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ABSTRACT: Despite sharing sequence and structural similarities with other diflavin reductases such as
NADPH-cytochrome P450 reductase (CPR) and nitric oxide synthase, flavocytochrome P450BM-3 displays
some unique redox and electron transferring properties, including the inability to thermodynamically stabilize
the neutral semiquinone (SQ) state of the flavin mononucleotide (FMN) cofactor. Rather, the anionic SQ
species is only transiently formed during rapid reduction. Why is this? The absence of a conserved glycine
residue and, as a consequence, the shorter and less flexible cofactor-binding loop in PAS0BM-3 represents
a notable difference from other diflavin reductases and the structurally related flavodoxin. This difference
may facilitate the formation of a strong hydrogen bond between backbone amide NH group of Asn537
and NS5 of the oxidized FMN, an interaction not found in the other proteins. In the flavodoxin, the conserved
glycine residue plays a crucial role in a redox-linked conformational change that contributes to the
thermodynamic stabilization of the neutral SQ species of the FMN through the formation of a hydrogen
bond with the N5H group of the flavin. In this study, a glycine residue was inserted after Tyr536 in the
loop within the isolated FMN-binding domain as well as the diflavin reductase domain of PA50BM-3, a
position equivalent to Gly141 in human CPR. As a result, the insertion variant was observed to accumulate
the neutral form of the FMN SQ species much like CPR. The midpoint potential for the SQ/HQ couple
decreased by 68 mV, while that for the OX/SQ couple remained unchanged. "N NMR data provide
evidence of the disruption of the hydrogen bond between the backbone amide group of Asn537 and the N5
atom in the oxidized state of the FMN. Molecular models suggest that the neutral FMN SQ could be
stabilized through hydrogen bonding with the backbone carbonyl group of the inserted glycine residue in
a manner similar to that of CPR and the flavodoxin. The insertion of the glycine at the same location
within the diflavin domain resulted in a purified protein that retained nearly stoichiometric levels of bound
FAD but tended to lose the FMN cofactor. This preparation retained one-third of the ferricyanide reductase
activity but <1% of the cytochrome c reductase activity of the wild type. However, the insertion variant
reconstituted with FMN regained nearly half of the wild-type cytochrome ¢ reductase activity. These
results demonstrate the importance of the unique structural characteristics of the shorter loop in PAS0BM-3
in establishing the unique redox properties of the FMN in this protein but not its general cytochrome
reductase activity.

Flavocytochrome P450BM-3 from Bacillus megaterium
(CYP102A1) (designated P45S0BM-3' throughout) is a widely
studied fatty acid monooxygenase enzyme, both as a model
system for understanding eukaryotic P450 systems (/) and
as a successful molecular template for generating novel
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P450BM-3 from B. megaterium; CPR, mammalian NADPH-cyto-
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catalytic properties of biotechnological value (2). PA50BM-3
is a multidomain protein consisting of a catalytic N-terminal
heme-containing oxygenase domain and a C-terminal reduc-
tase domain (designated BMR) that closely resembles the
mammalian NADPH-cytochrome P450 reductase (CPR) (3, 4).
CPR and BMR belong to the diflavin reductase family that
utilizes both the FAD and FMN cofactors during electron
transfer (5) and are thought to have evolved from the fusion
of NADP"-ferredoxin reductase and bacterial flavodoxin (6, 7).
CPR (from rat) and BMR are 33% identical in amino acid
sequence and approximately 50% similar in the more highly
conserved regions within NADPH and flavin-binding
sites (4, 6). The FMN-binding domain of P450BM-3
(FBDgy3) shares a similar flavodoxin-like fold with that of
CPR (8—10).
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Despite the overall sequence and structural similarities,
the redox properties of P450BM-3 are rather distinct from
those of CPR and other diflavin reductases. These differences
are primarily attributed to the unique characteristics of the
FMN-binding site. While both enzymes stabilize the neutral
form of the FAD semiquinone (SQ) and have similar
midpoint potentials for both one-electron couples of the FAD,
the redox properties of the bound FMN cofactor are
substantially different. In human CPR, the midpoint poten-
tials of the two one-electron couples of the FMN are well
separated, with the oxidized/semiquinone (OX/SQ) couple
having the highest value of the four flavin couples in this
enzyme (EOX/SQ = —43 mV, and ESQ/HQ = —280 mV) The
neutral form of FMNg, is thermodynamically stabilized (/7).
In contrast, potentials for the one-electron couples for the
FMN in P450BM-3 are more similar, with the highest value
assigned to the semiquinone/hydroquinone (SQ/HQ) couple
(EOX/SQ = =206 mV, and ESQ/HQ = =177 mV) Unlike in
CPR, the FMNyq is not thermodynamically stabilized but
forms transiently as the anionic species (/2). The neutral
SQ state of the FMN in CPR is relatively air stable, while
P450BM-3 is usually purified with both flavin cofactors in
the oxidized state (11, 12). These differences have suggested
that the bacterial enzyme may have evolved distinctly
different electron transfer and/or regulatory mechanisms
compared to other diflavin reductases. CPR is proposed to
cycle in a 1—3—2—1 sequence of reduced states of flavin
cofactors (the values represent the total number of electrons
within the reductase) (/7). Both the SQ and HQ states of
the FMN are capable of electron transfer to the cytochrome
acceptor, with early studies favoring FMNyq as the primary
donor. However, more recent pre-steady-state investigations
and kinetic reevaluations suggest that only the neutral FMNgq
redox species is kinetically competent to do so under steady-
state turnover conditions (see the arguments in ref 5). In
contrast, BMR cycles through a 0—2—1—0 redox sequence
with FMN shuttling between the OX and SQ states. In this
case, only the anionic FMNgq is capable of delivering an
electron to the heme (/2). The thermodynamically more
favored FMNyq in P4A50BM-3 appears to be ineffective as
an electron donor for heme iron reduction, and the enzyme
usually becomes catalytically inactive when “over-reduced”
to this redox state (12, 13).

The lack of stabilization of the FMNgq species of
P450BM-3 has been attributed to the unique environment
of the FMN compared to CPR and its structural homologue,
the flavodoxin (8, 9, 14). For example, the FMN-binding
site in P450BM-3 lacks the cluster of acidic amino acids
that is found in both CPR and flavodoxin (8, /4). A generally
negative electrostatic environment provided by these charged
residues in the FMN-binding site influences the relative
stability of the anionic HQ species in flavodoxin (/5). The
FMN-binding loop adjacent the N5/C40 edge of the isoal-
loxazine ring in P450BM-3 is shorter by one residue, contains
a tandem Pro-Pro sequence, and is thought to be less flexible
than its counterpart in CPR (Figure 1) (9). Furthermore, the
highly conserved glycine residue found in the flavodoxin
(Gly57 and Gly61 in Clostridium beijerinckii and Des-
ulfovibrio vulgaris, respectively), CPR (Gly141), and several
other diflavin reductase enzymes is absent in PASOBM-3. In
the flavodoxin, a redox-linked conformational change involv-
ing this glycine residue plays a crucial role in the modulation
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A P450BM-3 530 LIVTASY-NGHPPDNAKQFVDWL

CPR 134 VFCMATYGEGDPTDNAQDFYDWL
nNOS 803 LVVTSTFGNGDPPENGEKFGCAL
SR 112 IVVTSTQGEGEPPEEAVALHKFL
MSR 54 VVVVSTTGTGDPPDTARKFVKEI
NR1 55 IFVCATTGQGDPPDNMKNFWRFI

FIGURE 1: (A) Amino acid sequence alignment for the binding
region flanking the re face of the FMN cofactor for six members
of the diflavin reductase family, including flavocytochrome P450BM-
3, human cytochrome P450 reductase (CPR), rat neuronal nitric
oxide synthase (nNOS), Escherichia coli sulfite reductase (SR),
human methionine synthase reductase (MSR), and human novel
reductase 1 (NR1). Note that the conserved glycine residue
highlighted in red is missing in PAS0BM-3. (B) Structural alignment
for the inner FMN-binding loops of D. vulgaris flavodoxin [PDB
entry 3fx2 (green)], human CPR [PDB entry 1blc (blue)], and
P450BM-3 [PDB entry 1bvy, F chain (orange)]. The flavin cofactor
is colored yellow. Note that the loop in PA5S0BM-3 is the shortest
one among the three with tandem proline residues situated at the
end. The orientations of the carbonyl groups of the conserved
glycine residues in CPR and flavodoxin (Glyl41 and Gly61,
respectively) are indicated by arrows. This figure was generated
using PyMOL (49).

of the flavin potentials and the thermodynamic stabilization
of the neutral flavin SQ through the formation of a hydrogen
bond with the NSH group of the FMN (/6—18). A similar
role for the equivalent glycine residue has also been proposed
in CPR and nitric oxide synthase (19, 20). However, unlike
CPR and flavodoxin, the shorter loop in FBDgy3 places the
backbone amide NH group of Asn537 in a position to serve
as a hydrogen bond donor to N5 of the FMN in the OX
state (9). The shorter loop, which adopts a tight S-turn
stabilized by two backbone hydrogen bonds, would also seem
to preclude a similar redox-linked structural change (9).

To test the hypotheses, the FMN-binding loop in FBDgy;
was extended by introducing a glycine residue at a position
corresponding to residue Gly141 in human CPR and Gly57
in C. beijerinckii flavodoxin. This insertion served three
purposes. (1) The glycine insertion generates a loop sequence
and size that are comparable to those of the other members
of the diflavin family. (2) The insertion should disrupt the
hydrogen bond with N5 of the FMN in the oxidized state.
(3) The expanded loop size and the unique structural features
of the glycine residue itself should provide for greater
conformational flexibility that could lead to the stabilization
of the neutral FMNjgq species through a hydrogen bonding
interaction like that in the flavodoxin and CPR. Because of
the unique characteristics displayed by this insertion variant,
glycine was also introduced into the diflavin reductase
domain (BMR) of the monooxygenase to establish its effect
on electron transfer activities.
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EXPERIMENTAL PROCEDURES

Molecular Cloning and Site-Directed Mutagenesis. The
recombinant forms of the FMN-binding domain (amino acids
471—649) as well as the diflavin reductase portion (amino
acids 471—1048) of wild-type flavocytochrome P450BM-3
were each cloned separately into the EcoRI and BamHI
restriction sites of the pT7-7 expression vector (Worthington
Biochemical Corp.) and successfully overexpressed in E. coli
by a variation of previous reports (/2, 21, 22). The
QuikChange site-directed mutagenesis method (Stratagene)
was used to generate the glycine insertion variant in the
FMN-binding domain (designated throughout as G537,,) as
well as in the diflavin reductase construct (BMR-Gly;y,,). The
insertion was introduced between Tyr536 and Asn537 within
the loop that flanks the N5/C40 edge of the FMN isoallox-
azine ring using the oligonucleotide 5-GTAACGGCGTCT-
TATGGCAACGGTCATCCGCC-3’ (forward primer shown;
inserted bases are underlined). The insertion and the integrity
of the entire open reading frame in all plasmid recombinant
constructions were confirmed by automated DNA sequence
analysis.

Protein Sample Preparation and Flavin Analysis. The
wild-type FBDgy3 and G537, proteins were expressed in
the BL21(DE3) strain of E. coli and purified as described
previously (21) except that the proteins were eluted from
the DEAE-Sephacel column using a linear gradient from 0
to 500 mM NaCl in 50 mM Tris buffer (pH 7.4) containing
0.1 mM EDTA, 0.05 mM DDT, and 10% glycerol. Fractions
containing the protein of interest were pooled, concentrated
by ultrafiltration, and subjected to gel permeation chroma-
tography (27). Wild-type BMR and BMR-Gly;,s were purified
by affinity chromatography followed by gel permeation
chromatography. The protocol described by Rock et al. (23)
was used for the affinity chromatography step on 2’,5-ADP
agarose (Sigma) except that different buffer compositions
were used: buffer A contained 50 mM Tris (pH 7.7), 0.1
mM EDTA, 0.05 mM dithiothreitol, and 10% glycerol for
cell suspension as well as the first wash step; the elution
buffer contained buffer A, 20 mM 2’(3”)-AMP, and 100 mM
NaCl. The flavin content (FAD and FMN) of the BMR
preparations was determined by HPLC using a procedure
similar to that described by Marohnic et al. (24). Typically,
a significant loss of the FMN cofactor was noted for the Gly;ps
variants during the purification procedure. The weaker FMN
binding has been noted by others and may be related, in part,
to the significantly higher Ky value for the reduced FMN
that was subsequently determined for this variant and our
general observation that recombinant flavoproteins are often
extracted initially from bacterial cells in the partially reduced
state. However, the holoproteins could be reconstituted to
various extents by incubation with excess FMN on ice for
at least 6 h in the dark. Excess flavin was removed by dialysis
against 50 mM sodium phosphate buffer (pH 7.0) for FBDgy3
proteins and 100 mM Tris buffer (pH 7.4) for BMR proteins.

Spectral Analyses and Determination of the One-Electron
Midpoint Potentials. All ultraviolet—visible absorbance
spectra were recorded on a Hewlett-Packard 8453 photodiode
array spectrophotometer at 25 °C in 50 mM sodium
phosphate buffer (pH 7.0). The anaerobic reduction of the
protein samples by sodium dithionite and the determination
of midpoint potentials for both the OX/SQ and SQ/HQ
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couples were performed as described previously (27). An-
thraquinone 2,6-disulfonate (E,,; = —184 mV) and an-
thraquinone 2-sulfonate (E,,; = —225 mV) were used as
indicator dyes for establishing the system potential (25). Data
analysis was performed using SigmaPlot (version 9.01,
SYSTAT Software, Inc.). The absorbance at 590 nm (the
maximum extinction for the neutral SQ form of the flavin)
was plotted as a function of the system potential at each point
in the titration and after equilibrium had been established
(no further spectral changes). Midpoint potentials for both
couples were estimated by fitting the plot to the following
equation, which represents a two-electron redox process
derived from the Nernst equation and the Beer—Lambert law,
as described elsewhere (11, 22):

ax 105750 4 p 4 ¢ x 10

AT —
1+ lo(Eh—El')/59 + lo(Ez'—Eh)/59

ey

where A is the total absorbance at 590 nm, a, b, and ¢ are
the component absorbance values for oxidized, semiquinone,
and reduced flavin, respectively, Ej, is the system potential,
and E;” and E," are the midpoint potentials for the OX/SQ
couple and the SQ/HQ couple, respectively.

Determination of the Dissociation Constant and Binding
Free Energy for the FMN Cofactor. The dissociation constant
(Ky) for the oxidized FMN was determined at 25 °C by
titrating flavin solutions with apoprotein that had been freshly
prepared in 50 mM sodium phosphate buffer (pH 7.0)
containing 10 mM f-mercaptoethanol (26) while monitoring
the spectral changes by ultraviolet—visible spectroscopy. The
K, values were determined by nonlinear regression analyses
of the absorbance changes at 440 and 494 nm (from the
difference spectra) as a function of added apoprotein (21).
All titration data conformed to a hyperbolic binding isotherm
involving a single binding site. The Ky values for the SQ
and HQ states, which cannot be determined directly, were
calculated using the thermodynamic cycle linking the K, for
the oxidized FMN complex and the midpoint potentials for
each couple of the bound and free FMN (27).

BN and TH—"N HSQC NMR Spectroscopy. Samples of
the G537, variant reconstituted with "N-enriched FMN
were prepared for both one-dimensional (1D) N and two-
dimensional (2D) 'H—'"N HSQC NMR spectroscopy as
follows. The '>N-enriched FMN was prepared by the
extraction and purification of the cofactor from recombinant
C. beijerinckii flavodoxin overexpressed in E. coli cultured
in minimal medium containing "NH,CI (28). A sample of
the lyophilized '*N-enriched FMN was dissolved in a solution
containing a 4—5-fold molar excess of the G537,,, apoprotein
to form the reconstituted holoprotein sample for spectros-
copy. Excess apoprotein was added so we could be more
certain that all the labeled flavin was bound. For NMR
experiments involving the reduced protein, oxygen was
removed by extensively flushing the sample with prepurified
argon for 30—40 min followed by the addition a slight molar
excess of a freshly prepared sodium dithionite solution to
ensure complete reduction of the FMN cofactor. Both 1D
N and 2D 'H—""N HSQC NMR experiments were per-
formed on a Bruker DMX 600 MHz NMR spectrometer.
1D N NMR spectra were recorded at ambient temperature
for the oxidized and reduced protein samples (1 mM each)
in 100 mM sodium phosphate buffer (pH 7.0) containing
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10% D0. The experiments were carried out with a 30° >N
flip angle, inverse-gated 'H decoupling with a 100 us 'H
90° pulse for the WALTZ-16 decoupling sequence, and a
recycle time of 3.00 s. The "N chemical shifts were
referenced to an external standard of ['’N]urea set at 76.0
ppm. Samples for the 2D 'H—'N HSQC experiment
contained approximately 500 uM fully reduced protein in
the same buffer as described previously, with 5 mM DTT
to reduce the level of protein aggregation or precipitation.
The NMR data were acquired using an established protocol
(28) except that a fast-HSQC pulse sequence (29) with 'H
and PN sweep widths of 9615 and 2432 Hz, respectively,
was used for the acquisition of spectra and temperature
calibration was performed using methanol. Proton chemical
shifts were referenced externally to sodium 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS).

Molecular Modeling and Computations. A molecular
model of the G537;,s protein was built using Swiss-PDB
Viewer initially on the basis of the three-dimensional (3D)
coordinates of wild-type PA50BM-3 (PDB entry 1bvy, chain
F) (9) and the FMN-binding domain of human CPR (PDB
entry 1blc) (8). As a starting point, the polypeptide backbone
configuration (¢ and 1 angles) was set to closely approximate
the corresponding loop in CPR, which is similar in size to
the corresponding loop in P450BM-3 after the glycine
insertion. The geometry of the loop with the insertion was
optimized using the AMBER molecular mechanical force
field as implemented in the HyperChem modeling package
(version 7.5, Autodesk, Inc.) using the Polak-Ribiere con-
jugate gradient algorithm. A distance-dependent dielectric
parameter with a scale factor of 1 was used to simulate
solvent effects. Also, 1—4 scale factors of 0.5 with no cutoff
for the nonbonded interactions were selected in the calcula-
tion. A variety of initial loop structures were geometry
optimized until a consistent convergent structure was achieved.
The quality of the model was evaluated and compared with
those of template structures using PROCHECK (version 3.5)
(31) and WHAT IF (version 4.99) (32).

Cytochrome ¢ and Ferricyanide Reductase Activity of
BMR. Cytochrome ¢ and ferricyanide reductase steady-state
turnover activities for the BMR constructs were determined
by established methods (30). A typical assay for cytochrome
¢ reductase activity was conducted in 100 mM Tris buffer
(pH 7.4) containing 100 4uM NADPH and 65 uM cytochrome
c. Reductase activity was calculated using a difference molar
extinction coefficient for cytochrome c.q—cytochrome cox
at 550 nm of 21 mM™! cm™!. Similarly, ferricyanide
reductase activity was assayed by replacing cytochrome ¢
in the mixture described above with 500 uM potassium
ferricyanide. The molar extinction coefficient of 1.02 mM ™!
cm™! at 420 nm was used to determine the rate of ferricya-
nide reduction.

RESULTS

Spectral and Redox Properties. The absorbance spectrum
of G537;,, after reconstitution with FMN exhibited two
characteristic flavin absorbance maxima at 374 and 451 nm
in the visible region (Figure 2). The absorbance maxima were
blue-shifted by 16—17 nm compared to those of wild-type
FBDgwms (390 and 468 nm). The shoulder near 480 nm and
the broad absorption band between 550 and 700 nm that has
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FIGURE 2: Ultraviolet—visible absorption spectra of wild-type
FBDgys (20 uM) (---) and the G537, variant reconstituted with
FMN (18 uM) (—) both in the oxidized state. Both spectra were
recorded in 50 mM sodium phosphate buffer (pH 7.0). The shoulder
at ~500 nm (indicated by the arrow) and the charger transfer band
(550—700 nm) observed in wild-type FBDgyj3 were less pronounced
in G537,

been attributed to a weak charge transfer complex between
the oxidized flavin ring and the flanking coplanar tryptophan
residue were less pronounced than for the wild type (9). Such
spectral shifts are indicative of greater solvent exposure of
the isoalloxazine ring and/or a weakening of hydrogen
bonding interactions (33).

The spectral changes occurring during the anaerobic
reductive titration of G537;,, with sodium dithionite were
substantially different from those for the wild type (Figure
3). Reduction of wild-type FBDgy3 proceeded as a single,
two-electron process from the OX to the HQ state, reflected
by the appearance of a distinct isosbestic point at 348 nm
with no appreciable accumulation of either ionization state
of the FMNg, (Figure 3A) (34). The titration of G537;,s with
sodium dithionite under similar conditions resulted in ab-
sorbance decreases at both 451 and 374 nm. However, in
marked contrast to that of the wild type, an absorbance band
between 520 and 700 nm was observed. This band, with a
maximum around 590 nm, has the unmistakable spectral
characteristics of the neutral form of the SQ (Figure 3B).
The formation of the neutral SQ was fully reversible in that
it accumulated to the same extent (approximately 55% of
the maximum theoretical formation) when the fully reduced
protein was reoxidized with potassium ferricyanide (data not
shown). The accumulation of the neutral SQ was a surprising
outcome in that wild-type P4A50BM-3 does not form a stable
FMNjg, species, with the anionic form formed only tran-
siently during reduction by dithionite in a stopped-flow
spectrophotometer (/2). There was no evidence of the
transient formation or accumulation of the anionic SQ species
in the insertion variant. Interestingly, the accumulation of
the neutral form of FMNjq in G537,,; was more characteristic
of the FMN-binding domain in mammalian CPR (/7).

The midpoint potentials of both one-electron couples for
the G537;,s variant were determined by monitoring the
spectral changes at 590 nm associated with the formation of
the neutral SQ species during anaerobic reductive titrations.
Appropriate redox indicator dyes were included to establish
the system potential (27). The midpoint potentials established
for each of the one-electron couples for G537;,; were found
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FIGURE 3: Representative ultraviolet—visible absorbance changes
during anaerobic reductive titrations of wild-type FBDgwm3 (A) and
G537;s (B) in 50 mM sodium phosphate buffer (pH 7.0). The
arrows in both figures show the direction of the spectral change
during the titration. A distinct isosbestic point that appeared at 348
nm (indicated by an asterisk) for the wild-type protein was absent
for the insertion variant. The inset is a plot of absorbance at 590
nm vs the system potential (E,) obtained from several titrations
for G537;,s. The midpoint potential for each one-electron couple
was estimated by fitting the data to eq 1 as described in
Experimental Procedures.

to be reversed compared to those for wild-type FBDgy3 (22).
While the Eox/sq of G537, exhibited a value of —198 mV,
which is similar to that of wild-type FBDgy; (—206 mV),
the Egomq shifted by >65 mV to a more negative value of
—245 mV compared that of the wild type (—177 mV) (Table
1). Interestingly, the midpoint potential for the OX/SQ couple
in the G537;,s variant remained significantly lower than for
the human CPR (—43 mV), while Egonqo became more
comparable (—280 mV) (/7). The potential difference
between the one-electron couples of ~47 mV in the G537,
variant was in close agreement with that calculated from the
stability constant (K;) for the neutral SQ based on its
accumulation (~55%) in both in the reductive and oxidative
titrations and the following relationship:

[FBD, ]’ F . .
T IFBD Bl PLRT Fovs ™ Esamd)
@)

The extent of accumulation of the neutral SQ and the
difference between the midpoint potentials of the two couples
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are substantially smaller than for those observed in human
CPR and C. beijerinckii flavodoxin, ~240 and ~ 300 mV,
respectively (11, 17).

Binding of the FMN to G537, in Each Oxidation State.
A feature of wild-type FBDgys; is the rather modest difference
in the binding of each of the three oxidation states of the
cofactor compared to those of many of the other FMN-
binding domains. Binding free energies of —10.1, —10.8,
and —10.7 kcal/mol were established for the OX, SQ, and
HQ states, respectively (Table 1). The dissociation constant
(Ky) for oxidized FMN for the G537,,, variant was deter-
mined directly by spectrophotometric titrations to be 408 nM.
This represents an ~10-fold increase compared to that for
wild-type FBDgy;3 determined here under similar conditions
(41 nM) and the published value of 31 nM from Haines et
al. (26). This change represents a loss of ~1.4 kcal/mol of
binding free energy. The Ky values for the SQ and HQ states,
which cannot be established directly, were calculated from
the experimental values for the midpoint potentials for each
couple and the K, for the oxidized FMN based on a linked
equilibrium analysis (27). The values were determined to
be ~7- and ~105-fold higher for the SQ and HQ states,
respectively, than for wild-type FBDgy3 (Table 1). The free
energy of binding of the FMN in the SQ state was increased
by 0.9 kcal/mol relative to the OX state for the insertion
variant. The FMNyo complex was substantially less stable
(by ~2.7 kcal/mol) than the wild-type protein and ~1.6 kcal/
mol less stable than the SQ complex in G537, This
observation contrasts with that for the wild type, for which
there is little difference between the binding of the SQ and
HQ species.

SN NMR Studies of G537, Previous studies of the
flavodoxin have shown that while the N5 atom of the FMN
is not hydrogen bonded in the oxidized state, a redox-linked
conformation change permits the formation of such a bond
between a protein backbone carbonyl group and the N5H
group of the flavin in both the neutral SQ and HQ states
(17). This interaction results in the thermodynamic stabiliza-
tion of neutral FMNjgq and the higher potentials for the OX/
SQ couple that characterize these proteins. X-ray crystallo-
graphic and NMR spectroscopic studies support a similar
peptide backbone-mediated stabilization of these redox states
in human CPR (8, 19). In contrast, a strong hydrogen bond
between the N5 atom of the flavin and the amide NH group
of the peptide backbone is already established in the OX
state in wild-type FBDgy3 (9). With those observations in
mind, 1D N NMR studies were initiated to evaluate the
effect of the glycine insertion on the changes in hydrogen
bonding and the flavin environment in both OX and HQ
states of the FBDgy3. The 1D N NMR spectrum of
apoG537,,, reconstituted with ['"N]JFMN in the OX state is
shown in Figure 4 along with the wild-type FBDgy; spectrum
for comparison. Three resonance peaks were observed for
the G537y, variant (Figure 4A). The >N chemical shifts were
assigned for the N1, N3, and N10 atoms by comparison to
wild-type FBDgys (21) (Figure 4B and Table 2). The
resonance for the N5 atom was not as clearly established. A
weak signal was occasionally observed in the 310 ppm
region; however, the signal-to-noise ratio in this region was
poor, and this chemical shift value was outside the typical
range for the N5 atom in aqueous and apolar environments
(35). It is also possible that the N5 resonance has been
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Table 1: One-Electron Midpoint Potentials, Dissociation Constants, and Binding Energies for Each Oxidation States of the FMN Cofactor in Wild-Type

FBDBM3 and G5 37ins

midpoint potential (mV) Ky (uM)? Gibbs free energy (kcal/mol)

EOX/SQ ESQ/HQ (0),4 SQ HQ AGOX AGSQ AGHQ
wild type —206“ —177¢ 0.041 £0.018 0.012 0.014 —10.1 —10.8 —10.7
G537ns —198 £ 11 —245 £ 14 0.41 +0.09 0.086 1.47 —8.7 —9.6 —8.0

“ From ref 22. ” K, values in the OX state were determined by spectrophotometric titration of FMN with apoprotein, and those in the SQ and HQ

states were calculated as described in Experimental Procedures (27).
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FIGURE 4: (A) 1D N NMR spectra of the G537;, variant
reconstituted with '*N-enriched FMN in the oxidized state. The N
chemical shift values of 187.1, 159.8, and 157.9 ppm for the three
resonance peaks were assigned to the N1, N10, and N3 atoms of
the flavin, respectively. A signal was occasionally observed at ~310
ppm as shown in this spectrum but was not conclusively assigned
(see Results). For comparison, the SN chemical shift values
assigned for the N5, N1, N10, and N3 atoms for the FMN bound
to wild-type FBDgy3 are 321.5, 189.0, 162.6, and 160.5 ppm,
respectively (B) (27). Both spectra were recorded under similar
conditions with the proteins dissolved in 100 mM sodium phosphate
buffer (pH 7.0) containing 10% DO, and using ['’N]urea as the
external standard reference.

Table 2: N Chemical Shift Values for Free and Bound FMN in the
Oxidized State

SN NMR chemical shift (ppm)

atom FMN¢ TARF* wild-type FBDpy3” G537,
N1 190.8 199.9 189.0 187.1
N3 160.5 159.8 160.5 157.9
N5 334.7 3443 3215 (309.8)
N10 164.6 150.2 162.6 159.8

“ From ref 35. TARF, tetraacetylriboflavin in CHCl;. ’ From ref 21.

broadened beyond detection due to conformational flexibility
introduced into this region by the insertion, with the
resonance at ~310 ppm representing an artifact. Unfortu-
nately, the extension of data recording times beyond 36 h to
improve the signal-to-noise ratio in this region resulted in
protein precipitation. Nonetheless, the data suggest that the
hydrogen bond and the environment of the N5 atom of the
FMN have been significantly perturbed in the G537, variant.

As for wild-type FBDgys, the N chemical shift of the
N1 atom in G537;,, was shifted upfield relative to FMN in
aqueous solution (Table 2). For pyridine-type nitrogen atoms,
such shifts are reflective of hydrogen bonding at N1 of the
oxidized flavin (36). Although pyrrole-type nitrogen atoms

such as N3 and N10 of flavin in the OX state are rather
insensitive to changes in hydrogen bonding interactions,
small downfield shifts do occur in response to such interac-
tions (36). The PN chemical shift for the N3 atom in the
insertion variant shifted upfield by ~2.6 ppm (to 157.9 ppm)
relative to that of the wild type (Figure 4 and Table 2),
reflecting a weaker hydrogen bonding interaction at the N3H
group in G537;,,. The N10 atom of G537, resonates at 159.8
ppm, which was upfield by ~2.8 ppm from those of FMN
in an aqueous environment and wild-type FBDgy;, but
downfield from TARF in CHCl; (Table 2). Because the N10
atom cannot form hydrogen bonds, this upfield shift must
be explained in some other manner. The shift could result
from a decrease in the degree of sp? hybridization if the atom
was moved slightly out of the plane of the isoalloxazine ring
(35) or from a change in the polarization of the isoalloxazine
ring due to a weakening of the hydrogen bonding interactions
at C20 and C40 (37). However, these groups interact with
the backbone amide NH group of GIn579 and side chain
hydroxyl group of Thr577 in the wild-type domain which
are located on an adjacent loop (9). The upfield shift of the
N10 resonance could also result from the disruption of the
hydrogen bond at the N5 atom of the FMN (35, 37) as a
result of the glycine insertion.

Both the >'N—"H coupling constant and >N chemical shift
changes for the fully reduced state of wild-type FBDgys
suggest a high degree of sp® character of the N5SH group
due to the out-of-plane puckering of the central flavin ring,
perhaps preventing the potential clash with the backbone
amide group of Asn537 in the reduced enzyme (27). A
similar investigation for the G537;,, variant in the reduced
state would be intriguing because of our hypothesis that this
interaction was disrupted by the insertion. Unfortunately, we
were unable to obtain satisfactory results for the reduced
G537;,s by 1D SN NMR analyses due to very weak signals
typically associated with '’'N NMR analyses, the tendency
for the sample to reoxidize and precipitate during extended
data acquisition times. Alternatively, '"H—""N HSQC NMR
studies on reduced G537, were initiated because of its
increased sensitivity, although this approach would be
responsive to only the N3H and N5H moieties. Only the
cross-peak for the N3H group of the reduced G537;,s was
observed (data not shown). The absence of a signal attribut-
able to the NSH group was consistent with the 1D NMR
results, again suggesting a rapid proton exchange with the
solvent and/or signal broadening due to rapid changes in its
environment. The temperature coefficient (AS/AT) for the
proton chemical shift has been used as an indicator of relative
hydrogen bonding strength in that the chemical shift of the
amide proton that is exposed to solvent is more sensitive to
temperature than those involved in intermolecular hydrogen
bonding (28, 38). This approach was applied here. The
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temperature coefficient for N3H in reduced G537;,, was
found to be —4.4 ppb/K, a value similar to that for an amide
proton involved in an intramolecular hydrogen bond (39),
but that was 3-fold higher than that determined for the wild
type under similar conditions (—1.65 ppb/K). These results
indicate that the hydrogen bonding interaction at the N3H
group was retained but significantly weakened by the glycine
insertion, a conclusion consistent with the 1D NMR data.
Unfortunately, the absence of an HSQC signal precluded a
similar analysis for the N5H group.

Molecular Modeling. To gain structural insights into how
the inner FMN-binding loop of G537, interacts with its
flavin cofactor, a structural model of G537, was generated.
The X-ray crystal structure of wild-type FBDgy3 served as
the initial template, and because of the general sequence
homology of the two loops after the insertion, the FMN-
binding domain of CPR was used as a guide (8, 9). As a
starting point for the model, the backbone torsion angles of
seven residues (3**A-S-Y-G-N-G-H>¥) flanking the re face
of the FMN isoalloxazine ring were initially adjusted to
values similar to those of the corresponding residues in CPR
with Swiss-PDB Viewer. The modeled loop was then
subjected to multiple rounds of geometry optimization using
the AMBER molecular mechanical force field and evaluated
by structure validation software as described in Experimental
Procedures. As a check, the initial structure of the loop was
repeatedly adjusted and reoptimized to establish that the loop
converged to the final structure reported here.

Compared to the wild-type FBDgy3 structure, the final
positions of the a-carbon atoms of the loop in the modeled
structure of G537,;,, were more similar to those of the human
CPR with a root-mean-square deviation (rmsd) of 0.83 A
(Figure 5A). The inserted glycine residue was situated at a
position corresponding to Asn537 in the wild-type structure.
Perhaps the most significant structural consequence of the
insertion was the dislocation of the backbone amide nitrogen
atom of Asn537 to a position that was at least 2.5 A farther
from the N5 atom of the flavin (Figure SA). This displace-
ment would certainly disrupt the hydrogen bond between
Asn537 and the oxidized FMN that is observed in the wild-
type structure (9). Furthermore, the amide NH group of the
inserted glycine was positioned 3.7 A from the N5 atom, a
distance quite comparable to that of Gly141 in human CPR
(3.8 A) and too large for the formation of a new hydrogen
bond at this position in the oxidized state, just as observed
for human CPR and the flavodoxin (8). However, the
carbonyl group of the inserted glycine was within a suitable
distance to serve as a hydrogen bond acceptor for the NSH
group in the reduced states of the FMN. The functional
significance of this observation will be discussed below. The
rest of the enlarged loop in G537, appears to be stabilized
by maintaining the two hydrogen bonds that are present
between the backbone atoms of Tyr536 and His539 that help
form a type I’ turn with Gly538 at the third position in the
wild type (9). However, a different turn conformation was
adopted that more closely resembles that of human CPR
(Figure 5B). Two tandem proline residues, located at the end
of the loop, remain in backbone conformations similar to
that in the wild type. The side chain of Tyr536, which stacks
on the re face of the flavin ring and hydrogen bonds with
the phosphate group in wild-type FBDgy3 (9), was also in a
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FIGURE 5: (A) Peptide loop of the G537;,; model (cyan) flanking
the re face of the FMN cofactor (yellow) superimposed with the
analogous regions of wild-type FBDgy3 [PDB entry 1bvy, F chain
(orange)] and CPR [PDB entry 1blc (blue)]. The structure of the
loop region of G537, closely resembles that of the human CPR.
Note that Asn537 in the wild-type structure was pushed away from
the N5 atom (highlighted in blue) in the modeled structure. Potential
hydrogen bonds between N5 and the glycine residues in CPR
(G141) and the modeled structure (G537%) are indicated by dashed
lines. (B) Superposition of the residues 3°Y-G-N-G°*® in the
modeled structure (cyan) and the corresponding residues in CPR
(blue). The carbonyl group of the inserted glycine residue (G537%)
in the modeled structure was oriented toward the FMN, and the
potential hydrogen bond with the N5 atom of the cofactor is
indicated by the dashed line. Both figures were generated using
PyMOL (49).

similar position as in the wild-type structure, implying that
these interactions can still be maintained in G537;,,.

Electron Transferring Activity of the Diflavin Reductase
Domain (BMR) Containing the G537 Insertion. The glycine
insertion was initially introduced into just the FMN-binding
domain to greatly facilitate the characterization of the effects
of this alteration on the redox properties of the bound FMN,
the principal goal of this study. However, this construction
precluded the investigation of its effects on the electron
transferring activities of this protein. The electron transferring
characteristics of the diflavin reductase domain (BMR) of
flavocytochrome P450BM-3 have been studied extensively
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Table 3: Steady-State Kinetic Measurements of the Wild-Type BMR
and BMR-Gly;,s toward Electron Acceptors

turnover number (min~')*

BMR-Glyi,s
electron acceptor  wild type  without FMN  with FMN  CPR”
ferricyanide 7300 £370 2500 £ 120 2000 £ 100 4300
cytochromec 4200 £ 330 I1+1 1900 & 130 2300

“Values were determined from at least three independent
measurements under the assay conditions described in Experimental
Procedures. ® From ref 50. € Reactions were performed in the presence
of a 2-fold molar excess of FMN over BMR-Glyj. 9 From the average
maximal rate obtained under the conditions described in the legend of
Figure 6.

and have been compared to those of the mammalian CPR.
Thus, the glycine insertion was introduced at the level of
BMR (i.e., BMR-Gly;,,) to assess its effects on the cyto-
chrome reductase activity. Unlike for the wild-type BMR
prepared in the same way, flavin analyses of the purified
BMR-Gly;, protein indicated that while nearly stoichiometric
amounts of FAD were bound, nearly all the FMN cofactor
was absent as purified. The loss of FMN in BMR-Gly;,s was
anticipated on the basis of our observations of the loss of
FMN during purification and the higher Ky determined for
this variant at the FBDpgy3 level (see above). Partial
reconstitution of BMR-Glyj,s could be achieved by incubation
of the purified protein with a 5-fold excess of FMN followed
by dialysis. Flavin analysis revealed that BMR-Gly;,s could
be partially reconstituted but retained only 0.17 mol of FMN
per mole of enzyme (and FAD) under these conditions. These
results are corroborated by the activity measurements below
and are also consistent with the inability to fully reconstitute
the FBDgy; with FMN. The reasons for the incomplete
reconstitution of the glycine insertion variants are not known
at this time.

Steady-state turnover measurements were initially per-
formed for BMR-Gly;,, toward an external electron acceptor,
cytochrome c, in the absence and the presence of free FMN.
As purified, BMR-Glyj;,s displayed <1% of the cytochrome
c reductase activity of the wild-type BMR (11 £ 1 and 4200
+ 330 min~! for BMR-Gly;,, and wild-type BMR, respec-
tively) (Table 3). This result was not surprising given the
near absence of FMN in this preparation. The specific activity
did increase by at least 23-fold upon incubation with an
excess of FMN (to a value of 260 + 81 min~' based on the
total amount of the BMR-Gly;,s protein added to the assay),
but still only recovering ~6% of that for the wild-type
reductase. The reduced activity seemed to correlate with the
level of reconstitution of BMR-Glyy,s with FMN as described
above. To be more certain of the true activity of the
reconstituted variant under controlled conditions to monitor
complete reconstitution, the cytochrome c¢ reductase activity
was assayed as follows. Stock solutions containing increasing
levels of the BMR-Gly;,s protein (as purified lacking the
bound FMN) and a constant concentration of free FMIN were
preincubated for at least 1 h on ice prior to assaying for
cytochrome ¢ reductase activity. The activity was observed
to increase in proportion to the amount of protein present
until a maximal activity was achieved, presumably when all
the FMN was bound (Figure 6). However, this level was
first attained when the total protein concentration was ~9-
fold greater than that of the added FMN. Under these
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FIGURE 6: Reconstitution of cytochrome ¢ reductase activity for
BMR-Glyiy,,. Increasing levels (from 24 nM to 1.92 uM) of the
BMR-Gly;,s protein (as purified lacking the bound FMN) were
preincubated for 1 h on ice either in the absence (A) or in the
presence of a constant concentration of free FMN (120 nM) (@)
prior to assaying for cytochrome ¢ reductase activity in 100 mM
Tris buffer (pH 7.4) at 25 °C as described in Experimental
Procedures. Each data point represents the average (Zstandard
deviation) of at least three independent determinations in the
presence of FMN. The specific reductase activities based on total
protein assayed were derived from the slope for each set of enzyme
assays [lines 1 and 2; 11 £ 1 and 200 £ 5 mol min~' (mol of
protein) !, respectively]. The specific activity of the fully recon-
stituted BMR-Gly;,s was estimated to be 1900 4 130 mol min~!
(mol of holoenzyme)~! based on the maximum activity that was
attained when the FMN apparently became limiting (line 3) and a
maximal level of holoenzyme was formed. Maximal activity was
reached when a 9-fold excess of BMR-Gly;,s protein was added
(intercept of lines 2 and 3), suggesting that only ~11% of the
protein could be reconstituted with FMN under these conditions.

conditions, it was expected that if all the protein was capable
of binding the FMN, maximal activity would be achieved
when the concentration of the added protein was equal to
that of the FMN in solution. These data provide persuasive
evidence that only ~11% of BMR-Glyy,, is capable of
binding FMN and, thus, regaining reductase activity. In light
of this, the specific activity of the reconstituted holoprotein
was calculated to be 1900 4= 130 min~! or ~45% of that of
wild-type BMR assayed under similar conditions.

In addition to cytochrome ¢ reductase activity, ferricyanide
reductase activity was also determined for BMR-Gly;,;. While
the presence of both FMN and FAD is required for the
reduction of cytochrome c, it has been shown that the reduc-
tion of ferricyanide depends only on the FAD domain in
wild-type P450BM-3 (30). The FMN-deficient BMR-Glyjy
exhibits 34% of the wild-type ferricyanide reductase activity
in the absence of free FMN (2500 £ 120 and 7300 + 370
min~! for BMR-Gly;,, and the wild type, respectively).
Interestingly, the insertion variant exhibits slightly decreased
ferricyanide reductase activity (2000 £ 100 min~!) in the
presence of a 2-fold excess of FMN (Table 3).

DISCUSSION

The unique properties of flavocytochrome P450BM-3
provide an excellent means of improving our knowledge
of the mechanisms by which flavoproteins modulate the
redox and physicochemical properties of the bound flavin
cofactor, a long-term focus of this laboratory. The absence
of a conserved glycine residue in the shortened loop of
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P450BM-3 when compared to the flavodoxin-like FMN-
binding domains of several diflavin reductase enzymes
such as the mammalian CPR (8, 10), nitric oxide synthase
(20), novel reductase 1 (40), methionine synthase reductase
(41), and bacterial sulfite reductase (42) (Figure 1A)
served as the target for this study. The results obtained
provide both general insights into the various mechanisms
by which flavoproteins regulate the redox properties of
the flavin cofactor(s) and the electron transfer activities
of diflavin reductases.

In the flavodoxin, the equivalent glycine is known to
be crucial in establishing the redox potentials and proper-
ties of the bound flavin cofactor (14, 18, 43—45). A redox-
linked reorientation of the backbone carbonyl group of
this residue from a position in which the carbonyl oxygen
is pointed away from the flavin ring (designated the “O-
down” configuration) to the “O-up” configuration in the
reduced states establishes a new hydrogen bond with the
N5H group of the reduced FMN (/7). This structural
rearrangement closely resembles a type II to type II” turn
transition for which a glycine residue is favored at the
second position in the turn. Substitutions with amino acid
residues with side chains even as small as the methyl
group of alanine for the conserved glycine residues in the
flavodoxins from C. beijerinckii and D. vulgaris (Gly57
and Gly61, respectively) perturb the redox potentials of
the FMN and reduce the stability of the SQ state (16, 17, 28).
A compelling correlation has been observed between the
Eoxssq and the conformational energetics of the reverse
turn, further demonstrating the functional importance of
this glycine residue (/7, 46). NMR studies of the FMN-
binding domain in human CPR in the three oxidation states
suggest that a similar redox-linked conformational change
involving Gly141 mediates the stabilization of the neutral
SQ species in this reductase as well (/9).

Molecular models suggested that the insertion of a
glycine residue after the tyrosine within the 3*°Y-N-G-
H3*° loop in P450BM-3 should generate a loop structure
more like that found in CPR (8, 9) (Figure 5). The
insertion was predicted to disrupt the type I’ turn config-
uration and extend the protein backbone away from the
flavin ring, leading to the weakening or elimination of
the hydrogen bonding interaction with the FMN. This
conclusion was supported by the loss the NMR signal for
the N5 atom, the upfield chemical shift for the N10 atom,
the UV —visible spectral changes, and an observed loss
of ~1.4 kcal/mol in binding free energy for the oxidized
state (Table 1). However, the most noticeable consequence
of the insertion was the accumulation of the neutral form
of the FMNjgq during the anaerobic reductive titration of
G537, This observation is in marked contrast to that with
the wild-type protein which only transiently forms the
anionic semiquinone. Thus, the glycine insertion has
generated a FMN-binding domain in P450BM-3 that
exhibits redox characteristics more like those of the
mammalian CPR. When CPR is reduced by two electron
equivalents, the FAD and FMN cofactors rapidly equili-
brate with each flavin achieving the neutral SQ state,
generating the so-called disemiquinoid species that is
characteristic of this reductase (/7). The appearance of
the neutral FMNgq in G537, signaled a significant change
in the ionization state of the SQ species compared to the
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wild type. The pK, of the flavin SQ in solution is reported
to be 8.6 (47). In wild-type FBDgy3, the pK, of the bound
FMN must be at least two pH units lower because only
the anionic species is observed. For G537, the charac-
teristic absorbance spectrum for the neutral SQ persisted
during rapid mixing of the partially reduced protein with
buffers with increasing pH values in a stopped-flow
spectrophotometer, indicating that the glycine insertion
has caused the pK, of the FMNg to increase to a value
of >12 (data not shown). In the C. beijerinckii flavodoxin,
the pK, of the neutral SQ has been estimated to be >13
(17). This substantial increase was attributed primarily to
the strong hydrogen bonding interaction between the NSH
group of the neutral FMNgq after it was noted that the
pK. was lowered by at least two pH units in the G57T
variant which disrupts this interaction (/7). The increase
in the pK, of the FMNgq in the G537;,s variant can be
rationalized in part by a disruption of the hydrogen
bonding interaction between the amide NH group of
Asn537 and the N5 atom of the FMN if preserved in the
SQ state of the wild-type protein. The expansion of the
loop would also result in a greater solvent exposure of
the flavin ring.

However, the rather dramatic increase in the pK, implied
by the pH jump analyses implies that a new hydrogen
bond is formed between the carbonyl group of the inserted
glycine and the N5SH group of the neutral SQ species as
observed in the flavodoxin. Our molecular model does
show that the carbonyl group of the inserted glycine
residue is oriented toward the flavin and within hydrogen
bonding distance of the N5SH group (Figure 5). This
interaction has been estimated to contribute up to 4.0 kcal/
mol to the stabilization of the relatively air stable neutral
SQ species in the flavodoxin (28). However, the degree
of stabilization in the G537, variant appears to be lower
as reflected by a narrower separation of the midpoint
potentials between two one-electron couples and the lower
levels of accumulation of the radical at equilibrium during
reductive titrations. Just as for wild-type FBDgys, the
binding free energy for the neutral SQ state was only
modestly higher than for the OX state (by 0.9 kcal/mol)
(Table 1) compared to a differential stabilization of the
neutral radical in the flavodoxin of 3.3 kcal/mol (28).
These observations suggest that should a hydrogen bond-
ing interaction be formed with the N5SH group of the
FMNjgq in G537y, it is weaker than in the flavodoxin.
This conclusion is supported by the N NMR evidence
of a weaker hydrogen bond to the N3H group compared
to the wild-type protein studies of the variant in both the
oxidized and reduced states. In the flavodoxin, changes
in interactions with the FMN N3H group can reflect those
at the N5 atom (38).

A somewhat surprising outcome was that the glycine
insertion had the greatest effect on the stability of
the FMNyo. The midpoint potential for the SQ/HQ couple
became substantially more negative than for the wild type
and the OX/SQ couple in the variant, reflecting a loss of
binding energy of ~2.7 kcal/mol for the FMNyq species
relative to the wild type (Table 1). This observation is
not easily explained, yet certain factors may contribute.
At least a portion of this difference can be attributed to
the reduction of the neutral SQ for G537, rather than
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the anionic species in the wild-type protein. Reduction
would be accompanied by differences in the charge
distribution in the flavin isoalloxazine ring in each case.
Computational studies suggest that the Esgmq in the
flavodoxin is not only dependent on the general electro-
static environment of the cofactor but also quite sensitive
to the backbone configuration of the analogous loop in
those proteins including the orientation of the backbone
carbonyl group of the conserved glycine (48). The marked
sensitivity of HQ state to even relatively subtle changes
in the structure of the cofactor binding site has been noted
previously in the flavodoxin (/7). Therefore, altering the
local backbone environment by expanding the size and
structure of the loop in the FBDgy3 could certainly account
for the lower stability of the HQ complex.

The differences in redox properties of primarily the
FMN cofactor in BM3 could form the basis for differing
electron transferring mechanisms and/or regulatory
phenomena (5, 22). As an initial effort to address some
of these issues, steady-state electron transfer activities
were evaluated for the glycine insertion introduced into
the diflavin reductase domain (BMR) to assess its effect
on electron transfer toward electron acceptors ferricyanide
and cytochrome ¢ and for comparison to mammalian CPR
and other diflavin reductases. Our kinetic analyses were
complicated by the observation that only a portion (up to
20%) of the recombinant BMR-Gly;,s protein was able to
fully incorporate FMN to form the holoenzyme. Although
the reason for this is not known, it is quite possible that
not all of the protein is able to fold properly, particularly
in the FMN domain region. FAD binding seems not to be
impaired, however, as nearly stoichiometric levels of this
cofactor were observed in the purified preparations. The
functionality of the FAD domain was confirmed by the
observed ferricyanide reductase activity in the insertion
variant, albeit at a somewhat reduced level relative
compared to the wild-type BMR. Although it is not
understood, previous studies have suggested that the ability
to transfer electrons from NADPH to FAD to ferricyanide
might be affected by FMN deficiency in the FMN-depleted
P450BM-3 mutants, which is the case here (30).

The evaluation of the cytochrome ¢ reductase activity
was made more challenging by of the incomplete recon-
stitution of the BMR-Glyj;,, protein with the FMN cofactor,
which is the primary donor to the cytochrome. However,
the turnover number for the holoprotein that could be fully
constituted was established from the maximal activity
achieved under limiting levels of added FMN (Figure 6).
The turnover number obtained in this manner, 1900 +
130 min~', indicates that the insertion variant retained
approximately half of the wild-type cytochrome ¢ reduc-
tase activity, which was more comparable to that of CPR
obtained under similar assay conditions (2300 min~") (50).
It is generally accepted that only the anionic FMNg is
capable of delivering an electron to the cytochrome
acceptor in BM3 and BMR (7/2). The more thermody-
namically favored FMNyq, is believed not to be kinetically
competent to do so, forming at a rate slower than the rate
of reduction of cytochrome acceptors (/3). The FMNgq
formed in mammalian CPRs, in this case as the thermo-
dynamically stable neutral form, serves as the electron
donor to the cytochrome (5). Conversion of BMR into a
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reductase displaying more CPR-like properties for the
FMN cofactor was not, therefore, expected to preclude
electron transfer since both types of reductases are capable
of doing so. Thus, the alterations of the protonation state
and the relative stability of the FMNgq or the midpoint
potentials of the FMN in BMR-Gly;, did not appreciably
affect the overall electron transfer activity toward this
acceptor. However, other steps in the catalytic pathway
are thought to be rate-limiting, including NADPH binding
and hydride ion transfer from NADPH to FAD, etc. (5),
which likely mask changes in the inter-flavin and/or
cytochrome electron transfer steps. Although not fully
understood for either reductase, the mechanisms and
kinetics of electron transfer to their physiological redox
partners will likely be different from those determined
for cytochrome ¢ reduction. It seems plausible that the
differing properties of the FMN cofactor and its binding
site in BM3 have evolved for specific purposes in this
enzyme and the insertion variant will need to be generated
and studied at the monooxygenase level. Such studies are
being initiated.

In conclusion, the results of this study support the
hypothesis that the shorter loop that flanks the re face of
the FMN in flavocytochrome P450BM-3 promotes the
formation of a strong hydrogen bond to the N5 atom of
the FMN in the oxidized state and that this interaction
was maintained upon reduction to the anionic SQ. The
expansion of this loop by the insertion of a glycine residue
at a position where such a residue is highly conserved
disrupted this interaction and promoted the formation and
accumulation of the neutral form of SQ as observed in
CPR, the flavodoxins, and other flavoproteins. These
results also support our hypothesis on the importance of
the structural role of the FMN-binding loop underlying
the unique redox properties of PA5S0BM-3 compared to
those of CPR. Our functional studies suggest that the
insertion within the reductase (BMR) does not significantly
affect its general electron transfer activity. However,
additional experiments in the full-length P450BM-3
protein are needed to improve our understanding of its
effect on the electron transfer during fatty acid hydroxy-
lation. Finally, the results of this study further expand our
understanding of the specific structural features that are
responsible for establishing the redox properties of
flavoproteins.
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