J. Biochem. 180, 481490 (2001)

Effects of Flavin-Binding Motif Amino Acid Mutations in the NADH-
Cytochrome b, Reductase Catalytic Domain on Protein Stability and

Catalysis!

Shigenobu Kimura,'? Hirokazu Nishida,' and Takashi Iyanagi’

*Faculty of Science, Himeji Institute of Technology, Kouto 3-2-1, Kamigori, Hyogo 678-1297; and 'Central Research
Laboratory, Hitachi, Ltd., Hatoyama, Saitama 350-0395

Received June 18, 2001; accepted July 12, 2001

Porcine NADH-cytochrome b, reductase catalytic domain (Pb5R) has the RXY(T/S)+(T/S)
flavin-binding motif that is highly conserved among the structurally related family of
flavoprotein reductases. Mutations were introduced that alter the Arg®, Tyr®, and Ser®
residues within this motif. The mutation of Tyr®® to either alanine or phenylalanine
destabilized the protein, produced an accelerated release of FAD in the presence of 1.5
M guanidine hydrochloride, and decreased the k_,, values of the enzyme. These results
indicate that Tyr® contributes to the stability of the protein and is important in the elec-
tron transfer from NADH to FAD. The mutation of Ser® to either alanine or valine, and
of Arg® to either alanine or glutamine increased both the K values for NADH (K _NAPH)
and the dissociation constant for NAD* (K,¥A?+), However, the mutation of Ser® to threo-
nine and of Arg® to lysine had very little effect on the K_NAPH and K,NAP* values, and
resulted in small changes in the absorption and circular dichroism spectra. These re-
sults suggest that the hydroxyl group of Ser® and the positive charge of Arg® contribute
to the maintenance of the properties of FAD and to the effective binding of Pb5R to both
NADH and NAD". In addition, the mutation of Arg® to either alanine or glutamine in-
creased the apparent K values for porcine cytochrome b, (Pb5), while changing Arg® to
lysine did not. The positive charge of Arg® may regulate the electron transfer through
the electrostatic interaction with Pb§. These results substantiate the imnortant role of
the flavin-binding motif in Pb5R.

Key words: electron transfer, flavin-binding motif, NADH-cytochrome b, reductase, pro-
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NADH-cytochrome b, reductase (b5R; EC 1.6.2.2) is a pyri-
dine nucleotide-dependent flavin reductase that contains
an FAD and mediates the transfer of electrons from NADH
to cytochrome b, (b5) (I-3). The tertiary structure of the
solubilized catalytic domain of the human erythrocyte b5R
at 2.5 A resolution 4, 5), and the tertiary structure of that
of the porcine liver NADH-cytochrome b4 reductase (Pb5R)
at 2.1 A resolution (6-9) have been determined by X-ray
crystallography. These analyses revealed that NADH-cyto-
chrome b, reductase belongs to a structurally related fam-
ily of flavoprotein reductases together with other flavoen-
zymes (10-14). Pb5R is composed of two domains, the fla-
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vin-binding domain and the pyridine nucleotide-binding do-
main (Fig. 1). The flavin prosthetic group, FAD, tightly
binds to the former domain in the interface cleft between
the two domains, and the pyridine nucleotide, NAD* or
NADH, is considered to bind to the latter domain in the
same cleft.

A highly conserved flavin-binding sequence motif, RXY-
(T/S), has been found in the flavin-binding site of this en-
zyme family (10, 15) (Fig. 2). This motif contains two con-
served residues, arginine and tyrosine, followed by threo-
nine or serine. In Pb5R, Arg®, Tyr®, and Thr® comprise
this sequence motif (8). The side chain of Arg® hydrogen-
bonds directly to the phosphate groups of the FAD cofactor,
and the phenol ring of Tyr® makes an aromatic contact to
the si-face of the isoalloxazine ring with a direct hydrogen
bond to the 4’-hydroxyl group of the ribityl moiety of the
FAD cofactor (Fig. 1). The interaction between the FAD
cofactor and a tyrosine residue in b5R was first suggested
by Strittmatter in 1961 (I6). Yubisui and Takeshita modi-
fied tyrosine residues in the rabbit erythrocyte b5R and
analyzed the interaction between the tyrosine residues and
the FAD cofactor using circular dichroism (CD) spectra
(17). However, the role of the tyrosine residue that interacts
directly with the FAD cofactor in b5R has not been com-
pletely elucidated. The Thr® residue in Pb5R is positioned
near the N5 atom of the isoalloxazine ring, and this con-
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served residue in human b5R seems to be important in the
electron transfer from NADH to FAD (18).

In addition to Arg®, Tyr®, and Thr®, FAD binding also
involves the side chain of Ser®® and the main chain of Lys®
in Pb5R, which participate by hydrogen-bonding to the
phosphate groups of the FAD cofactor (8) (Fig. 1). Yubisui et
al. reported that the mutations of the corresponding Ser!?’
in human b5R that lead to alanine and proline substitu-

FAD FAD
LYS97 LYs97
SER99 SER99
ARG63 ARG63
PRO64 PRO64
TYR65 TYR6S
THR66 THR66

Fig. 1. Tertiary structure of PbSR. A: The location of Arg®, Tyr®,
Lys¥, Ser®, and FAD in wild-type Pb5R. The side chains of Arg®,
Tyr®, Lys”, and Ser” are shown along with their residue numbers
(21). Pb5R is composed of an N-terminal FAD-binding domain
(right) and a C-terminal NADH-binding domain (left). B: A stereo
view of the FAD-binding site. Pro* and Thr® are shown in addition
to Arg®, Tyr®, Lys¥, and Ser®™. These figures were prepared using
the coordinates from PDB data (1ndh).
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tions decreased the affinity of human b5R for NADH (19).
The Lys¥ residue is bound to the FAD with a nitrogen
atom of the main chain, and its side chain is exposed to the
solvent. Ser® is conserved among ferredoxin-NADP* reduc-
tase (FNR) (10), phthalate dioxygenase reductase (PDR)
(11), and flavodoxin reductase (FDR) (14), but is replaced
by threonine in the cytochrome b reductase domain of corn
nitrate reductase (CbRNR) (13) and in the FAD-binding
domain of NADPH-cytochrome P-450 reductase (20) (Fig.
2). The side chain of this serine or threonine is bound to the
phosphate group of the FAD cofactor. Nishida et al. have
suggested that the specific arrangement of these arginine
and tyrosine residues in the RXY(T/S) motif and the serine
or threonine residue, which is bound to the phosphate
group of the FAD cofactor, is usually necessary for the fla-
vin-binding barrel structure in this family of flavoprotein
reductases (8). However, the role of these FAD-binding resi-
dues in Ph5R in the stability and catalysis of this enzyme
has not been elucidated experimentally, although their im-
portance is suspected from the tertiary structure of the
enzyme.

To determine the role of these FAD-binding site amino
acid residues, we have systematically replaced Arg®, Tyr%,
Ser®, and Lys* in Pb5R. In this report, we describe the
effects of the mutations of these FAD-binding site amino
acid residues on the spectra, stability, and catalysis of the
enzyme. We demonstrate the importance of Tyr® in the
protein stability and the electron transfer, and Ser® and
Arg® in binding to both NADH and NAD". In addition, we
demonstrate that Lys® and Arg® participate in the specific
recognition by the trypsin-solubilized form of porcine b5
(Pb5), and discuss the role of the positive charge of Arg® in
terms of the regulation of the electron transfer through the
electrostatic interaction with Pb5.

MATERIALS AND METHODS

Materials—Enzymes for recombinant DNA technology
were from Takara and Toyobo. NADH and NAD* were from
Oriental Yeast. Wild-type recombinant Pb5R (WT) was pre-
pared as previously described (21). Pb5 was prepared from
porcine liver, as previously described (22).

Mutagenesis and Purification of Mutant Proteins—To
investigate the role of the FAD-binding residues in Pb5R,
ten mutant proteins with a single mutation of either Arg®,
Tyr%, Ser®, or Lys” were prepared (Fig. 3). The structural
genes for the mutant proteins were constructed by site-
directed mutagenesis, using PCR according to the method

RXYT/S) + (1/9)

VY | A

63 65 97 99 flavin  Reference Fig. 2. Amino acid sequences of flavin-
NADH-cytochrome by reductase (b5SR) (porcine) * 61-VIRPYTP +-GKMSQY FAD ) binding sites in flavoproteins. The
Nitrate reductase (NR) (corn) * «-CMRAYTP ss-GLMTQY FAD  (13) amino acid residues mutated in this study
Ferredoxin-NADP+ reductase (FNR) (spinach) * 31-KLRLYSY 130.GVCSNF FAD (10) are shown in bold letters. Conserved resi-
Phthalate dioxygenase reductase (PDR) (P.cepacia) *  53.SRRTYSL 4-RGGSIS FMN Q1) dues in the RXY(T/S)+{(T/S) flavin-binding
Flavodoxin reductase (FDR) (E.coli) * 4-VQRAYSY -GLLSPR FAD (14) motif are indicated by arrows. The proteins
NADPH-cytochrome P-450 reductase (rat) * 52-QARYYSI «s-GVATSW FAD  (20) with tertiary structures determined by X-
NADPH-sulfite reductase (£.coli) 304-TPRLYSI FAD 39 ray crystallographic analyses are indicated
Monoamine oxidase A (human) 91-GGRTYTI FAD (40) using asterisks. FRE does not contain a
Monoamine oxidase B (human) +0-GGRTYTL FAD (40) tightly bound flavin as a prosthetic group
NAD(P)H-flavin oxidoreductase (FRE) (E.coli) * 1-DKRPFSM -t 38) but uses flavins as substrates (}).

J. Biochem.

2T0Z ‘0 Jequisldes uo A1seAIUN Pezy dlwe S| e /Bio'sfeuinolpioyxo-qlj/:dny wouy papeojumoq


http://jb.oxfordjournals.org/

Mutations of FAD-Binding Residues in Pb5R

ArgS? Tyrss
WT pb5r 5 ' =-GGGAATCTGGTCATTCGCCCCTACACGCCCGTC-3
Alas?d
R63A primer-3 5'-GGGAATCTGGTCATTCCCCCCTACACG-3'
primer-2 3'-CCCTTAGACCAGTAA-5'
G1lné3
R63Q primer-3 5'- GGGAATCTGGTCATTC&QCCCTACACG 3’
primer-2 3'-CCCTTAGACCAGTAA-S
) Lys$3
R63K primer-3 5'- GGGAATCTGG‘I‘CAT’I‘MCCCTACACG =3
primer-2 3'-CCCTTAGACCAGTAA-5

Alas¢s
Y65A primer-3 5 ' -CTGGTCATTCGCCCCGCCACGCCCGTC-3
primer-2 3'-GACCAGTAAGCCGGG-5"
Phets
Y65F primer-3 5'—CTGGTCATTCGCCCCAAGACGCCCGTC 3
primer-2 3 ' -GACCAGTAAGCCGGG-5"
Lys?? Ser?%9
WT pb5r 5 ' -CCCGCCGGAGGGAAGATGTCCCAGTACCTGG-3"'

Ala9d?
' ~CCCGCCGGAGGGGCGATGTCCCAG-3"
' -GGGCGGCCTCCC-5"
Arg?7
K97R primer-3 5'-CCCGCCGGAGGGCGGATGTCCCAG-3'
primer-2 3'-GGGCGGCCTCCC-5'

K97A primer-3
primer-2

ww,

Alas%9
S99A primer-3 5 ' -GCCGGAGGGARGATGGCCCAGTACCTGG-3 "'
primer-2 5'-CGGCCTCCCTTCTAC-5"'
Thr99
S99T primer-3 5'-GCCGGAGGGAAGATGACCCAGTACCTGG 3
primer-2 5 ' -CGGCCTCCCTTCTAC-5"'
valss
S99V primer-3 5'—GCCGGAGGGAAGATGGTCCAGTACCTGG 3
primer-2 5' -CGGCCTCCCTTCTAC-5'

Fig. 3. Mutagenic primers for construction of mutant genes of
Pb5R. The same common reverse primers (primer-2s), which are
complementary to the forward mutagenic primers (primer-3s), were
used to substitute the same amino acid residue. The corresponding
nucleotide sequence of the template DNA encoding the WT, is also
shown (pb5r). The codons for Arg®, Tyr®, Lys®”, and Ser® of the WT,
and those for the substituted residues are shown in bold letters.
Substituted bases are underlined.

described by Higuchi (23). Briefly, two overlapping primary
PCR products were first obtained from the DNA template,
pCPb5R, which is the expression vector for the WT (21).
One PCR product was generated with the forward primer
5-CCGGATCCATCGATGCTTAGG-3’, containing the
underlined BamHI site (primer-1), and the mutagenic re-
verse primer (primer-2). The other PCR product was ob-
tained with the forward mutagenic primer (primer-3) and
the reverse primer 3-CGACGAAGCGGAAGATCTCCTAG-
GCC-5’, containing the underlined Xbal site (primer4).
The two PCR products were purified, mixed, and reampli-
fied using primer-1 and primer-4. The resultant secondary
PCR product was ligated into the BamHI-Xbal sites of
pCW_,* (provided by Dr. EW. Dahlquist) to construct the
expression plasmids for the mutant proteins. Entire nucle-
otide sequences of encoded mutant proteins were confirmed
using an ABI PRISM 310 Genetic Analyzer.

The methods used for the expression and purification of
the mutant proteins were similar to those previously de-
scribed for the WT (21). After the initial DE52 chromatog-
raphy, an 5-ADP agarose column, in which the adenosine
5'-diphosphate is attached to the agarose via the N6 atom
(Sigma), was used. The mutant proteins that did not bond
to this matrix were recovered from the flow-through frac-
tion. The recovered proteins were diluted 4-fold with 10
mM potassium phosphate (pH 7.0) containing 0.1 mM
EDTA, then applied to a DE52 column equilibrated in the
same buffer. The column was washed, then proteins were
eluted with a 10-100 mM linear gradient of potassium
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phosphate (pH 7.0). This potassium phosphate gradient
was 50% of that used for the initial DE52 chromatography.
The purity of the mutant proteins was confirmed by 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). The flavin bound to the mutant proteins was
analyzed by thin-layer chromatography (TLC) on a Kiesel-
gel 60 F245 plate (Merck) (24). Purified mutant proteins
were stored in 100 mM potassium phosphate (pH 7.0) con-
taining 0.1 mM EDTA at -20°C.

Protein Concentrations—The molar extinction coeffi-
cients of the mutant proteins at 460 nm (g,5) were deter-
mined by a similar method to that described by Aliverti
and Zanetti (25), which is based on the amount of released
FAD by adding 0.35% sodium N-lauroyl sarcosine to the
protein solution as previously described (21). The amount of
the released FAD was determined by using a molar extinc-
tion coefficient of free FAD at 450 nm of 1.13 x 10* M!
cm™. The concentrations of the purified proteins were de-
termined from the absorbance at 460 nm using these molar
extinction coefficients. Protein assays of mutant proteins
were performed using the bicinchoninic acid (BCA) protein
assay reagent (Pierce Chemical) according to the microtiter
plate protocol provided by the supplier, and using the WT
as a standard protein. The molar concentration of the stan-
dard WT was determined from the absorbance at 460 nm
by using a molar extinction coefficient of 1.02 x 10* M
cm™!, which is the same as that of native Pb5R.

Spectral Analyses—Absorption spectra were measured in
10 mM potassium phosphate (pH 7.0) at 25°C on a Hitachi
U-2010 spectrophotometer equipped with a Lauda RMS
thermostatically regulated water bath. CD spectra were
measured on a Jasco J-700 spectropolarimeter with solu-
tions containing 10 mM potassium phosphate (pH 7.0) at
room temperature. For the spectra at 200-250 nm, the pro-
tein concentration was 10 mM and the optical path length
was 2 mm. For the spectra at 240600 nm, the protein con-
centration was 20 pM and the optical path length was 10
mm. The molecular ellipticity values were calculated based
on the molar concentrations of the proteins. Fluorescence
emission spectra were measured in 10 mM potassium
phosphate (pH 7.0) at 25°C on a Hitachi F-3010 fluores-
cence spectrophotometer. The concentrations of proteins
and free FAD were 10 pM, and the excitation wavelength
was 460 nm.

Denaturation of Proteins—The time course of protein de-
naturation was analyzed by monitoring the changes in
absorbance at 496 nm and in the CD value at 222 nm. The
proteins, dissolved in 10 mM potassium phosphate (pH
7.0), were quickly mixed with 10 mM potassium phosphate
(pH 17.0) containing 6 M guanidine hydrochloride at 25°C.
The final concentrations of protein and guanidine hydro-
chloride were 10 uM and 1.5 M, respectively. The absor-
bance was monitored on a Hitachi U-2010 spectrophotom-
eter equipped with a Lauda RMS temperature controller at
25°C. The CD value was monitored on an AVIV 62DS CD
spectrophotometer equipped with a thermostatically con-
trolled cuvette holder at 25°C. The optical path length of
the cuvette was 2 mm.

Enzymatic Activity—Steady-state enzymatic activities
were measured as previously described (21). The apparent
K_ values for NADH (K_“A™) and Pb5 (K ™), and the cat-
alytic constants (k" and £,™) were evaluated by
direct curve-fitting of the data according to the Michaelis-
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Menten equation. The k_NPH and k_ 7 values were deter-
mined from the experiments to evaluate the K _NAPH and
K_™ values, respectively. Kinetic data were measured in
10 mM potassium phosphate (pH 7.0) at 25°C. For the mea-
surement of the K_VAPH values, 100 pM potassium ferricya-
nide was used as an electron acceptor. For the measure-
ment of the K ™ value, 400 uM NADH was used as an
electron donor. The reduction rate of ferricyanide was mea-
sured at 420 nm using a molar extinction coefficient of 1.02
x 10 M! cm. The reduction rate of Pb5 was measured at
556 nm using a difference in molar extinction coefficient of
1.9 x 10* M! ¢cm™ (22). The concentration of NADH was
determined using a molecular extinction coefficient of 6.3 x
10* M! em! at 340 nm.

Measurement of Dissociation Constants—Dissociation
constants for the complexes of oxidized Pb5Rs with NAD*
(K "AP+) were determined by measuring the perturbation of
the flavin spectrum. Oxidized mutant proteins at concen-
trations of approximately 20 uM were titrated with NAD*
in 10 mM potassium phosphate (pH 7.0) at 25°C. After the
successive addition of NAD* into the sample and reference
cells, the absorption spectra were measured. Difference
.spectra were computed by subtracting the spectrum mea-
sured in the absence of NAD*, taking into account the dilu-
tion. The KNP+ values were determined by direct curve-
fitting of the data with the theoretical equations for a 1:1
binding mechanism.

RESULTS

Purification of Mutant Proteins—All mutant proteins,
except the R63A and R63Q mutants, were purified similar
to the WT (21). However, the R63A and R63Q mutants did
not adsorb on the 5-ADP agarose column under the same
conditions as used for the purification of the WT. This ob-
servation suggests that the binding affinity of the R63A
and R63Q mutants to 5-ADP is decreased relative to that
of the other mutants and the WT. The R63A and R63Q
mutants were purified by re-chromatography on the DE52
matrix.

All of the purified proteins showed a single band on an
SDS-PAGE gel that was located at the same pogition as the
WT (data not shown). In all mutant proteins, the bound fla-
vin was FAD only. FMN was not detected on a TLC plate.
In addition, the molar extinction coefficient determined
from the amount of released FAD (g,,,) was similar to that
determined by the BCA protein assay (£,,%**) (Table I). The
differences in the values between the g4 and £,,5* of the
same proteins were within 5%. These results suggest that
all of the purified proteins are holo-proteins that contain an
FAD, and that the contamination by apo-protein is negligi-
ble. The yields of purified proteins from 1 liter of culture
fluid were 13.5-18.0 mg (Table I).

Spectral Properties—The absorption and CD spectra of
the mutant proteins are shown in Fig. 4. The absorption
and CD spectra of the K97A and K97R mutants were
almost identical to those of the WT (Fig. 4, A-a and B-a),
suggesting that the substitution of the side chain of Lys*
had little effect on the interaction between the main chain
and the phosphate moiety of the FAD.

The absorption spectra of the S39A and S99V mutants
showed a decrease in the peaks for transition IT at 390 nm
(Fig. 4, A-b). The CD spectra of these mutants were similar
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to that of the WT in the far-UV region, but were both differ-
ent at 240-520 nm (Fig. 4, B-b). The spectra of the S99T
mutant were almost identical to those of the WT (Fig. 4, A-
b and B-b).

The absorption spectrum of the R63K mutant was
almost identical to that of the WT (Fig. 4, A<). The CD
spectrum of the R63K mutant was also almost identical to
that of the WT, except for a slight change at 350400 nm
(Fig. 4, B-c). In contrast, the R63A and R63Q mutants
showed obvious and similar differences from the WT in
both the absorption and CD spectra. The peaks for transi-
tion I were similarly decreased (Fig. 4, A<). In the CD
spectra of the R63A and R63Q mutants, marked spectral
changes were observed (Fig. 4, B-¢). The troughs around
220 nm were deeper than that of the WT. In addition, the
CD values were more positive at 250-290 nm and 400-520
nm, and more negative at 290400 nm (Fig. 4, B<).

The absorption spectrum of the Y65F mutant was almost
identical to that of the WT (Fig. 4, A-d). The CD spectrum
of the Y65F mutant was also similar to that of the WT,
except at 250-300 nm and 350-400 nm (Fig. 4, Bd). In
both the absorption and CD spectra of the Y65A mutant,
larger changes were observed. The absorption spectrum of
the Y65A mutant was blue-shifted, and the peak for transi-
tion II was slightly decreased (Fig. 4, A-d). The CD spec-
trum of the Y65A mutant became flatter in the region of
250-520 nm (Fig. 4, B-d).

The Y65A and Y65F mutants showed marked increases
in the intensity of the fluorescence emission spectra (Fig.
5). The intensities of the spectra of the Y65A and Y65F
mutants at the maximum wavelength were 223-fold and
175-fold higher than that of the WT, respectively. These
results suggest that the change in the aromatic contact be-
tween the isoalloxazine ring of the FAD cofactor and the
side chain at position 65 decreased the ability to quench the
fluorescence intensity. For the other mutants, the fluores-
cence spectra were gimilar to that of the WT, and the fluo-
rescence emissions were largely quenched (data not
shown).

Denaturation Profiles of Pb5Rs—Denaturation curves in
a solution containing guanidine hydrochloride were deter-
mined to evaluate the stabilities of the proteins (Fig. 6).
After incubation of the WT in 10 mM potassium phosphate
(pH 7.0) containing 1.5 M guanidine hydrochloride at 25°C
for 15 h, the absorption spectrum at 300600 nm was the

TABLE 1. Yields and molecular coefficients of proteins. The
yield of purified protein from 1 liter of culture fluid, and the molar
extinction coefficient determined from the amount of released FAD
(6,99 and that determined by the BCA protein assay (£,,?*) are
shown with the ratio (£,,2%/€,4). The values of the molar extinction
coefficient are mean + standard error (SE) of three measurements

- Yield BCA €

Protein (mg) (xlO“E\‘ﬁ" ) (x10- ]:;1 em™) Eane My,
wT 15.9 1.02

K97A 17.3 1.04 £ 0.02 1.02 + 0.02 1.02
K97R 17.2 1.03 + 0.02 1.02 £ 0.02 1.01
S99A 13.5 1.11 £ 0.02 1.06 + 0.02 1.05
S99T 16.8 1.04 + 0.02 1.01 £ 0.02 1.03
S99V 14.0 1.06 £ 0.02 1.04 + 0.02 1.03
R63A 18.0 1.04 + 0.01 1.08 + 0.02 0.96
R63Q 15.8 1.04 + 0.01 1.08 £ 0.02 0.96
R63K 17.0 1.05 £ 0.02 1.03 £ 0.02 1.02
Y65A 13.8 1.08 £ 0.02 1.06 £ 0.02 1.02
Y65F 13.9 1.04 £ 0.03 1.03 £ 0.02 1.01
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Fig. 4. Absorption and CD spectra of WT and mutant Pb5Rs. A: Absorption spectra. B: CD spectra. Spectra of the WT (dotted lines) and
mutant proteins, which had mutations at positions 97, 99, 63, and 65, are superimposed in a—d, respectively. Spectra of the R97A, S99A, R63A,
and Y65A (solid lines), R97K, S99T, R63Q, and Y65F (broken lines), and S99V and R63K (broken lines with dots) mutants. Spectra were mea-

sured as described in “MATERIALS AND METHODS.”
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c

® 2 F

] 1oor Y65F

g m™f wT
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2 o 0 R A r
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Wavelength (nm)

Fig. 5. Fluorescence emission spectra of WI and mutant
Pb5Rs. A: Spectra of the WT and free FAD. B: Spectra of the Y65A
and Y65F mutants. Spectra were measured as described in “MATE-
RIALS AND METHODS.”

same as that of free FAD, indicating that the FAD was
completely released (Fig. 6, A-a). The CD spectra at 210-
250 nm also changed, and the trough around 222 nm disap-
peared (Fig. 6, B-a). Even in the presence of 2.0 M guani-
dine hydrochloride, no additional changes in the CD
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spectra were observed (data not shown). These results indi-
cate that the secondary structure of the protein was dis-
rupted and that FAD was released by the incubation in 10
mM potassium phosphate (pH 7.0) containing 1.5 M guani-
dine hydrochloride at 25°C.

The absorbance and the CD values of the WT decreased
in two phases: an initial fast phase followed by a slow
phase (Fig. 6). The fast phase accounted for approximately
15 and 25% of the entire change in the absorbance and the
CD values, respectively. The midpoint times of the denatur-
ation curves, determined by the changes in the absorbance
(T\,**) and the changes in the CD value (T,?), are shown
in Table II. The change in the absorbance of the WT was
slightly faster than that in the CD, and the T, ;A" and T,,,°"
values were approximately 21 min and 28 min, respec-
tively.

The denaturation curves of the K97A and K97R mutants
were similar to those of the WT (Fig. 6, A-b and B-b). The
T,,** and T,,°° values of these mutants were more than
60% of those of the WT (Table II). These results suggest
that the mutations at position 97 affected the stability and
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Fig. 6. Spectral changes and denaturation curves of Pb5Rs. A:
Changes in the absorption spectra. a: Absorption spectra of 10 puM
WT in 10 mM potassium phosphate (pH 7.0) (solid line) and in 10
mM potassium phosphate (pH 7.0) containing 1.5 M guamdine hy-
drochloride (broken line) after an incubation for 15 h at 25°C. b—e:
Denaturation curves of the WT and mutant proteins, determined by
monitoring the change in absorbance at 496 nm. B: Changes in CD
spectra. a: CD spectra of the WT in 10 mM potassium phosphate (pH
7.0) (solid line) and in 10 mM potassium phosphate (pH 7.0) contain-
ing 1.5 M guanidine hydrochloride (broken line) after incubation for
15 h at 25°C. The concentration of the WT was 10 uM, and the opti-
cal path length of the cuvette was 2 mm. The CD spectra of the WT
in the presence of 1.5 M guanidine hydrochloride within the region
of 200-210 nm were meaningless, because the absorption of the so-
lution was too large to measure the precise CD value. b—e: Denatur-
ation curves of the WT and mutant proteins, determined by
monitoring the change in CD values at 222 nm. Solid lines in b—e are
the results of the double exponential curve-fitting of the data.

denaturation profiles only slightly.

The denaturation curve of the SI9T mutant was also
similar to that of the WT (Fig. 6, A~c and B-c). However, the
S99A and S99V mutants were obviously destabilized, and
the T,,A* and T',,°" values were less than 18% and 10% of
those of the WT, respectively (Table II). These results sug-

S. Kimura et al.

TABLE II. Midpoint time of denaturation curves. The mid-
point times of the denaturation curves in Fig. 6A (T ,**) and 6B
(T ;P are shown. The values in parentheses are the % of the value
for the WT. Errors are fitting errors (+SE).

Protein Ty (s) T.,°° (8)

WT 1,230 + 43  (100) 1,660 + 63 (100)

K97A 920 + 58 (74.8) 1,310 + 45 (78.9)
K97R 800 +77  (65.0) 1,040 + 34  (62.6)
S99A 220 + 10 (17.9) 160 + 7.6 (9.6)
S99T 760 + 41 (61.8) 1,070 + 28 (64.4)
S99V 70 £ 2.3 (6.7) 150 + 7.7 9.0)
R63A 560 + 20 (44.7) 550 + 24 (33.1)
R63Q 280+ 15  (22.8) 320+ 15 (19.3)
R63K 470+ 88 (38.2) 400 £+ 20 (24.0)
Y65A 16 +4.4 (1.2) 150 + 8.2 (9.0)
Y65F 370 +9.0 (30.0) 510 + 20 (30.7)

gest that the hydroxyl group at position 99 contributes to
the stability of the protein.

The R63A, R63Q, and R63K mutants had similar dena-
turation curves, and were less stable than the WT (Fig. 6,
A-d and B-d). The stabilities of these three mutants were
similar, and the differences in their T,,A* and T',,,°° values
were within 22 and 14% of the T\,** and T,,°C values of
the WT, respectively (Table II).

The Y65A mutant was quite unstable under the denatur-
ing condition (Fig. 6, A and B-e). The T,,** and T,,°" val-
ues of the Y65A mutant were only 1.2 and 9.0% of those of
the W, respectively (Table II). The Y65F mutant was also
unstable, but less so than the Y65A mutant. The T',** and
T,. P values of the Y65F mutant were approximately 30%
of those of the WT. These results suggest that both the phe-
nyl and phenolic hydroxyl moieties in Tyr®® contribute to
the stability of Pb5R. In the case of the Y65A mutant, the
T value was only 10% of the T,,°° value, suggesting
that the release of FAD occurred prior to the destruction of
the secondary structure and that the phenyl moiety in
Tyr® is critical for the binding of FAD.

Kinetic Parameters for NADH—The apparent kinetic
parameters are shown in Table III. The K _NAPH values of
the S994A, S99V, R63A, and R63Q mutants were obviously
increased, to 8.4-, 3.0-, 34-, and 6.8-fold of that of the WT,
respectively. The K _MAPH values of the S99T and R63K
mutants were similar to that of the WT. These results sug-
gest that the hydroxyl group of Ser® and the positive
charge of Arg® contribute to the effective recognition of
NADH. The k_NAPH values of the K97A, K97R, and S99T
mutants were similar to that of the WT, but those of the
other enzymes were decreased to only 16-47% of that of the
WT.

Kinetic Parameters for Pb5—The kinetic parameters for
Pb5 were also evaluated (Table III). The K_™® values of the
R63A and R63Q mutants were significantly increased, but
the K_ value of the R63K mutant was slightly decreased.
The £, values of the R63A and R63Q mutants were
much lower than that of the R63K mutant. The catalytic
efficiencies for Pb5 (k™K _™) of the R63A and R63Q
mutants were decreased, but the & /K ™ value of the
R63K mutant was similar to that of the WT. These results
suggest that the positive charge at position 63 contributed
to the specific recognition and to the electron transfer to
Pb5.

The K97A mutant showed a slight increase in the K ™
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TABLE 1. Apparent kinetic parameters evaluated by steady-state analysis and dissociation constants for NAIY. Steady-state
enzymatic activities were measured by monitoring the reduction of ferricyanide or Pb5. The apparent K,, for NADH (K_NAPH), the K, for Pb5
(K,™), and the catalytic constants (k,,NA" and k™) are shown with the dissociation constant of NAD* for the oxidized enzyme (K,NAD+).
Errors for K, values and k., values are fitting errors estimated from more than 12 points of kinetic data (SE). Errors of k_NAPH/K NADH gnd
ko ™YK, P values are the 67% confidence limits estimated from the errors of the corresponding K, values and k_, values. Errors of K,NAD+

values are also fitting errors (+SE).

NADH

Pb5

NAD+
Enzyme  — 2 o (M) RO () ko K (oM ) K GM k™60 AWK G s e o
wT 3.1+03 1,100 + 84 354 <61 104 £ 05 661 + 16 63.6 + 4.6 77 £ 22
K97A 44+03 1,060 + 19 240 =21 16.1 + 2.7 191 + 18 119 £ 3.1 86 + 23
K97R 291x0.2 909 x 17 313 128 6.9+ 0.5 415 + 12 60.1 £ 6.1 86 + 20
S99A 26 +2 435+ 8 16.7 £1.6 14.8 + 2.2 295 + 23 19945 1,100 + 280
S99T 19+02 851 + 20 447 158 11.8 + 2.3 520 + 49 441 + 12.8 57 +12
S99V 94+04 375+ 4 395 £21 9.9 + 2.0 165 + 14 16.7 + 4.8 520 + 46
R63A 104 +18 403 + 27 39+09 42.1 £ 4.7 121 £+ 10 29106 > 3,000°
R63Q 21 1 412+ 5 196+ 1.2 185+ 14 105+ 4 57+0.6 > 1,600"
R63K 21+03 5156+ 8 245 39 73+04 347+ 9 475+ 38 130 + 30
Y65A 42+04 180+ 3 429+ 48 5.0+ 0.7 107 +5 214+ 40 310 + 38
Y65F 3.0+ 0.2 501 +7 167 =+ 13 6.2+04 375+ 9 60.6 £+ 5.4 81 + 20

*Precise KNP+ values were not determined, because the shapes of different spectra were changed by the addition of more than 6 mM NAD".
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Fig. 7. Spectral perturbation caused by the
addition of NAD" to oxidized Pb5Rs. A: Differ-
ence spectra of the WT (thick line), K97A (thin
i line), and K97R (thin broken line) mutants in the
J presence of 1.96 mM NAD*, and titration curves of

the WT (inset). B: Difference spectra of the S99T
(thick line), S39A (thin line), and S99V (thin bro-
ken line) mutants in the presence of 1.96, 2.91,
and 3.77 mM NAD", respectively. Inset shows the
titration curves of the S99A (dosed circles) and
S99V (open circles) mutants. C: Difference spectra
of the R63K (thick line), R63A (thin line), and

R63Q (thin broken line) mutants in the presence
of 1.96, 5.67, and 5.67 mM NAD?*, respectively. In-
set shows the titration curves of the R63A (closed
circles) and R63Q (open circles) mutants. D: Dif-
ference spectra of the Y65F (thick line) and Y65A
(thin line) mutanta in the presence of 1.96 and
2.45 mM NAD?*, respectively. Inset shows the ti-
tration curves of the Y65A mutant.
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value, while K97R showed a decrease. The &,/ value of
the K97A mutant was much less than that of the K97R
mutant. The &, ™5/K_™ value of the K97A mutant was
decreased, but that of the K97R mutant was close to that of
the WT. These data suggest that a positive charge at posi-
tion 97 also contributes to specific recognition and to the
electron transfer to Pb5.

The K ™ values of the S99A, S99T, and S99V mutants
changed very little. The k_,™® value of the S99T mutant did
not change, while the k_, ™ values of the S99A and S99V
mutants were decreased. The K_™ values of the Y65A and
Y65F mutants were decreased to approximately half of that
of the WT. The %™ value of the Y65A mutant was much
lower than that of the Y65F mutant. The changes in the
ko™ and &, NAPH values of these mutants were similar.

Binding of NAD* to Oxidized Enzymes—The change in
spectra caused by the binding of NAD* are shown in Fig. 7.
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The difference spectra of the K97A and K97R mutants
were almost identical to that of the WT (Fig. 7A). The dif-
ference spectra of the S99T (Fig. 7B), R63K (Fig. 7C), and
Y65F (Fig. 7D) mutants were also similar to that of the WT.
The changes in the KNP+ values of these mutants were
small (Table HI). These results suggest that the binding
modes of NAD* were only slightly altered in these mutants.

In contrast, the shapes of the difference spectra of the
S99A, S99V (Fig. 7B), and Y65A (Fig. 7D) mutants were
changed, and the K,;¥A®* values of these mutants were
increased (Table III). In the cases of the R63A and R63Q
mutants, the spectral perturbations were not saturated by
the addition of 5.7 mM NAD* (Fig. 7C, inset). The addi-
tional phase of spectral change, which was caused by the
release of FAD, occurred in the presence of more than 6
mM NAD", so precise K,NAP* values for the R63A and R63Q
mutants were not determined. However, it i8 clear that the
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K MAP+ values of the R63A and R63Q mutants were greatly
increased, to more than 3 and 1.5 mM, respectively. These
results suggest that the hydroxyl group of Ser®, the posi-
tive charge of Arg®, and the aromatic ring of Tyr® in oxi-
dized Pb5R contribute to the binding of NAD*.

DISCUSSION

Pb5R contains a flavin cofactor, FAD, and functions in the
electron transfer from NADH to Pb5. We have analyzed the
role of Arg®, Tyr®, Ser®, and Lys” that interact with the
FAD cofactor.

Spectral and Stability Changes Caused by the Mutations
of Arg®—Similar large spectral changes were observed in
the absorption and CD spectra of the R63A and R63Q mu-
tants, while only slight spectral change was observed in the
CD spectra of the R63K mutant (Fig. 4, A-c and B-c). These
results suggest that the spectral changes observed for the
R63A and R63Q mutants were caused by the change in the
electrostatic interaction between the positively charged
guanidinium moiety of Arg® and the negatively charged
diphosphate moiety of FAD. The CD spectra of flavin reflect
the coupling of the transition dipoles of the flavin rings,
and a structural change in the ribityl moiety affects the CD
spectra (26-28). The similar CD spectra of the R63A and
R63Q mutants suggest a structural similarity between the
diphosphate and ribityl moieties of FAD. The CD-spectral
changes of the R63A and R63Q mutants in the far-UV
region (Fig. 4, B) reflect not only changes in the secondary
structure of the polypeptides, but also structural perturba-
tions of FAD, because FAD absorbs light in this region.

Although the spectra of the R63K mutant were similar to
those of the WT (Fig. 4, A-c and B-c), the R63K mutant was
clearly destabilized, as were the R63A and R63Q mutants
(Fig. 6, A-d and B-d). Lysine and arginine have a positive
charge on the long side chain, but the characteristics of
these side chains are rather different in terms of their hy-
drogen-bonding ability and flexibility (29). The mutation
from Arg® to lysine is thought to cause local structural
changes around the mutated site, including hydrogen-bond-
ing rearrangements, which are only slightly detected by the
spectral analysis (Fig. 4, A-c and B-c).

Importance of the Positive Charge of Arg® in the Cataly-
sis—The positive charge of Arg® was critical for the affinity
of Pb5R to NADH and NAD* [NAD(H)] (Table III). Al-
though the tertiary structure of a productive complex be-
tween Pb5R and NAD(H) has not been determined, the
binding mode of NAD(H) can be examined by referring to
structural studies of the complexes of related flavin reduc-
tase family enzymes (Fig. 8). These structural studies in-
clude a modeling study of the NADH-CbRNR complex
based on the crystal structure of the 5-ADP-CbRNR com-
plex (13) and a crystallographic study of the NADP* and
NADPH complexes of mutant FNR (30). In these arrange-
ments, the negatively charged diphosphate moiety of the
bound NAD(H) is positioned near the diphosphate moiety
of FAD. The electrostatic potential at the surface of the
putative NADH-binding site of Pb5R is negative, and that
of the diphosphate moiety of FAD is neutral or positive (9).
The distance between these two diphosphates is estimated
to be approximately 10 A. It is considered that Arg® neu-
tralizes the negative charge on the phosphate groups of
FAD, and assists in the binding of NAD(H) by reducing the

T s

Fig. 8. Putative arrangement of NAD(H) in the complex with
PbSR. FAD and NAD(H) are bound at the interface between the
FAD-binding domain and the NADH-binding domain. Possible hy-
drogen bonds in the crystal structure of the WT (8) are shown with
broken lines. In this arrangement, the NAD(H) is positioned with
the negatively charged phosphate groups of NADH near the phos-
phate groups of the FAD cofactor. The nicotinamide ring of the
NADX(H) lies close to the re-face of the isoalloxazine ring of FAD, and
two electrons are transferred from the C4 atom of the nicotinamide
ring in NADH to the N5 atom of the isoalloxazine ring by hydride
ion transfer (arrow). The amino group of Lys® and the guanidium
group of Arg® are exposed on the surface of the molecule in the crys-
tal structure of Pb5R (9).

electrostatic repulsion between the negative charges on the
phosphates of NAD(H) and those of FAD. In the cases of
the R63A and R63Q mutants, the non-charged side chains
of Ala® and GIn® may cause a local structural change that
increases the actual negative charge of the phosphate
groups of FAD and disturbs the binding of NAD(H) by
enhancing the electrostatic repulsion. The R63A and R63Q
mutants did not bind to the 5-ADP agarose column (see
the first section of “RESULTS”), and these mutations result-
ed in the increase in both the K NP and KN values
(Table III). These results suggest that the affinities of both
the R63A and R63Q mutants were decreased not only for
NAD(H) but also for the 5-ADP moiety containing the
diphosphate groups. These observations are consistent with
the assumption that an increase in the actual negative
charge on the phosphate groups of FAD, which accompa-
nies a local structural change, disturbs the binding of
NAD(H) to the R63A and R63Q mutants.

The positive charges at positions 63 and 97 affected spe-
cific recognition and the electron transfer to Pb5 (Table III).
The importance of the lysine residues in bovine b5R for the
recognition of bovine b5 has been examined using chemical
modification (31) and site-directed mutagenesis (32, 33).
Shirabe et al. suggested that Lys'?® in human b5R, which
corresponds to Lys® in Pb5R, participates in the electro-
static interaction of b5R with the acidic residues of b5 (34).
However, the conserved Arg® has not been shown to partic-
ipate in the specific recognition of b5R, although its partici-
pation has been discussed by Nishida and Miki, based on
their modeling study of the Pb5R-b5 complex (9).

In the proposed mechanism of the reduction of b5 cata-
lyzed by b5R (3), a charge-transfer complex, in which NAD*
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is tightly bound to the two-electron-reduced enzyme (b5R-
FADH--NAD"), is produced after a hydride transfer from
NADH to FAD. The reduced form transfers two single elec-
trons to two molecules of b5 via a semiquinone intermedi-
ate, and releases the NAD* from the oxidized enzyme com-
plex (b5R-FAD-NAD"). When Arg® in reduced b5R inter-
acts with the acidic residue on the surface of oxidized b5,
the positive charge on Arg® can neutralize to affect the
actual negative charge on the phosphates of FAD (Fig. 8).
Previously, we demonstrated the importance of the electro-
static environment near the isoalloxazine ring for the cata-
lytic function of Pb5R (21). It therefore appeared that Arg®
functions in regulating the specific electron transfer by
changing the electrostatic properties of the reduced FAD
through an electrostatic interaction with b5.

Importance of the Hydoroxyl Group of Ser®—The muta-
tion in S99T hardly affected the spectra and stability of the
protein. However, the S99A and S99V mutations resulted
in obvious spectral and stability changes (Figs. 4 and 6). In
the S99A and S99V mutants, the lack of the hydroxyl
group at position 99 caused local structural changes, result-
ing in a rearrangement of the hydrogen bond to the phos-
phate group in FAD. The hydrogen bond between the hy-
droxyl group of Ser™ and FAD is considered be crucial in
maintaining the conformation of FAD and protein stability.
In the cases of the S39A and S99V mutants, the structural
changes around the phosphate groups of FAD, resulting
from the elimination of the hydroxyl group, decreased the
affinity for NATXH) (Table ITI). A mutation of the corre-
sponding Ser'? in human b5R to proline has been shown to
result in hereditary methemoglobinemia (35). Yubisui et al.
reported that mutations of the corresponding Ser'?” in hu-
man b5R that lead to alanine and proline substitutions
decrease the thermostability and the affinity of human b5R
for NADH, and concluded that the Ser'#” plays an impor-
tant role in maintaining the structure of the NADH-bind-
ing site (19). Therefore, the contribution of the side chain to
protein stability and the affinity for NAD(H) indicate the
need to conserve the serine or threonine residues at this
position within the flavoprotein reductase family (Fig. 2).

The S99A and S99V mutants result in decrease in the
k_NaDH and k™ values (Table III). The changes in the
electrostatic properties of the phosphate dianion of FAD
may have affected the k_YPH and &_ ™° values of the S99A
and S99V mutants.

Importance of the Specific Arrangement between Tyr%
and FAD—The dramatic increase in the fluorescence inten-
sity of the Y65F and Y65A mutants (Fig. 5B) indicates the
importance of the hydrogen bond between Tyr®® and the 4-
hydroxyl of the ribityl moiety of the FAD in maintaining
the aromatic contact between the isoalloxazine ring and
Tyr%. This contact shields the isoalloxazine ring from the
solvent and contributes to the quenching of the fluores-
cence of FAD. It is notable that the elimination of the 4'-
hydroxyl group of ribityl moiety of FAD in human electron
transfer flavoprotein and the substitution with alanine of a
tyrosine residue in flavodoxin, which makes an aromatic
contact to the si-face of the isoalloxazine ring of FMN, re-
sult in an increase in the fluorescence intensity (28, 36, 37).

The destabilizations of Y65F and Y65A mutants were
accompanied by the release of FAD (Fig. 6, A-e and B-e),
suggesting that both the hydrogen-bonding and the aro-
matic contact between the phenyl ring of Tyr® and the
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isoalloxazine ring contribute to the specific binding of FAD
and the protein stability. A member of the Pb5R-related
family, NAD(P)H-flavin oxidoreductase (FRE) from E. coli
uses flavins as substrates (38). FRE from E. coli contains a
conservative Phe® residue in an RPF“S sequence motif
that is similar to the RPY®T in Pb5R (Fig. 2). These obser-
vations suggest the importance of the hydroxyl and phenyl
moieties in the binding to flavin, and that FRE regulates
the affinity for flavin by using phenylalanine at that posi-
tion. -

The decreases in the kNP and k&, values of the
Y65A and Y65F mutants are probably due to the structural
changes around the isoalloxazine ring of FAD. The k_ NAPH
and k™ values of the Y65A mutant were smaller than
those of the Y65F mutant (Table III). In the Y65A mutant,
the arrangement of the isoalloxazine ring, which resulted
from the elimination of the aromatic contact between the
side chain of Tyr%® and the isoalloxazine ring, is considered
to be less favorable for the effective electron transfer, as
compared to that of the Y65F mutant. In the Y65A and
Y65F mutants, the hydrogen bond between the 4’-hydroxyl
group of the ribityl moiety and Tyr® is lost. The redox
potentials of reduced states of the FAD in human electron
transfer flavoprotein are modulated by the 4’-hydroxyl
group of the ribityl moiety (28). An aromatic contact of con-
servative tyrosine residue to the isoalloxazine ring of FMN
in flavodoxins affects the redox potentials in the reduced
states (36, 37). The local structural change, including the
hydrogen bond rearrangement of the 4-hydroxyl group,
may have affected the redox potentials of Pb5R in the
reduced states, resulting in decreases in the k_NPH and
k...’ values of the Y65A and Y65F mutants.

In conclusion, we have demonstrated the importance of
Ser®™®, Arg®, and Tyr® in the stability and the catalysis of
Pb5R. The hydroxyl group of Ser*®® and the positive charge
of Arg® are critical for the affinity of Pb5R for both NADH
and NAD*. The hydrogen bond and the aromatic contact of
the side chain of Tyr® contribute to protein stability and
the electron transfer by maintaining the specific arrange-
ment of the isoalloxazine ring. The side chain of Arg® par-
ticipates in the specific recognition of Pb5. It is likely that
the positive charge of Arg® regulates the electron transfer
through the interaction with Pb5.

We thank Drs. K. Miki, S. Ikushiro, and Y. Emi for helpful discus-
sions, and Mr. M. Fujimura for technical assistance.
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