buffer. Solutions A and
B (125 uL each) were mixed, and changes in absorption at 450
nm (in a 1.6 cm light path flow cell) were monitored as a
function of time.

B RESULTS

General Kinetic Analyses. The frp and mutant genes were
expressed in E. coli BL21 with isopropyl p-p-1-thiogalactopyr-
anoside induction of T7 polymerase. After cell harvesting and
lysis, FRP WT enzyme and variants N134A, R225A, and
K167A were mainly found in the soluble fraction, whereas
variants RISA and R133A were primarily recovered from
inclusion bodies. All FRP enzymes were purified to >90%
purities on the basis of sodium dodecyl sulfate—polyacrylamide
gel electrophoresis patterns. The active FRP holoenzyme
contains 1 FMN cofactor per monomeric enzyme.'® The
FMN cofactor contents in our isolated FRP WT enzyme,
K167A, and R15A varied a little in different preparations but
usually were in the range of 0.83 to 0.92 FMN per monomeric
reductase. In all experiments, molar concentrations of wild-type
FRP and variants were based on the contents of the FMN
cofactor. In an initial series of FMN titration experiments at
several fixed levels of NADPH, it was found that 50 uM FMN
was saturating for wild-type FRP and all variants examined in
this work. In subsequent experiments, enzyme initial velocities
were measured as a function of NADPH concentration at a
fixed level of 50 uM FMN to determine the K, yappry kew and
Kot/ Kinnappr of FRP variants and compare them with those of
the wild-type FRP. As reported previously,'"> activities of the
wild-type FRP showed a typical Michaelis—Menten kinetic
profile at increasing NADPH concentrations (Figure 2, left
panel). Similar NADPH saturation curves were also found for
R133A, N134A, and R225A. Double-reciprocal plots of initial
velocities versus NADPH concentrations allowed the determi-
nation of K, nappw Kew and ke/Kynappn of these FRP
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enzymes, and results are summarized in Table 2. For all three
kinetic parameters, R225A was quite similar to the wild-type

Table 2. Steady-State Kinetic Parameters of Wild-Type FRP
and Variants®

enzyme K Nnappu (HM) Kea (S_l) kea/ Ko NaDPH (ﬂM_l 5_1)
wild-type FRP 9+ 1 23.8 £ 2.0 2.67 + 0.50
RI33A 16+ 1 92 +03 0.57 + 0.03
N134A 34+ 4 52+ 02 0.15 + 0.02
R225A 10 + 1 192 + 0.7 2.00 + 0.17
RISA ND? ND? 0.012 + 0.001
K167A ND? ND? 0.025 + 0.001

“Determined at a fixed concentration of 50 uM FMN and various
levels of NADPH in 50 mM Pj, pH 7.0. “Not determined. See text for
explanation.

reductase. On the other hand, R133A and N134A showed
approximately 2- and 4-fold increases in K, yappy, respectively,
and 2.6- and 4.6-fold decreases in k., respectively, in
comparison with wild-type FRP (Table 2). Accordingly, the
decreases in k,/K;, nappu for R133A and N134A were 4.7- and
17.7-fold, respectively (Table 2).

Apparently, the K, yappy values for K167A and R15A were
markedly increased. Up to 100 and 50 uM NADPH tested for
K167A and R15A, respectively, their activities were very close
to a linear function of NADPH concentration rather than a
Michaelis—Menten saturation curve (Figure 2, middle and right
panels). Hence, k., and K nappy values for these two FRP
variants could not be calculated individually. However, the
initial linear portions of the activity versus NADPH plots as
shown in Figure 2 allowed the determinations of 0.025 and
0.012 uM™" s7! as the k. /Ky nappu values for K167A and
RISA, respectively (Table 2), both being markedly slower than
the 2.7 uM™" s for the wild-type FRP.

Deuterium Isotope Effect of K167A and R15A. Initial
velocities of K167A, R15A, and wild-type FRP were also
measured at a fixed 50 uM FMN and various levels of NADPD,
and the results are shown in Figure 2. Values of k_,./K;, naprp
were determined the same way as described above, and in
comparison with results obtained with NADPH, the corre-
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sponding values of deuterium isotope effect P(V/K) [ie,
(Mkcat/ Konnaopts) / (Ckeae/ Konnappp) ] were calculated to be 6.3 +
1.6, 7.4 + 0.3, and 1.0 = 0.2 for K167A, R15A, and wild-type
FRP, respectively.

Anaerobic Stopped-Flow Measurements of Reduction
of K167A and R15A. Similar to wild-type FRP,** we found
that the bound FMN cofactor of K167A and R15A could also
be reduced by NADPH under anaerobic conditions. The rates
of such reductions were determined by anaerobic stopped-flow
measurements. When 10 yM K167A was reacted with 1 mM
NADPH under oxygen-free conditions, absorption at 450 nm
associated with the oxidized FMN cofactor decreased as a
function of time (Figure 3, main figure). A replot of log(AA/

1.0, T T T
0.
~ 03 4
0.8 2
<
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2 2reversible
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Figure 3. Anaerobic stopped-flow reduction of K167A by NADPH.
After the rapid mixing, the reduction of the FMN cofactor (associated
with decreases in A,) of 10 uM KI167A by 1 mM NADPH was
followed over time (main figure). AA,, and AA are the actual A,q at
time zero and any given time ¢, respectively, minus the final A5, upon
completion of the reaction. A replot of log(AA/AA,,) versus time is
shown in the inset. The observed data (O) were fitted for a first-order
process (dashed line) and for a process consisting of two consecutive
reversible steps (solid line) as shown in the boxed portion of Scheme
1.

AA,) (where AA, and AA are the actual A, at time zero and
any given time t, respectively, minus the final A, upon
completion of the reaction) versus time is shown in the inset.
The observed data can be fitted (the solid line in Figure 3 inset)
according to two consecutive reversible reaction steps as shown
in the boxed portion of Scheme 1, with k; at 8 mM ™' s™! and k,,
k;, and k, at values of 20, 31, and 0.3 s/, respectively.
Correspondingly, the Ky (= k,/k;) for NADPH binding to the
oxidized K167A enzyme was calculated to be 2.5 mM. A large
portion of the initial time course followed a pseudo-first-order
decay (dashed lines in Figure 3 main figure and inset), with the
tail portion showing a slight deviation due to the inclusion of
the k, step. However, the k, was 2 orders of magnitude slower
than k;. For an approximation, the much slower k, can be

excluded from the boxed portion of Scheme 1, allowing the kg,
for the initial linear portion of the log(AA/AA,,) versus time
plot to follow the relationship

11 + Ky 1
k, [NADPH] (3)

ks K

The experiment as shown in Figure 3 was repeated several
times with the initial concentration of NADPH each time set at
a different level (all being much higher than the total
concentration of K167A), and the k., values of the initial
pseudo-first-order phase are shown as a function of NADPH
concentration (Figure 4, main figure). The double-reciprocal
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Figure 4. Dependence of the rate constant of K167A FMN cofactor
reduction on NADPH concentration. The apparent first-order rate
constant (k) of the reduction of the FMN cofactor of 10 uM K167A
by 1 mM NADPH was determined from the initial linear portion of
the plot of log(AA/AA,,) versus time as shown in Figure 3 inset. The
same experiment was repeated for three other NADPH concen-
trations. Values of kp,, so obtained are shown as a function of NADPH
concentration (main figure) and as a double reciprocal plot (inset).

plot of kg, versus initial NADPH concentration showed a linear
line (Figure 4, inset), in consistency with eq 3. Accordingly, Ky
and k; were determined to be 3.9 mM and 25 s™/, respectively.
These values were similar to the 2.5 mM and 31 s™* for K, and
ks, respectively, determined from the two-reversible-step fit of a
single time course mentioned earlier for Figure 3 inset.

The same stopped-flow anaerobic experiments of the
reduction of reductase-bound FMN by several levels of
NADPH were also carried out using R1SA. Similarly, values
of kg, for the initial linear portions of the log(AA/AA,,) versus
time plots are shown as a function of NADPH concentration
(Figure S, main figure). Again, the double reciprocal plot of k,,
versus NADPH concentration followed a linear relationship
(Figure S, inset), allowing the determination of Ky and k., as
1.1 mM and 20 s™', respectively.

Scheme 1

E:FMN + NADPH+ H'

E:FMN:NADPH + H === E:FMNH,:NADP*

4 |

E:FMNH, + NADP"
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Figure S. Dependence of the rate constant of RISA FMN cofactor
reduction on NADPH concentration. The apparent first-order rate
constants (k) of the reduction of the FMN cofactor of 10 uM RISA
FMN by 6 levels of NADPH were determined the same way as that
described for Figures 3 and 4. Values of k,, so obtained are shown as a
function of NADPH concentration (main figure) and as a double
reciprocal plot (inset).

Dependence of FRT and K167A Activities on NADH. It
is known that the WT FRP has a low but measurable activity
using NADH as a substrate.”’ We measured the dependence of
K167A activity on NADH concentration (Figure 6, @) and
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Figure 6. Dependence of reductase activity on NADH concentration.
The steady-state initial velocities of 0.1 uM of WT FRP (O) and
K167A (@) were determined at 50 yuM FMN and various levels of
NADH as indicated.

compared with that for the WT FRP (Figure 6, O). From the
slopes of the plots, k../K, of WI FRP and K167A were
determined to be respectively 3.0 X 107 and 6.5 X 107> uM ™
-1
s

B DISCUSSION

The five residues initially targeted for investigation of their
possible roles in NADPH binding and/or utilization by FRP
were each mutated to an alanine, and the corresponding FRP
variants were first characterized by steady-state initial velocity
kinetic analyses (Table 2). In comparison with the wild-type
FRP, R225A showed very little changes in K, xappy and k.
Less than 5-fold increases in K, nappy Or decreases in k., were
found for RI33A and N134A. In contrast, values of the
Knappy for K167A and RISA were apparently increased
markedly to the extents to show a nearly linear dependence of
their initial velocity on NADPH concentration up to 100 and
S0 uM tested for K167A and RISA, respectively (Figure 2).
Results available to this point strongly support an important
role in NADPH binding by K167 and R1S. Values of the k,./
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K nappy for K167A and R1SA were also determinable to be
0.025 and 0.012 uM™" 57, respectively, from results shown in
Figure 2. Both are greatly reduced from the 2.7 uM ™" s of the
wild-type FRP. However, individual values of K, yappy and ke,
could not be determined for these two FRP variants from the
steady-state NADPH titration experiments. Therefore, these
two FRP variants were subjected to additional kinetic analyses.
NADPD in addition to NADPH was used for steady-state
initial velocity measurements for K167A, R15A, and the native
FRP. Again, due to a nearly linear dependence of initial
velocities on NADPD concentrations, values of k./K,, nappp
could be determined but not for individual values of k., and
K., nappp for K167A or R15A (Figure 2). Accordingly, steady-
state deuterium isotope effects ®(V/K) of 6.3 + 1.6 and 7.4 +
0.3 were found for K167A and RISA, respectively, in
comparison with 1.0 + 0.2 for the native FRP. These results
were further analyzed according to the full Scheme 1 (including
all the steps k; through ks), in which k; and k, are deuterium
isotope-sensitive steps. Also the following relationships exist:

Dpy + S 4 KDy
D, kz ks €9
(V/I<) = 1 kSH k4H
e
ky ks 4)
D
D _ ksn/ksp _ ﬁ
« kyn/kyp Dk4 (5)

where Pky = kyy/ksp and Pk, = kyy/kyp. If the isotope-sensitive
step is reversible, then the DKeq equilibrium isotope effect is
usually equal to 1, and Pk; could be as high as 7 when k; is the
sole rate-limiting step in the forward reaction. According to eq
4, P(V/K) can be minimized to near unity when kyy > k, and
kyq > ks but is increased to near the value of Pk, if kyy << k,
and kyy << k. The former was observed with the wild-type
enzyme whereas the latter was found for R1SA and K167A.
Therefore, the mutation of each of R15 and K167 to an alanine
resulted in marked increases in the dissociation rate constants
for NADPH (i.e., k,) and NADP* (i.e., ks) in relation to k; and
k,, respectively. The finding that °(V/K) was near 7 for K167A
and R15A also indicates that k, and ks were much faster than k;,
making k; the sole rate-limiting step for these two FRP variants.
All these findings are consistent with and further support the
earlier conclusion that K167 and R1S were important for the
binding of the pyridine nucleotide.

NADPH binding by K167A and R15A and the rates of their
FMN cofactor reduction by NADPH were examined by
anaerobic stopped-flow studies. As shown in Figure 3 and
inset, the observed AA time course (shown as AA/AA,) for
K167A deviated slightly from the theoretical first-order kinetics.
The same general pattern was observed for K167A and R15A at
several NADPH concentrations tested. Three possibilities were
considered. First, assuming that K167A and R15A are similar to
WT FRP in having a K4 of 0.2 uM for the FMN cofactor
binding,'® the 10 uM reductase samples after mixing in the
anaerobic stopped-flow experiments should contained about
12% free FMN. But, the analysis of the observed reduction of
FMN was based on AA,, instead of absolute A, Since the
enzymatic reduction of the bound FMN was much faster than
the nonenzymatic reduction of free FMN by NADPH, the
absorption at 450 nm due to free FMN should essentially be
constant during the time period of data collection. Hence, the
observed AA/AA,, time course should reflect the true kinetics
of the enzymatic reaction. The slight deviation from first-order
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kinetics in the AA/AA,, time course was unlikely caused by a
low level of free FMN. Second, WT FRP also undergoes a
monomer—dimer equilibrium with a Ky of 1.8 uM.'® Our
previous in silico mutations and energetic analyses led us to
identify a number of residues that could be important in the
dimer formation of FRP.*> K167 and R15 are not among them.
Hence, their mutations to alanine were unlikely to change the
monomer—dimer equilibrium in any significant way. Assuming
the same Kj of 1.8 uM in dimerization for K167A and R15A,
the monomeric reductase should be at 2.6 uM at a total
concentration of 10 M for the reductase as that used in the
stopped-flow experiments. The deviation of the observed (AA/
AA,) time course from first-order decay could be a
consequence of the nonidentical rates of FMN cofactor
reduction by the monomeric and the dimeric enzymes. We
cannot eliminate this possibility. But, FRP samples with 20—
30% monomer contents did not show any multiphasic
behaviors in our previous equilibrium titration experiments.**
Third, we have previously shown that the conversions between
E:FMN:NADPH and E:FMNH,:NADP"* complexes (in which
E is the apoenzyme and FMN is the bound flavin cofactor) are
reversible.”* When the step associated with k, is included in the
boxed portion of Scheme 1, the theoretical time course of (AA/
AA,) is no longer a simple first-order process. In fact, the
observed time course as shown in Figure 3 can be satisfactorily
fitted by a two-step reversible reaction (Figure 3 inset). We
consider this third possibility the most likely cause for the slight
deviations from first-order kinetics for K167A and R15A in the
anaerobic reduction of the bound FMN cofactor. The 0.3 s k,
revealed by fitting the data in Figure 3 to a two-step reversible
reaction scheme was 2 orders of magnitude slower than the 31
s™' ks For an approximation, when the much slower k, is
excluded from consideration, k,, values can be obtained from
the initial linear portions of the log(AA/AA,,) versus time
plots of the data from stopped-flow anaerobic reduction
experiments for K167A and RISA such as that shown in
Figure 3 inset. Moreover, the double-reciprocal plots of kg,
versus NADPH concentration should be linear according to eq
3. Indeed, linear plots were obtained as shown in the insets of
Figures 4 and S, allowing the determination of Ky and kj as
respectively 3.9 mM and 25 s™' for K167A and 1.1 mM and 20
s~! for R15A. The values of K4 and k; determined in such a way
for K167A were quite similar to 2.5 mM and 31 s
respectively, determined from the two-reversible-step fit of a
single time course shown in Figure 3 inset.

The values of k; for K167A and R15A were quite similar to
the k., of WT FRP at 24 s' (Table 2), establishing that neither
K167 nor the R1S was important to the hydride transfer from
NADPH to the FMN cofactor or the subsequent reduction of
the flavin substrate by the reduced FMN cofactor. On the other
hand, the values of K; for NADPH binding by K167A and
R15A were 4 orders of magnitude higher than that for the WT
FRP at 0.4 uM.** The hugely increased Ky values for K167A
and R15A clearly showed that both K167 and RI1S residues
were critical to the binding of the pyridine nucleotide substrate
by the reductase. These findings also indicate that the markedly
reduced k,./K, nappu values for K167A and R15A as shown in
Table 2 were primarily due to the increased K, nappy rather
than reduced k.

FRP has a low but measurable activity with NADH.>' While
K167A showed markedly reduced binding affinity of NADPH
and the k../K,nappu value, the K167 to alanine mutation
resulted in even a slight higher value of k_,/K,, napu than that
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of WT FRP (Figure 6). Such a finding further indicated that the
K167 residue was important in a specific interaction with
NADPH.

Results from the present investigations strongly support the
hypothesis that both K167 and R1S play essential roles in
NADPH binding to FRP. We speculate that an electrostatic
interaction may exist between a negatively charged site in
NADPH and the positively charged side chains of K167 and
R15. Such a notion is consistent with the finding that mutations
of K167 or RIS greatly reduced the NADPH binding affinity
but did not affect the hydride transfers. Our findings also
suggest that these two residues in other homologous proteins,
such as in NfsA and SNrA, may have similar functional roles.
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