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ABSTRACT: The conserved sequence motif “RxYT
SxxS

N” coordinates flavin binding in NADH:cytochrome
b5 reductase (cb5r) and other members of the flavin transhydrogenase superfamily of oxidoreductases. To
investigate the roles of Y93, the third and only aromatic residue of the “RxYT

SxxS
N” motif, that stacks

against thesi-face of the flavin isoalloxazine ring, and P92, the second residue in the motif that is also
in close proximity to the FAD moiety, a series of rat cb5r variants were produced with substitutions at
either P92 or Y93, respectively. The proline mutants P92A, G, and S together with the tyrosine mutants
Y93A, D, F, H, S, and W were recombinantly expressed inE. coli and purified to homogeneity. Each
mutant protein was found to bind FAD in a 1:1 cofactor:protein stoichiometry while UV CD spectra
suggested similar secondary structure organization among all nine variants. The tyrosine variants Y93A,
D, F, H, and S exhibited varying degrees of blue-shift in the flavin visible absorption maxima while
visible CD spectra of the Y93A, D, H, S, and W mutants exhibited similar blue-shifted maxima together
with changes in absorption intensity. Intrinsic flavin fluorescence was quenched in the wild type, P92S
and A, and Y93H and W mutants while Y93A, D, F, and S mutants exhibited increased fluorescence
when compared to free FAD. The tyrosine variants Y93A, D, F, and S also exhibited greater thermolability
of FAD binding. The specificity constant (kcat/Km

NADH) for NADH:FR activity decreased in the order
wild type > P92S> P92A > P92G> Y93F > Y93S > Y93A > Y93D > Y93H > Y93W with the
Y93W variant retaining only 0.5% of wild-type efficiency. BothKs

H4NAD andKs
NAD+ values suggested

that Y93A, F, and W mutants had compromised NADH and NAD+ binding. Thermodynamic measurements
of the midpoint potential (E°′, n ) 2) of the FAD/FADH2 redox couple revealed that the potentials of the
Y93A and S variants were∼30 mV more positive than that of wild-type cb5r (E°′ ) -268 mV) while
that of Y93H was∼30 mV more negative. These results indicate that neither P92 nor Y93 are critical for
flavin incorporation in cb5r and that an aromatic side chain is not essential at position 93, but they
demonstrate that Y93 forms contacts with the FAD that effectively modulate the spectroscopic, catalytic,
and thermodynamic properties of the bound cofactor.

Cytochromeb5 reductase (cb5r, EC 1.6.2.2)1 catalyzes the
single electron reduction of ferricytochromeb5 to ferrocy-
tochromeb5 using the pyridine nucleotide coenzyme, NADH,
as the physiological electron donor. The rate-limiting step
in catalysis has been identified as a hydride ion transfer (one
proton and two electrons) step from the nicotinamide moiety
of NADH to the N5 atom of the FAD prosthetic group of
cb5r (1). The ability of cb5r and similar flavoproteins to

mediate the transfer of reducing equivalents between one
and two electron redox centers is fundamental to electron
transport events in biological systems. In mammalian species,
microsomal and cytosolic cb5r isozymes provide reducing
equivalents for a number of physiologically important
metabolic processes that include methemoglobin reduction
(2), fatty acid elongation and desaturation (3, 4), cytochrome
P450-mediated hydroxylations (5), and cholesterol biosyn-
thesis (6).

The structures of the soluble flavin-containing diaphorase
domain of rat cb5r and of a cb5r:NAD+ complex have been
previously determined to 2.0 and 2.3 Å resolution, respec-
tively (7). Residues L25 to G1432 comprised an antiparallel
â-barrel structure that made the majority of the contacts to
the ADP and si-face of the isoalloxazine ring of the
noncovalently bound FAD prosthetic group. Residues K172-
F300 comprised a parallelâ-sheet structure that served as
the NADH binding site while also contacting there-face of
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the FAD. The two domains were hinged by a short 3-stranded
â-sheet comprised of residues P144-V171 that is thought
to appropriately orient the surfaces of the two domains
around the FAD, thus forming the active site of the enzyme.

Cytochrome b5 reductase shares both sequence and
structural similarity with other members of the family of
flavoprotein transhydrogenases named for the prototypical
member, ferredoxin:NADP+ reductase (FNR, EC 1.18.1.2).
Other constituents of the superfamily include nitric oxide
synthase (NOS, EC 1.14.13.19), cytochrome P450 oxido-
reductase (CYPOR, EC 1.6.2.4), assimilatory nitrate reduc-
tase (NR, EC 1.7.1.1) and phthalate dioxygenase reductase
(PDR, EC 1.14.12.7). Clusters of highly conserved amino
acid residues comprise four key motifs that are interspersed
throughout the flavin- and pyridine nucleotide-binding-
binding regions of these enzymes (8).

The first of these motifs, corresponding to the signature
sequence “RxYTSxxS

N” (91RPYTPVS97 in R. norVegicuscb5r)
and shown aligned in Figure 1A for various FNR family
members, is one of the most highly conserved of the known
flavin-binding motifs, forming contacts with thesi-face of
either FAD or FMN in the crystal structures of many of these
enzymes. Based on comparisons of the crystal structures of
cb5r (9), FNR, PDR and NR, Nishida et al. (10) proposed a
role for two residues, namely the conserved arginine and
tyrosine of the “RxYT

SxxS
N” motif together with an additional

serine residue (S99 in porcine cb5r), in primarily coordinating
flavin-binding through direct hydrogen bonding of the
phosphate and ribityl moieties of the cofactor. The same three
residues (R63, Y65, and S99) were later mutagenized by
Kimura et al. (11), who concluded that each had a role in
maintaining protein stability and catalysis. Marohnic and
Barber demonstrated, using site-directed mutagenesis, that
the conserved arginine of the “RxYT

SxxS
N” motif, corre-

sponding to R91 in rat cb5r, was not essential for flavin
binding but participated in tethering the ADP moiety of the
FAD cofactor to the protein through hydrogen bonding the
pyrophosphate oxygens (12), disruption of which resulted
in significant inhibition of catalytic function through dis-
placement of the ADP moiety of FAD into the NADH-
binding cleft (13). Recently, the fourth residue of the
“RxYT

SxxS
N” motif in porcine cb5r, T66, was shown to

modulate the formation and stability of the NAD+-FAD-

semiquinone complex during NADH turnover (14). The
positions of the residues comprising the “RxYT

SxxS
N” motif

in relation to the FAD of rat cb5r are illustrated in Figure
1B.

To systematically assess the structural and functional
contributions of the hydrogen bonding, hydrophobic interac-
tions and van der Waals contacts formed between the second
(P92) and third (Y93) residues in the motif and thesi-face
of the FAD cofactor of rat cb5r diaphorase domain, site-
directed mutagenesis was used to generate a series of P92-
and Y93-substituted variants. For the Y93 variants, substitu-
tions were engineered to selectively maintain or eliminate
the hydrogen bonding,π-π interactions and hydrophobic
interactions with thesi-face of the isoalloxazine ring. As a
proximity control, the nonconserved second residue of the
“RxYT

SxxS
N” motif, P92, was also subjected to mutagenic

analysis, since it has also been shown to be within 5 Å of
the si-face of the cofactor.

MATERIALS AND METHODS

Materials. Oligonucleotide primers were obtained from
Integrated DNA Technologies (Coralville, IA).Pfu Turbo
Polymerase as well asEpicurian coliBL21(DE3)-RIL cells
were obtained from Stratagene (La Jolla, CA). Restriction
enzymes were purchased from New England Biolabs (Bev-

FIGURE 1: (A) Multiple sequence alignment of the “RxYT
SxxS

N”
motif within the primary sequences of various members of the flavin
transhydrogenase superfamily. The highly conservedsi-face aro-
matic residue, equivalent to Y93 of cb5r, is shown in bold type
face. (B) Rendering of the first three residues of the “RxYT

SxxS
N”

motif in the structure of rat cb5r (7) facing there-side of the flavin
cofactor. The peptide backbone is drawn in ribbon configuration
while the R91, P92, and Y93 side-chain atoms, along with the FAD,
are drawn in stick configuration with CPK coloring, except FAD
carbons, which are colored yellow. (C) Superposition of lumiflavin
and thesi-face tyrosine atoms from the structures of FNR (blue)
(31), NR (green) (28), CYPOR (pink) (29) and cb5r (red) (7), drawn
in stick configuration.
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erly, MA). Tryptone and yeast extract were obtained from
EM Science (Gibbstown, NJ). IPTG was obtained from
RPI (Mt. Prospect, IL). Reagents for bacterial culture,
protein purification, and chemical assays including
NADH, NAD+, riboflavin, FAD, and K3Fe(CN)6 were
obtained from Sigma Chemical Co. (St. Louis, MO). Ni-
NTA agarose and kits for plasmid preparation and agarose
gel extraction were purchased from Qiagen Inc. (Valencia,
CA).

Site-Directed Mutagenesis.cb5r mutants were constructed
using whole vector PCR as described previously (12)
whereby the four histidine-tagged cb5r expression construct
was specifically mutagenized using complimentary oligo-
nucleotide primers (30-35 mers) as listed in Table 1. The
fidelity of the mutant constructs were verified by nucleotide
sequencing in both the forward and reverse directions.
Positive constructs were then used to transform competent
E. coli BL21(DE3)-RIL cells.

Cell Culture and Protein Purification. E. coliBL21(DE3)-
RIL cells harboring the pH4cb5r or mutant constructs were
grown aerobically in TB media supplemented with riboflavin
(100 µM) overnight at 37°C. Recombinant protein expres-
sion and purification were carried out as described previously
(12). The soluble heme-containing domain of rat cb5 was
prepared as previously described by Beck-von Bodman (15).

Wild-type and mutant cb5r concentrations were estimated
spectrophotometrically. For the wild-type enzyme, an extinc-
tion coefficient of A461 nm ) 10.6 cm-1 mM-1 was used.
The molar extinction coefficient for each of the mutant
enzymes was determined by comparison of the flavin visible
absorbance spectra prior to and following protein denatur-
ation usingA450nm) 11.3 cm-1 mM-1 to quantitate free FAD.
Extinction coefficients of the mutant proteins, listed in Table
2, were used for all subsequent quantifications. SDS-
polyacrylamide gel electrophoresis was performed as de-
scribed by Laemmli (16).

Spectroscopy.All spectroscopic measurements utilized
oxidized enzymes in 10 mM potassium phosphate buffer,
containing 0.1 mM EDTA, pH 7.0. UV/visible absorbance
spectra were obtained using a Hewlett-Packard (Agilent
Technologies, Palo Alto, CA) 8453 diode-array spectropho-
tometer. UV and visible CD spectra were obtained using a
JASCO (Easton, MD) J710 spectropolarimeter as described
previously (12). All spectra were corrected for the appropriate
buffer contributions and are expressed in terms of molar
ellipticities (M-1 cm-1). Fluorescence excitation and emission
spectra were obtained using a RF5301PC spectrofluorimeter
(Shimadzu Scientific Inst. Inc., Columbia, MD).

Spectral binding constants,Ks, were determined using
differential spectroscopy as previously described by Ma-

Table 1. Mutagenic Oligonucleotide Primers Used in the Generation of the Various P92 and Y93 cb5r Variantsa

a Nucleotides shown in bold encode the mutated residue. Silent mutations, shown in italics, resulted in the addition (+) or elimination (-) of the
indicated restriction site.

Table 2. NADH:FR and NADH:BR Kinetic Constants Obtained for the Various cb5r P92 and Y93 Mutants

NADH:FR activity NADH:BR activity

variant kcat (s-1) Km
NADH (µM) Km

Fe(CN)6 (µM) kcat/Km
NADH (s-1 M-1) kcat (s-1) Km

cytb5 (µM) kcat/Km
cytb5 (s-1 M-1)

wild-type 800( 16 6.0( 0.5 7.1( 1.0 (1.3( 0.1)× 108 400( 33 13( 2 (3.1( 0.1)× 107

P92S 880( 30 7.7( 1.1 7.8( 1.6 (1.2( 0.2)× 108 315( 12 12( 1 (2.6( 0.1)× 107

P92A 517( 18 4.8( 0.8 7.4( 1.0 (1.1( 0.2)× 108 320( 10 15( 1 (2.1( 0.1)× 107

P92G 467( 28 6.5( 0.9 8.0( 1.0 (7.2( 0.2)× 107 335( 21 12( 1 (2.8( 0.1)× 107

Y93F 483( 16 6.7( 0.2 6.6( 0.3 (7.2( 0.6)× 107 295( 33 11( 1 (2.7( 0.1)× 107

Y93A 200( 15 7.3( 0.8 8.6( 0.4 (2.7( 0.2)× 107 57 ( 5 14( 1 (4.1( 0.1)× 106

Y93S 133( 12 3.8( 0.3 5.8( 1.3 (3.5( 0.1)× 107 32 ( 4 12( 1 (2.7( 0.1)× 106

Y93D 83( 12 4.9( 0.5 8.3( 2.0 (1.7( 0.3)× 107 14 ( 2 10( 2 (1.4( 0.1)× 106

Y93H 83( 10 8.8( 1.2 8.3( 1.5 (9.4( 2.5)× 106 27 ( 4 10( 1 (2.7( 0.1)× 106

Y93W 33( 10 54( 8 6.8( 2.0 (6.1( 1.8)× 105 19 ( 2 11( 1 (1.7( 0.1)× 106
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rohnic et al. (17). H4NAD was synthesized as described by
Murataliev et al. (18).

Enzyme ActiVities. NADH:FR and NADH:BR activities
were determined at 25°C under conditions of constant ionic
strength and pH as previously described (12) in 116 mM
MOPS buffer, containing 0.1 mM EDTA, pH 7.0 (µ ) 0.05).
Initial rate data were analyzed using the software “ENZFIT”
(Elsevier Biosoft, Ferguson, MO) to yield apparentkcat and
Km values.

Thermostability Measurements.Thermal stability profiles
for both the wild-type and mutant proteins were determined
by monitoring both the release of the FAD prosthetic group,
indicated by the increase in intrinsic flavin fluorescence, and
the loss of NADH:FR activity as previously described (19).
Protein samples (18-20 µM FAD) in 50 mM phosphate
buffer, containing 0.1 mM EDTA, pH 7.5, were initially
incubated at 0°C for 5 min followed by successive 5-min
incubations at 5-10 °C intervals. Aliquots were removed at
the end of each temperature change, diluted into ice-cold
buffer and assayed for both NADH:FR activity and intrinsic
flavin fluorescence. The samples were also analyzed at the
conclusion of the inactivation profile and the average of the
values was plotted relative to the initial enzyme activity at
0 °C.

Oxidation-Reduction Potentials.For the direct determi-
nation of the flavin midpoint potentials of wild-type cb5r and
the various mutant constructs by cyclic voltammetry, an
anaerobic microcell apparatus containing a pyrolitic graphite
working electrode, a Ag/AgCl reference electrode, and a
platinum counter electrode, was constructed for use with a
Bioanalytical Systems Inc. (West Lafayette, IN) model
Epsilon-EC potentiostat as described previously (19). Protein
samples (20µL) were prepared at 500µM concentration in
100 mM phosphate buffer containing 0.1 mM EDTA and
were made anaerobic by extensive flushing with oxygen-
free argon prior to use.

Flavin midpoint potentials were also determined by dye
equilibration potentiometry using the method of Massey (20)
whereby xanthine (30µM) and xanthine oxidase (50 nM)
were used to reduce a mixture of enzyme (40µM FAD) and
phenosafranine (15µM) in 100 mM phosphate buffer,
containing 0.1 mM EDTA, pH 7.0 first made anaerobic by
repeated evacuation and flushing with oxygen-free argon.
Benzyl viologen (6µM) and methyl viologen (1µM) were
included to facilitate equilibration of the system. Visible
absorbance spectra were collected over the course of each
3-6 h determination. Flavin reduction was monitored at 410
nm while phenosafranine reduction was monitored at 530
nm. E°′ values were calculated by analysis of the plot of
potential (mV) versus (log [ox]/[red])FAD using the published
midpoint potential of phenosafranine of-252 mV (20).
Oxidation-reduction potentials are reported with reference
to the SHE and are considered accurate to(5 mV.

RESULTS

Mutagenesis, Expression, and Protein Purification.Mutant
constructs encoding the different cb5r variants, P92A, G, and
S together with Y93A, D, F, H, S, and W, which cor-
responded to the second and third residues in the conserved
“RxYT

SxxS
N” sequence motif, respectively, were generated

through directed mutagenesis of the original four-histidine

tagged cb5r construct. Nucleotide sequencing confirmed the
fidelity of each construct and each of the mutant proteins
was subsequently expressed in theE. coli strain BL21(DE3)-
RIL and purified by Ni-chelate chromatography and gel
filtration FPLC. Evaluation of the expression yields of the
various mutants indicated that while the three P93 variants
were expressed at levels comparable to that of the wild-type
domain, the yields of the six Y93 mutants were highly
variable. Conservative mutants such as Y93F were produced
at wild-type levels while some of the radical mutants,
including Y93D and Y93H, generated significantly decreased
amounts of protein that were relatively unstable and highly
prone to aggregation and precipitation. However, all nine
mutants were purified to apparent homogeneity as evident
by the presence of single protein bands following SDS-
PAGE analysis of selected mutants as shown in Figure 2.
The nine cb5r variant apoproteins were of similar molecular
mass to that of the native enzyme while MALDI-TOF
analyses revealed the presence of a characteristic peak in
the low mass region of each spectrum with am/z of 792,
indicative of the presence of FAD as the sole prosthetic
group. These findings suggested that neither P92 nor Y93
provided backbone or side-chain contacts that were essential
for the stable incorporation of oxidized FAD into any of the
cb5r variants.

Spectroscopy.UV/visible absorbance spectra were ob-
tained for oxidized samples of wild-type cb5r and each of
the mutants, as presented in Figure 3. The P92A, P92S,
P92G, and Y93W variants each exhibited spectra comparable
to that of the wild-type enzyme with an aromatic absorption
maximum observed at 270 nm in the UV region of the
spectrum, and a peak at 461 nm with an associated
pronounced shoulder in the range of 485-500 nm in the
visible region of the spectrum, attributable to protein-bound
flavin. Each of the remaining Y93-substituted variants,
however, exhibited perturbed visible absorbance spectra with
varying degrees of blue-shift. The most dramatically shifted
spectrum was that of the Y93H variant with an associated
λmax of 449 nm, a shift of 12 nm compared to the wild-type
enzyme. The visible absorption maxima of the remaining
mutants were perturbed to different extents with the Y93F,
Y93A, Y93S and Y93D mutants exhibiting maxima at 460,
458, 454, and 452 nm, respectively. Blue-shifts in the visible
absorbance spectra of flavoproteins have previously been
attributed to changes in the hydrophilicity of the flavin
environment near the N(5) locus of the isoalloxazine ring

FIGURE 2: SDS-PAGE analysis of selected P92 and Y93 cb5r
mutant proteins. Purified proteins (2µg each protein) obtained from
the final FPLC purification step of both the wild-type cb5r and the
individual P92 and Y93 mutant constructs were resolved on a 15%
polyacrylamide gel: lane A, wild-type cb5r; lane B, P92A; lane C,
P92S; lane D, Y93A; lane E, Y93F; lane F, Y93H; lane G, Y93W;
lane H, Y93S; lane I, Y93D. The arrows indicate the positions of
selected molecular weight markers with the indicated molecular
masses (kDa).
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(12, 21, 22). Substitution of Y93 with either alanine or
phenylalanine was expected to increase the hydrophobicity
near the flavin, but the spectra of the Y93A and Y93F
variants were less perturbed than those of the Y93H, Y93D,
and Y93S variants which were expected to have increased
hydrophilicity at position 93. These findings suggested that
the visible absorption spectrum of oxidized cb5r was very
sensitive to the presence of polar residues, whether charged
or uncharged, at position 93, but not at position 92.

To evaluate the secondary structural content of each of
the mutant enzymes, CD spectra were recorded in the UV
wavelength range (190-300 nm). As shown in Figure 4A
(left panel), all of the cb5r variants exhibited positive CD
from 190 to 210 nm and negative CD from 210 to 250 nm
with all the spectra retaining both positive and negative
intensities very similar to that of the wild-type domain. The
absence of any significant differences between the spectra
of the wild-type and mutant proteins suggested the conserva-
tion of secondary structure and that none of the P92 or Y93
residue substitutions had any deleterious effects on the
folding of the flavin-bindingâ barrel.

In contrast to the UVCD spectra, all the Y93 mutations
were observed to have a profound influence on the corre-
sponding visible CD spectra. Circular dichroism measure-
ments were performed in the near-UV/visible range (300-
600 nm) in order to probe the effects of the various mutations
on both flavin conformation and polarity of the prosthetic
group microenvironment. As shown in Figure 4A (right
panel), the spectra of the Y93A, Y93D, Y93H, Y93S, and
Y93W mutants were significantly perturbed when compared
to that of wild-type cb5r, while the spectra of the P92A, G,
and S variants were comparable to that of wild-type enzyme.
The positive and negative maxima of the spectrum of the
wild-type enzyme, occurring at approximately 400 and 460
nm, respectively, were of similar intensity but were shifted
to 375 and 450 nm, respectively, for the Y93H variant. For
the spectra of the Y93A and Y93S variants, the CD maxima
were shifted to shorter wavelength and were also of decreased
intensity when compared to the corresponding transitions

observed for wild-type cb5r. The Y93W mutant yielded a
spectrum with a positive CD maximum occurring at 350 nm
that was of decreased intensity compared to that of the
corresponding peak in the wild-type spectrum, and a negative
CD maximum that remained unshifted but that was of greater
intensity than the corresponding peak in the wild-type
spectrum, potentially due to a decrease in both solvent
exposure and polarity near the isoalloxazine ring. The
spectrum of the Y93D mutant was observed to be the most
decreased in intensity and resembled that of free FAD. The
abnormal spectra obtained for several of the Y93 mutant
proteins suggested an increase in solvent exposure of the
flavin, either due to the decreased surface area of their side
chain substituents, as in Y93A, or the increased hydrophi-
licity of the side chains themselves, as in Y93H, Y93S, and
Y93D.

However, changes in the polarity of the flavin environment
were not the only potential cause of the aberrant visible CD
spectra. We have previously demonstrated that the visible
CD spectrum of cb5r is highly sensitive to the conformation
of the protein-bound cofactor (12, 23). In the case of several

FIGURE 3: UV/visible absorbance spectra of the various P92 and
Y93 cb5r mutant proteins. Oxidized samples of wild-type and the
various P92 and Y93 cb5r variants were prepared at equivalent FAD
concentrations (50µM) in 10 mM phosphate buffer, containing
0.1 mM EDTA, pH 7.0. Individual spectra correspond to wild type
(s), P92A (-O-), Y93A (s s s), Y93F (- - -), Y93H (- - -),
Y93W (‚‚‚), Y93S (-‚-), and Y93D (-‚‚-), respectively. The spectra
of P92S and P92G are not displayed since they were comparable
to those of P92A and wild-type cb5r.

FIGURE 4: UV and visible CD spectra of the various P92 and Y93
mutants cb5r proteins. (A) Left panel: Oxidized samples of wild-
type cb5r and the various P92 and Y93 variants were prepared at
equivalent FAD concentrations (7µM) in 10 mM phosphate buffer,
containing 0.1 mM EDTA, pH 7.0. Individual spectra correspond
to wild type (s), P92A (-O-), Y93A (s s s), Y93F (- - -),
Y93H (- - -), Y93W (‚‚‚), Y93S (-‚-), and Y93D (-‚‚-). Right panel:
Oxidized samples of the same cb5r variants in the left panel were
prepared at equivalent FAD concentrations (60µM) in 10 mM
phosphate buffer, containing 0.1 mM EDTA, pH 7.0. Line shapes
are the same as those in the left panel. For clarity, the spectra
attributed to P92S and P92G are not displayed, but they were similar
to that of wild-type cb5r. (B) Visible CD spectra of the Y93A mutant
in the absence (- - -) and presence (-‚-) of 2 mM 5′-ADP-ribose.
Wild-type cb5r alone (s) is shown for comparison.

Cytochromeb5 Reductase P92 and Y93 Mutagenesis Biochemistry, Vol. 44, No. 7, 20052453



R91-substituted mutants and the type II recessive congenital
methemoglobinemia mutant S127P, X-ray diffraction studies
have revealed that the displacement of the flavin ADP moiety
into the NADH-binding pocket was readily detectable using
visible CD. We also demonstrated, using visible CD spec-
troscopy, that the flavin could be forced into a pseudo-normal
conformation within the mutant proteins by addition of the
substrate analogues NAD+ and ADP-ribose. Therefore, to
determine whether the altered visible CD spectrum of the
Y93A variant was the result of a perturbed FAD conforma-
tion, similar to that of the R91A variant in which the flavin
ADP moiety is displaced toward the NADH-binding lobe
(Bewley et al., unpublished) the visible CD spectrum of the
Y93A variant was determined in the absence and presence
of saturating concentrations of ADP-ribose (Figure 4B). As
was previously observed for both selected R91-substituted
variants and the S127P mutant, addition of ADP-ribose
elicited a change in the visible CD spectrum of the Y93A
variant with the resulting spectrum more closely resembling
that of the wild-type domain. These results suggested that
the Y93A variant exhibited a perturbed flavin conformation
which was sensitive to the occupancy of the NADH-binding
pocket and that the binding of the substrate analogue ADP-
ribose was able to displace the flavin ADP moiety toward a
conformation similar to that in the wild-type domain.

The extent of quenching of the intrinsic fluorescence due
to the FAD prosthetic group of cb5r has proven to be a
sensitive indicator of the retention of the native flavin
environment. To probe the flavin fluorescence quenching of
the various P92 and Y93 mutants, both excitation and
emission fluorescence spectra were recorded prior to and
following heat denaturation of the various proteins and are
presented in Figure 5. Prior to denaturation, wild-type cb5r,

and the P92A, P92S, Y93H, and Y93W variants each
quenched the flavin fluorescence to varying degrees ranging
from 95% for the wild-type enzyme to only 70% for the
Y93H and Y93W variants. Each of the remaining Y93-
substituted mutant proteins exhibited enhanced or amplified
flavin fluorescence prior to denaturation. The FAD bound
within the Y93A, Y93D and Y93S variants was 3.5-4.5
times more fluorescent than free FAD, while an∼1.5-fold
enhancement was seen for the Y93F variant. The emission
maxima were also blue-shifted to varying extents, as was
also observed in the visible absorbance and visible CD
spectra, for the Y93A, Y93D, Y93F, Y93H, and Y93S
variants.

Previous studies of both free FAD and FMN in solution
have revealed that at equivalent concentrations, FMN was
approximately nine times more fluorescent than FAD. The
decreased intrinsic FAD fluorescence was thought to be due
to π-π stacking interactions between the adenine and iso-
alloxazine rings of FAD, referred to as the “closed” confor-
mation, that effectively quenched the fluorescence of the
flavin (24). When FAD was bound within a protein in an
extended conformation, the flavin conformation was “opened”
and the fluorescence subsequently increased (24). That wild-
type cb5r quenched the fluorescence of the bound FAD to a
greater extent than was seen in the closed conformation,
suggested that one or more stacking interactions occur in
the protein bound flavin. The excitation and emission spectra
obtained for both P92 variants suggested that this residue
did not appear to contribute critical stacking interactions with
the flavin, since substitution at this position did not alter the
extent of flavin fluorescence quenching. However, if Y93
was involved in a stacking interaction with the FAD pros-
thetic group, as predicted from the X-ray structure of cb5r,
nonaromatic substitutions of Y93 with residues such as A,
S, or D would be predicted to disturb the quenching of fluor-
escence. As anticipated, this was experimentally observed
for these mutants and the pre-denatured flavin fluorescence
intensity was greatly amplified in these variants. It was also
anticipated that the Y93W and Y93H variants would quench
the intrinsic flavin fluorescence since their side-chain sub-
stituents contain either an aromatic ring or a CdC double
bond that could contribute toπ-π stacking with the flavin.
Similarly, Y93F was expected to effectively quench the flavin
fluorescence. However, Y93F exhibited significantly in-
creased fluorescence, corresponding to approximately 1.5-
fold that of native cb5r, suggesting the importance of
hydrogen bonding in maintaining the correct orientation of
the phenol side-chain in the wild-type enzyme, such that
stacking interactions occurred to a lesser extent when the
phenol moiety was replaced by a benzene ring. These data
were in good agreement with the previous findings of Kimura
et al. (14) that stressed the importance of hydrogen bonding
between the tyrosyl-hydroxyl and the 4′-hydroxyl of the
flavin ribityl moiety in maintaining the interaction between
the isoalloxazine and phenol ring systems.

To examine the influence of the various P92 and Y93
residue substitutions on the stabilities of the resulting
proteins, thermal denaturation profiles were generated for
wild-type cb5r and each of the mutant proteins by measuring
flavin fluorescence emission (λex ) 450 nm,λem ) 523 nm)
following incubation of the proteins at temperatures ranging
from 0 to 100°C (Figure 6). For those variants that quenched

FIGURE 5: Intrinsic flavin fluorescence excitation and emission
spectra for the various P92 and Y93 cb5r mutants. Oxidized samples
of wild-type cb5r and the different P92 and Y93 variants were
prepared at equivalent FAD concentrations (5µM) in 10 mM
phosphate buffer, containing 0.1 mM EDTA, pH 7.0. Excitation
spectra were collected over the wavelength rangeλ ) 300-510
nm using a constant emission wavelength of 523 nm. Emission
spectra were collected over the wavelength rangeλ ) 460-610
nm using a constant excitation wavelength of 450 nm. Following
protein denaturation by boiling, flavin fluorescence measurements
were repeated for all the samples and the spectra were normalized
to the equivalent residual free flavin fluorescence intensity (0).
Normalized, pre-denatured spectra correspond to wild-type cb5r
(s), P92A (-O-), P92G (-4-) Y93A (s s s), Y93F (- - -),
Y93H (- - -), Y93W (‚‚‚), Y93S (-‚-), and Y93D (-‚‚-).
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the intrinsic fluorescence of the cofactor prior to thermal
denaturation, the temperature at which 50% of maximum
fluorescence was detected (Tm) was an effective indicator
of the stability of the core structure of the protein.Tm values
increased in the order Y93H> Y93W > P92A > P92S>
WT with all variants exhibitingTm values in the range
between 55 and 60°C, which suggested that none of these
substitutions had a dramatic effect on the thermal stability
of flavin binding. For the four remaining mutants, Y93A,
Y93F, Y93S, and Y93D, fluorescence emission was maximal
at low temperature and was observed to decrease to that of
free FAD as the temperature was increased, suggesting that
flavin release occurred as a result of thermal denatura-
tion, just as was observed with the quenched variants. The
Y93F variant exhibited aTm value of approximately 55°C,
in good agreement with the value obtained for wild-type
cb5r. Y93A, Y93S, and Y93D mutants exhibitedTm values
that were significantly lower than that of wild-type cb5r,
each falling in the range between 40 and 50°C. These
results suggested that substitution of Y93 with alanine,
serine, or aspartic acid residues, respectively, adversely
influenced the thermal stability of flavin binding, or that the
unquenched flavin fluorescence was more sensitive to
perturbations in the flavin environment caused by thermal
denaturation.

Enzyme ActiVities. As a measure of catalytic efficiency,
both NADH:FR, and NADH:BR activities were determined
for wild-type cb5r and each of the P92- and Y93-substituted
variants, respectively. Kinetic constants derived from these
assays are reported in Table 2. With the exception of P92S,
which exhibited a slightly elevated activity in the NADH:

FR assay, all of the remaining variants exhibited a decreased
NADH:FR turnover number compared to that of wild-type
cb5r. Specific activities decreased in the order P92S> WT
> P92A > P92G> Y93F > Y93A > Y93S > Y93H )
Y93D > Y93W with the Y93W mutant retaining only 4%
of wild-type NADH:FR activity. The Michaelis constant for
NADH utilization increased in the order Y93S> P92A )
Y93D > WT > P92G> Y93F > Y93A > P92S> Y93H
> Y93W with all variants falling within the range from 4 to
9 µM, with the exception of Y93W, which exhibited a 9-fold
increase (Km

NADH ) 54µM) compared to wild-type cb5r. The
Michaelis constant for the artificial electron acceptor ferri-
cyanide was similar for wild-type cb5r and all of the variants,
suggesting that none of the mutations affected either its
binding or utilization. The effect of each substitution on the
overall NADH:FR catalytic efficiency of the enzyme,
reflected in thekcat/Km

NADH value, decreased in the order WT
> P92S> P92A > P92G> Y93F > Y93S > Y93A >
Y93D > Y93H > Y93W with the least efficient mutant,
Y93W, retaining only 0.5% of wild-type cb5r NADH:FR
catalytic efficiency.

All of the P92 and Y93 variants were also observed to
catalyze the reduction of the physiological electron acceptor,
cb5, although with decreased turnover numbers when com-
pared to that of the wild-type domain. NADH:BRkcat values
for the cb5r variants were determined to decrease in the order
WT > P92G> P92A> P92S> Y93F > Y93A > Y93S>
Y93W > Y93D with the least efficient mutant, corresponding
to Y93D, retaining only approximately 3% of the activity
observed for wild-type cb5r. The Michaelis constant for cb5

was essentially unaffected by any of the P92 or Y93
substitutions, with all values falling within the range from
10 to 15 µM. kcat/Km

cb5 values for the various enzymes
decreased in the order WT> P92G> P92A> P92S> Y93F
> Y93A > Y93S> Y93W > Y93D, reflecting the decreased
turnover numbers. These results suggested that the lower
catalytic efficiency observed for the mutants was the result
of the decreased affinity for NADH, rather than any
decreased affinity for cb5. The kinetic results reinforced the
conclusion that P92 was observed to play only a minimal
role in modulating cb5r function, while Y93 appeared to have
a greater influence on the efficiency of electron transfer
through the active site.

Differential Spectroscopy.To confirm the effects of the
different residue substitutions on the affinities of the various
mutants for either NADH or NAD+, spectral binding
constants (Ks) were determined using differential spectros-
copy. Since addition of NADH to either the wild-type
enzyme or any of the mutants resulted in efficient bleaching
of the flavin visible spectrum, we used the NADH-analogue,
1,4,5,6-tetrahydro-NAD (H4NAD) (18) to determine the
relative affinities for NADH. H4NAD is a close isosteric
analogue of NADH and the interaction with cb5r is assumed
to involve a binding conformation similar to that of NADH,
due to the neutral charge on its saturated nicotinamide ring,
together with the same active site contacts. Previous studies
have demonstrated that the NADH-analogue is inactive as
an electron donor in either the NADH:FR or NADH:BR
assays and does not result in bleaching of the flavin visible
absorption spectrum (17).

Representative spectra obtained from the titrations of the
wild-type enzyme and selected P92 and Y93 variants with

FIGURE 6: Thermal stability profiles for the various P92 and Y93
cb5r mutants. Oxidized samples of wild-type cb5r and the various
P92 and Y93 variants (5µM FAD) were incubated at the indicated
temperatures and aliquots were withdrawn and assayed for intrinsic
flavin fluorescence in 10 mM phosphate buffer, containing 0.1 mM
EDTA, pH 7.0 using excitation and emission wavelengths of 450
and 523 nm, respectively. The plots correspond to wild-type cb5r
(b), P92A (O), P92G (]), P92S (2), Y93A (4), Y93F (9), Y93H
(0), Y93W (1), Y93S (3), and Y93D ([). Excitation and emission
spectra were scaled relative to that of a sample of free FAD (5
µM) which was assigned a fluorescence intensity of 100%.
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either H4NAD or NAD+ are shown in Figure 7. Perturbations
of the flavin visible absorbance spectrum were detected for
both the wild-type enzyme and all three of the P92 mutants
during titrations with H4NAD and NAD+. However complex
formation between either P92A, P92G, or P92S with either
H4NAD or NAD+ produced the same spectral changes, both
in terms of the positions of the various difference spectra
wavelength maxima and the magnitude of the overall
absorbance changes, when compared to the interaction of
the wild-type domain with either ligand, suggesting that none
of the mutations adversely affected the orientation of either
H4NAD or NAD+ binding. These observations were con-
firmed by the values obtained forKs, shown in Table 3, for
all three P92 variants which were comparable to those
obtained for the wild-type domain, indicating that none of

the P92 mutations had any significant effect on the affinity
for either NADH or NAD+ and reinforcing the results of
the multiple sequence alignment that suggested little con-

FIGURE 7: Flavin difference spectra obtained following binding of either H4NAD or NAD+ to wild-type cb5r or the various P92 or Y93
mutants. Difference spectra were obtained for both wild-type cb5r and selected P92 and Y93 mutants at equivalent flavin concentrations (50
µM FAD) in 20 mM MOPS buffer, containing 0.1 mM EDTA, pH 7.0 following titrations with either H4NAD (left panels; A, C, E, G) or
NAD+ (right panels; B, D, F, H) as described in Materials and Methods. The insert panels correspond to plots of the magnitudes of the
observed spectral perturbations (peak to trough measurements at the indicated wavelengths) versus ligand concentration. The corresponding
Ks values are given in Table 3.

Table 3. H4NAD and NAD+ Spectral Binding Constants for the
Various P92 and Y93 cb5r Variants

variant Ks
H4NAD (µM) Ks

NAD+ (µM)

wild-type 52( 6 760( 30
P92S 55( 5 630( 90
P92A 58( 5 800( 40
P92G 75( 4 246( 21
Y93F 62( 9 2020( 100
Y93A 53 ( 8 1290( 100
Y93S 47( 5 700( 50
Y93D 66( 3 661( 83
Y93H 143( 16 438( 21
Y93W 60( 10 2170( 120
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servation in the nature of the residue at the second position
of the “RxYT

SxxS
N” motif, shown in Figure 1.

However, in contrast to the results obtained for the
titrations of the P92 mutants, titrations of the different Y93
variants with either H4NAD or NAD+ revealed altered
difference spectra depending on the nature of the amino acid
substituent. For the titrations of the various Y93 mutants with
H4NAD, the resulting difference spectra could be divided
into two classes, as typified by the titrations of the wild-
type and Y93S domains, shown in Figure 7. For the first
class, which consisted of the titrations of the wild-type
domain and the Y93A, Y93F, and Y83W mutants, similar
difference spectra were observed that could be identified by
the positions of the weak positive absorbance maxima at
approximately 420, 450, and 481 nm, respectively, and the
strong negative absorbance maxima at 395, 467, and 500
nm, while the second class comprised the Y93S titration that
was identified by strong positive transitions at 405 and 510
nm and a strong negative absorption maximum at 455 nm.
These results suggested that binding of H4NAD to the wild-
type domain and the Y93A, Y93F, and Y93W mutants
resulted in a conserved geometry with respect to the flavin
isoalloxazine ring while the binding of H4NAD to the Y93S
variant resulted in a significantly different interaction
between the ligand and the FAD. The corresponding titrations
of the Y93 variants, however, revealed essentially identical
difference spectra suggesting that NAD+ bound with a similar
geometry both to the wild-type domain and the Y93A, F,
W, and S mutants.

The correspondingKs values obtained for the various
titrations, given in Table 3, revealed that the Y93F and W
substitutions resulted in a somewhat decreased affinity for
H4NAD when compared to either the wild-type domain or
the Y93A and S variants, respectively. Similarly, for the
NAD+ titrations, only the Y93F and W variants showed
markedly decreased affinity for NAD+.

FlaVin Oxidation-Reduction Potentials.To examine the
effects of the various amino acid substitutions on the
thermodynamic properties of the FAD prosthetic group,
oxidation-reduction midpoint potentials were determined for
the FAD/FADH2 couple (E°′, n ) 2) in wild-type cb5r and
each of the P92 and Y93 variants using both direct volta-
mmetry and dye-equilibration potentiometric methods.E°′
values obtained by both methods for the FAD/FADH2 couple
in the various mutants are compared in Table 4. The flavin

midpoint potentials as determined by direct electrochemistry,
were consistent for wild-type cb5r and the P92A, P92G,
Y93F, Y93W, and Y93D variants and were within the
estimated(5 mV error range of the measurements. Two
mutants, Y93A and Y93S, exhibited flavinE°′ values that
were 24 and 20 mV, respectively, more positive than that of
the wild-type enzyme, while theE°′ of the Y93H mutant
was 21 mV more negative than that of wild-type cb5r. The
potential of the P92S mutant could not be determined due
to the aggregation of this variant at the elevated protein
concentration required for analysis using direct electrochem-
istry and the extensive time required for the xanthine/xanthine
oxidase titrations which resulted in extensive light scattering
and spectral degradation. However, comparison of the results
obtained for the wild-type enzyme and the remaining eight
mutants confirmed that Y93 played a significant role in
modulating the oxidation-reduction midpoint potential of
the FAD prosthetic group of cb5r.

To confirm the results of the direct electrochemical
determinations, midpoint potentials for the FAD/FADH2

couple were also determined for each mutant by dye
equilibration potentiometry using phenosafranine as a redox
indicator. Representative spectra obtained during the redox
titration of the P92A mutant are shown in Figure 8A, and
provide an example of the nature of the spectral changes
observed during the dye-equilibration redox titrations while
the corresponding Nernst plots for the wild-type and selected
mutants are presented in Figure 8B. The standard midpoint
potentials (E°′) obtained for the FAD/FADH2 couple (n )
2) from the various potentiometric analyses are listed in Table
4. The redox potentials of the P92A, P92G, Y93F, Y93W,
and Y93D variants were all within 10 mV of wild-type cb5r,
suggesting that these mutations had little effect on the
thermodynamic properties of the FAD prosthetic group.
However, in contrast, the Y93A and Y93S variants were 39
mV and 34 mV more positive than wild-type cb5r, respec-
tively, whereas the Y93H variant was 37 mV more negative
than wild-type cb5r. The general trend in∆E°′ values for
these mutants was consistent with those obtained through
direct voltammetry, although in most cases, the direct
voltammetry measurements yielded midpoint potentials that
were approximately 20-30 mV more positive than the values
obtained from the dye equilibration studies. The slopes of
the various Nernst plots were within the range-30 ( 3 mV
for all the mutants examined with the exception of the Y93W
variant which exhibited a slope of-40 mV, suggesting that
for this variant, there was some deviation from the normal
wild-type n ) 2 redox behavior which may reflect an
increase in the separation between the FAD/FAD•- and the
FAD•-/FADH2 redox couples.

The oxidation-reduction midpoint potential (n ) 2)
determined by dye equilibration for the FAD/FADH2 couple
in wild-type cb5r was-268 mV, a value in good agreement
with the-258 mV potential previously reported by Iyanagi
(25) for the porcine enzyme, which was determined via
dithionite titration in the presence of various dye mediators.
However, theE°′ of wild-type cb5r as determined by direct
voltammetry was-232 mV, a difference of 36 mV. Despite
the apparent discrepancy in absolute potentials, the relative
differences in the potentials obtained for the Y93A, Y93H,
and Y93S variants compared to wild-type cb5r were in

Table 4. Oxidation-Reduction Midpoint Potentials Obtained for the
cb5r FAD/FADH2 Couple (n ) 2) by Direct Electrochemistry and
Dye Equilibration Methods

direct electrochemistry dye equilibration potentiometry

variant E°′ a (mV) ∆E°′ b (mV) E°′ (mV) ∆E°′ (mV)

wild-type -232( 5 - -268( 5
P92S -233( 5 -1 -274( 5 -6
P92A -232( 5 0 -278( 5 -10
P92G -233( 5 -1 -271( 5 -3
Y93F -226( 5 +6 -270( 5 -2
Y93A -208( 5 +24 -229( 5 +39
Y93S -212( 5 +20 -233( 5 +34
Y93D -235( 5 -3 -265( 5 +3
Y93H -263( 5 -21 -305( 5 -37
Y93W -228( 5 +4 -266( 5 +2

a Values were determined at 0 mM [Mg2+]. b ∆E°′ ) E°′wild-type -
E°′variant.
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relative agreement and suggested that substitution of Y93
had a significant impact on the overall flavin redox potential.

DISCUSSION

The preceding results provide the first detailed comparison
of the spectroscopic, kinetic and thermodynamic properties
of a series of mutations that target both the second and third
residues within the “RxYTSxxS

N” (R91-S97) sequence motif
present in the diaphorase domain of rat cb5r, a seven-residue
functional motif that has been shown to be conserved in all
members of the FNR superfamily of flavoprotein transhy-
drogenases.

As anticipated, the biophysical properties of the three P92
mutants were relatively unchanged from those of the wild-
type cb5r flavin domain which is in agreement with the lack
of sequence conservation at this position in the signature
motif. In the structure of rat cb5r (7), P92 forms part of the
hydrophobic surface against which thesi-face of the isoal-

loxazine portion of the flavin cofactor stacks. Although the
distance separating theγ-carbon of the proline side-chain
and the flavin N10 atom is only 5.14 Å in the wild-type
domain, replacement of the proline side chain by either a
nonpolar methyl group or a polar hydroxyl function or
effective removal of the side chain via a glycine substitution,
had no significant adverse effects on either the extent of FAD
incorporation, overall domain folding and either the spec-
troscopic or thermodynamic properties of the flavin prosthetic
group. In addition, the A, S and G substitutions had only
modest impact on either the NADH:FR or NADH:BR
catalytic efficiencies with little change in the affinities for
either NADH or NAD+, indicating that this residue plays
only a minor structural or functional role. Substitution of
P92 by glycine was observed to have the most significant
effect of the three P92 mutations on NADH:FR activity
resulting in an∼40% decrease in activity. Within the three-
dimensional structure of the rat cb5r flavin domain (PDB)
1I7P), P92 has been shown to make a number of side chain
hydrophobic contacts with the flavin isoalloxazine ring while
the backbone carbonyl oxygen is hydrogen-bonded to the
O2 atom of the ribityl moiety (7). However, multiple
sequence alignments have revealed that within cb5r homo-
logues , residue 92 can be identified as either a proline,
alanine or serine residue while within other FNR superfamily
members, a more diverse range of amino acid residues,
including tyrosine, cysteine and leucine, are tolerated at this
position, although the general trend is for the presence of
an aliphatic hydrocarbon side chain in the majority of the
FNR family sequences. While a glycine residue at position
92 has not be observed in any cb5r homologue or any other
member of the FNR superfamily, we chose to construct the
P92G variant since glycine residues have been shown to have
the greatest variation in backboneφ-ψ angles and thus
would be expected to result in peptide backbone perturbation
according toφ-ψ angle predictions. The glycine residue
essentially lacks a side chain which can confer a high degree
of local flexibility to the polypeptide chain. Thus, the P92G
variant would be the only mutant in which alterations in the
backbone structure could potentially result in loss of the
hydrogen-bond between the carbonyl oxygen atom and the
O2 atom of the FAD ribityl moiety. While the results
obtained for the P92G variant revealed a significant decrease
in NADH:FR activity and theKs for NAD+ binding, no
corresponding alterations in the FAD/FADH2 redox couple
were observed. However, overall, the P92 A, S and G
mutants functioned as appropriate and valuable controls for
assessing the general effects of altering the side-chain
substituents or replacing noncritical amino acid residues
within the “RxYT

SxxS
N” sequence motif.

In contrast to the results observed following the substitu-
tion of P92 on the properties of rat cb5r, altering the nature
of the side chain substituent at residue 93, the third residue
in the motif sequence, had a profound effect on both the
structure and catalytic efficiency of the diaphorase domain.

Spectroscopically, substituting the tyrosine residue with
either phenylalanine or tryptophan, a strategy that was
designed to conserve the aromatic character of the side chain
while removing the side chain hydrogen-bonding capacity,
resulted in only minor alterations in the visible absorbance
spectra of the proteins, although the visible CD spectra
showed greater deviation from the wild-type line shape,

FIGURE 8: Oxidation-reduction midpoint potentials for the FAD
prosthetic group in cb5r and selected P92 and Y93 mutants.
Reductive dye-equilibration titrations of wild-type and the different
P92 and Y93 variants of cb5r (40 µM FAD) were performed as
described under Materials and Methods in 100 mM phosphate
buffer, containing 0.1 mM EDTA, pH 7.0 in the presence of
phenosafranine (15µM, E°′ ) -252 mV) (20). Individual spectra
were collected at 2-3 min intervals during the time course of the
titrations. A. Selected spectra obtained during the dye-mediated
redox titration of the P92A variant in the presence of phenosafranine
are shown with the initial oxidized and final reduced spectra labeled.
B. The corresponding Nernst plots obtained for the FAD/FADH2
couple (n ) 2) are shown for the titrations of the various P92 and
Y93 mutants and correspond to wild-type cb5r (b), P92A (O), Y93A
(4), Y93F (9), Y93W (b), Y93H (0), Y93S (3), and Y93D ([).
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particularly for the Y93W variant. In addition, comparison
of the spectra obtained for the Y93A variant, suggested that
while loss of the side-chain hydrogen bond to the ribityl
moiety had little effect, the loss of aromaticity greatly
influenced the spectral properties of the FAD prosthetic
group. These results were also reflected in the changes in
the oxidation-reduction potentials obtained for the FAD/
FADH2 couple in the various mutants. The flavin redox
potential was unaffected by either the phenylalanine or
tryptophan substitutions, but was elevated approximately 40
mV by the alanine substitution.

For rat cb5r, substitution of phenylalanine for tyrosine at
residue 93 would be anticipated to result in abolition of the
phenol hydroxyl-4′ ribityl hydrogen bond but with retention
of the aromatic interaction with the flavin isoalloxazine ring.
Our studies demonstrated that deletion of the hydrogen bond
adversely affected the catalytic efficiency of the enzyme with
an approximately 40% decrease inkcat for the NADH:FR
activity with no associated decrease in the affinity for the
reducing substrate, NADH. This result is in agreement with
our structural studies of the wild-type domain that have
demonstrated that the majority of contacts involved in
regulating affinity for the pyridine nucleotides are present
in the NADH/NAD+ -binding lobe opposite there-face of
the FAD prosthetic group (7).

Substitution of an indole moiety for the phenol group in
the Y93W variant was found to have the most significant
impact on the cb5r catalytic activity. In this mutant, both
NADH:FR and NADH:BR activities were decreased to∼5%
of the wild-type value.

Arakaki et al. have performedab initio molecular orbital
calculations of free energy versus phenol-lumiflavin angle
and free energy versus phenol-lumiflavin distance for a
variety of flavoproteins containing a tyrosine near thesi-
face of the isoalloxazine ring (26). Their calculations
suggested that the most energetically favorable orientation
between the two ring systems occurred at a distance of 4.6
Å and at an angle of 54°. The crystal structures of several
FNR family flavoproteins including cb5r (7), FNR (27), NR
(28), PDR (8), and CYPOR (29) place the phenol side-chain
of the conserved tyrosine residue of the “RxYT

SxxS
N” motif

(equivalent to Y93 of rat cb5r) within 5 Å of the cofactor
N1 and N5 atoms, where the planes of the two ring systems
intersect at an approximate 50° angle. Superposition of the
structures in Figure 1C showed the similarity in orientation
of the flavin cofactor and conserved tyrosine in each of the
proteins. This orientation suggests that the phenol ring is
involved in π-π interactions with the isoalloxazine ring,
while a hydrogen bond is formed between the 4′-hydroxyl
of the flavin ribityl moiety and the phenolic hydroxyl of the
tyrosine residue.

Limited studies of two mutants of the identical residue in
porcine cb5r, corresponding to Y65A and Y65F, by Kimura
et al. (11) suggested that maintenance of the aromatic
interaction, tethered through hydrogen-bonding, contributed
to both the affinity for FAD and the overall stability of the
diaphorase domain while the decreased mutant activities were
a result of impaired shielding of the isoalloxazine ring from
the solvent. Our results are in general agreement with these
studies. Both the NADH:FR and intrinsic flavin fluorescence
Tm studies indicated that while the various P92 mutations
had no significant impact on domain stability, the Y93

variants were all less stable than wild-type cb5r. Similar
results were obtained for our prior studies of various cb5r
R91 mutants (12), however, substitution of R91 resulted in
several mutants that were more unstable than the Y93
variants suggesting that R91 may play a greater role in
modulating the affinity for the flavin cofactor than Y93.

The magnitude of the changes in the oxidation-reduction
midpoint potential of the FAD/FADH2 couple (n ) 2) in
some of the Y93-substituted variants, such as the∼ +40 mV
shift for Y93A and S and the∼ -40 mV shift for Y93H,
has confirmed that interactions between the side-chain atoms
of Y93 and the flavin isoalloxazine ring are potentially
significant contributors to the modulation of the thermody-
namic properties of the FAD prosthetic group in cb5r,
whereas, in contrast, substitution of P92 had no impact on
the FAD potential. Chang et al. (30) have suggested that
hydrogen bonding to the phospho-ribityl moiety of the FMN
cofactor of flavodoxin was critical to maintaining the flavin
midpoint potential. However, since the Y93F variant would
be expected to lack the hydrogen bond with the 4′ ribityl of
the FMN portion of the FAD in cb5r, our results suggest
that hydrogen bond interactions with the flavin ribityl moiety
do not appreciably regulate the flavin midpoint potential.

The results obtained from probing the effects of the various
cb5r Y93 substitutions can be contrasted with previous data
obtained from mutagenesis of the corresponding residue in
pea FNR (Y89) (26) which indicated that aromaticity on
residue 89 was essential for FAD binding and correct protein
folding. While the Y89F and Y89W variants could be
generated, although with decreased levels of FAD incorpora-
tion, protein stability and associated catalytic activity, the
latter corresponding to 39% and 0.4% of wild-type values,
respectively, two variants corresponding to Y89S and Y89G
could not be obtained as purified proteins suggesting that
the active site of FNR was significantly less-tolerant of side
chain substitutions at this position than cb5r.

Our studies suggest that alterations in the relatively
nonconserved residues in the “RxYT

SxxS
N” flavin binding

motif have little impact on either the physicochemical
properties of the FAD prosthetic group or the catalytic
efficiency of the enzyme. However, changes in the nature
of the side-chain substituents in the conserved residues, such
as R91 and Y93, exert considerable influence on the
properties of the flavin prosthetic group and significantly
impact cb5r turnover confirming that these residues are
critical to both FAD binding and positioning and to
maintaining the correct architecture of the catalytic site and
the orientation of bound pyridine nucleotides. The results
obtained for cb5r may provide additional general insight into
the effects of similar substitutions in other members of the
FNR family of flavoprotein transhydrogenases.
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