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ABSTRACT: Flavocytochrome P450BM-3, a bacterial monooxygenase, contains a flavin mononucleotide-
binding domain bearing a strong structural homology to the bacterial flavodoxin. The flavin mononucleotide
(FMN) serves as the one-electron donor to the heme iron, but in contrast to the electron transfer mechanism of
mammalian cytochrome P450 reductase, the FMN semiquinone state is not thermodynamically stable
and appears transiently as the anionic rather than the neutral form. A unique loop region comprised of
residues *°Y-N-G-H-P-P>*!| which forms a type I’ reverse turn and provides several interactions with the
FMN isoalloxazine ring, was tdrgeted in this study. Nuclear magnetic resonance studies support the presence
of a strong hydrogen bond between the backbone amide of Asn537 and FMN N3, the anionic ionization state
of the hydroquinone, and for a change in the hybridization state of the N5 upon reduction. Replacement of
Tyr536, which flanks the flavin ring, with a basic residue (histidine or arginine) did not significantly influence
the redox properties of the FMN or the accumulation of the anionic semiquinone. The central residues of the
type I turn (Asn-Gly) were replaced with various combinations of glycine and alanine as a means of altering
the turn and its interactions. Gly538 was found to be crucial in maintaining the type I' turn conformation of
the loop and the strong H-bonding interaction at N5. The functional role of the tandem Pro-Pro sequence
which anchors and possible “rigidifies” the loop was investigated through alanine replacements. Despite
changes in the stabilities of the oxidized and hydroquinone redox states of the FMN, none of the replacements
studied significantly altered the two-electron midpoint potentials. Pro541 does contribute to some degree
to the strength of the NS interaction and the formation of the anionic semiquinone. Unlike that of the
flavodoxin, it would appear that the conformation of the FMN rather than the loop changes in response to

reduction in this flavoprotein.

Flavocytochrome P450BM-3 (BM3),! a fatty acid mono-
oxygenase from Bacillus megaterium (ATCC 14581), is the first
known bacterial P450 enzyme that belongs to the microsomal
P450 class, resembling the eukaryotic P450 systems in both
structure and function. However, unlike the others, the BM3
holoenzyme consists of a single 119 kDa polypeptide chain
containing all the functionally independent domains, i.e., the heme
or “oxygenase” domain and the diflavin or “reductase” portion
(BMR) comprised of the NADPH/FAD- and FMN-binding
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subdomains. BMR is ~35% identical and ~56% similar with
mammalian NADPH-cytochrome P450 reductase (CPR) (/, 2).
The NADPH/FAD- and FMN-binding domains are structurally
homologous to ferredoxin NADP ™ reductase and the bacterial
flavodoxins, respectively (3).

Despite the structural and functional similarities between CPR
and BMR, each protein differs markedly in the extent of reduction
during steady-state turnover and in the couple utilized by the
FMN. Electron transfer to the heme iron is generally considered
to be mediated by the anionic FMN semiquinone (SQ) in
BM3 (4—6). The FMN hydroquinone (HQ) is thought to be the
primary donor in CPR (7), although the neutral SQ redox species
has been proposed to be the only kinetically competent species
under steady-state turnover conditions, but these studies were
conducted using cytochrome ¢ as the acceptor (8). Nonetheless,
each reductase manages the FMN radical differently. CPR
thermodynamically stabilizes the neutral form of FMNgq, while
BM3 appears only to transiently utilize the thermodynamically

pubs.acs.org/Biochemistry



5132 Biochemistry, Vol. 48, No. 23, 2009

FIGURE 1: View of the **°Y-N-G-H™* type I’ turn that flanks the N5/
C40 edge of the flavin cofactor in the FMN-binding domain of BM3.
The putative hydrogen bonds between the backbone amide groups of
Asn537 and Gly538 and the N5 and C40 atoms of the FMN,
respectively, are indicated along with those that stabilize the turn.
Included also are the adjacent anchoring type I turn comprised of
residues 541—544 and the tandem Pro-Pro sequence. Hydrogen
atoms overall and the side chains for residues 542—544 have been
omitted for the sake of clarity.

unstable anionic state of the FMN radical as the catalytically
relevant species (4, 6, 9). The “over-reduction” of BM3, such that
the FMN achieves the HQ state, results in a significantly lower
overall monooxygenase activity, however (4, 6).

The structural basis for the regulation of the redox potentials
of the flavin cofactor in flavoproteins has been a primary focus of
our research. One of the intriguing and unique features that is
evident in the X-ray crystal structure of the FMN domain of the
BM3 is the polypeptide loop, *°Y-N-G-H-P-P**!, that provides
several important contacts with the N5/C40 edge and the re-face
of the FMN cofactor (3). This loop displays several potentially
important differences in both the structure and the manner in
which it interacts with the cofactor relative to other homologous
FMN-binding proteins and domains including CPR (10, /7). The
interactions provided by a corresponding loop in the flavodoxin
have been shown to play important roles in establishing the redox
properties of the FMN cofactor, particularly in the stabilization
of the neutral semiquinone state (/2—17). Sequence and structur-
al alignments disclose that this loop in BM3 is the shortest,
adopting a nearly classical four-residue type I' reverse turn
structure (Figure 1). The highly conserved glycine residue found
in the flavodoxin (Gly57 and Gly61 in Clostridium beijerinckii
and Desulfovibrio vulgaris, respectively), CPR (Glyl41), and
several other diflavin reductase enzymes is absent in BM3
(Figure 2). This is of interest because a redox-linked conforma-
tional change involving this glycine residue plays a crucial role in
the thermodynamic stabilization of the neutral flavin SQ and
modulation of the flavin potentials in the flavodoxin (12, 17) and
perhaps in CPR and nitric oxide synthase (18, 19). The shorter
loop in BM3 also places the backbone amide NH group of
Asn537in a position to serve as a hydrogen-bond donor to N5 of
the FMN in the OX state (Figure 1) (3), an interaction that is not
apparent in the other proteins. This interaction may also be
facilitated by further “rigidifying” the loop by the tandem Pro-
Pro sequence that supports the loop in this protein. These
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P450BM-3 530 LIVTASY-NGHPPDNAKQFVDWL

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

FIGURE 2: 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). The conserved glycine residue colored red is
absent in BM3. The conserved glycine and tandem proline residues
are colored blue.

features may preclude the type of conformational changes
observed in the flavodoxin that are responsible for the highly
stabilized neutral SQ species. The significance of the loop size on
the redox properties of the FMN was demonstrated recently
through the insertion of a glycine residue after Asn537 (20). As a
result, a dramatic increase in the stability of the neutral SQ
species and altered redox and enzymatic activities was observed.
Interestingly, the equivalent glycine residue in the larger loop
within the FMN-binding domain of neuronal nitric oxide
synthase was deleted in a recent study (2/). The results mirrored
those within the BM3 system in that the FMN now proceeds
through the anionic SQ state with the reversal of the one-electron
reduction potentials. Encouraged by these results and the crucial
role of this loop in these proteins, we introduced a series of
systematic amino acid replacements within this loop in this study
with the intention of further probing in greater detail the role of
the unique structural features of this loop in establishing the
unique properties of BM3.

EXPERIMENTAL PROCEDURES

Materials. Sodium dithionite and benzyl viologen were
from Aldrich Chemical Co. Indigo disulfonate, anthraquinone
2-sulfonate, and anthraquinone 2,6-disulfonate were purchased
from Fluka Chemicals. Safranin T was also from Fluka Chemi-
cals but was recrystallized from ethanol before use. Phenosafra-
nin was obtained from Allied Chemicals. Flavin mononucleotide
was extracted from recombinant wild-type C. beijerinckii flavo-
doxin and purified by anion-exchange chromatography. Sodium
2,2-dimethyl-2-silapentane-5-sulfonate and '"NH,CI (99%) were
from Cambridge Isotope Laboratories. All other chemicals were
of analytical reagent grade.

Mutagenesis, Expression, and Purification of the FM N-
Binding Domain of Flavocytochrome BM3. The amino acid
substitutions were introduced into the coding region for the
FMN-binding domain (FMN domain) (residues 471—649) of the
flavocytochrome P450 from B. megaterium (ATCC 14581)
(BM3) which had been cloned into the pT7-7 expression vector
(originally obtained from Worthington Biochemical Corp.)
(22, 23). Site-directed variants were prepared using either the
two-step “megaprimer” PCR approach (24) or the QuikChange
(Strategene) method using mutagenic primers containing the
appropriate base changes to introduce the stated amino acid
replacements. Automated DNA sequencing was used to confirm
the mutations as well as to verify the sequence integrity of the
entire coding region in all the constructs. The various recombi-
nant variants were expressed as soluble proteins in high yield in
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the BL21(DE3) strain of E. coli (Novagen) after induction by
IPTG and purified from the soluble cell extracts as described
previously (20, 23). The purity of all protein preparations was
confirmed by SDS—polyacrylamide gel electrophoresis.

Reductive Titrations, Kinetics, and Determination of
Two-Electron Oxidation— Reduction Potentials. The mid-
point potentials were determined spectrophotometrically during
the anaerobic titration of the proteins with sodium dithionite” in
the presence of indicator dyes by methods previously de-
scribed (/4). All UV—visible spectra were recorded on Hewlett-
Packard/Agilent photodiode array spectrophotometers at 25 °C
in 50 mM sodium phosphate buffer (pH 7.0). The two-electron
midpoint potentials were established using the Nernst equation
with the system potentials established using the indicator dye
anthraquinone 2,6-disulfonate (E,,; = —184 mV at 25 °C
relative to the standard hydrogen electrode) (26). Where indi-
cated, reductive titrations were also conducted at pH 6.0 either in
50 mM sodium acetate or in 50 mM sodium phosphate at a
constant ionic strength. The pH of the solution was determined at
both the beginning and the end of the titration. Midpoint
potential determinations were conducted at least in triplicate
with the error in the reported average midpoint values estimated
to be £5 mV.

Transient reductive kinetic analyses were performed on a
Hi-Tech Scientific SF-61 stopped-flow spectrophotometer in
100 mM Tris-HCI buffer (pH 7.4). The various FMN-binding
domains and freshly made sodium dithionite solutions
(0.4—2.0 mM) were prepared in buffer that had been thoroughly
flushed with prepurified argon gas. Kinetic data for all protein
variants were collected under pseudo-first-order conditions with
sodium dithionite in excess. The final concentration of the FMN-
binding domains after mixing was 20 «M. Absorbance changes at
388 and 468 nm were recorded as a function of time. Apparent
pseudo-first-order rate constants for each kinetic trace were
established using the Marquardt—Levenberg iterative nonlinear
regression algorithm and are reported as the average of at least
three separate measurements. All protein variants were mixed
with the same dithionite solutions in the stopped-flow instrument
to aid in the direct comparison of the reductions kinetics.

Fluorescence Spectroscopy and Determination of FMN
Dissociation Constants in the Oxidized State. The dissocia-
tion constant (Ky4) for oxidized FMN was determined by non-
linear regression analyses of either the changes in absorbance or
fluorescence (excitation at 445 nm and emission at 522 nm)
associated with FMN binding as a function of added apoprotein
under the same conditions that were used for establishing the
midpoint potentials. Apoprotein was prepared by the trichlor-
oacetic acid precipitation technique (27, 28) or by dialysis against
2 M potassium bromide (29). Extinction coefficients were
12500 M~ em ™! for FMN (30) and 28700 M~! cm ™! for the
apoprotein as determined by the method of Pace et al. (37). The
dissociation constants for the HQ state, which cannot be
determined directly, were calculated using a thermodynamic
cycle linking the Ky for the oxidized FMN complex and the
two-electron midpoint potentials for both the bound and free
FMN (32).

The reactivity and avidity of the FMN domain with sulfite ions were
tested by titration with freshly prepared sodium sulfite. Spectral changes
indicative of formation of a flavin—sulfite adduct, which are similar to
that of the fully reduced flavin (25), were not observed. Thus, the use of
sodium dithionite as a reductant is feasible (sulfite being a product of its
anaerobic oxidation).
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Reconstitution of Apoflavodoxin with '>N-Enriched
FMN and NMR Spectroscopy. FMN uniformly enriched at
all four nitrogen atoms with >95% "°N was prepared and used
to reconstitute the apoprotein according to the procedure
detailed by Chang et al. (13). One-dimensional (1D) ’N NMR
spectra were recorded for approximately 1—2 mM solutions of
the oxidized and reduced protein samples in 50—100 mM
phosphate buffer (pH 7) containing 10% D,0O as described
previously (/3). Identical conditions were maintained for the
1D "N NMR spectra recorded under non-decoupled conditions
and via application of the “distortionless enhancement by
polarization transfer” (DEPT) pulse sequence (33). Where
applicable, these samples were also used for the "H—""N HSQC
NMR experiments. Reduction was achieved by the addition of
freshly prepared sodium dithionite under anaerobic conditions.
Proton chemical shifts were referenced to an internal standard of
sodium 2,2-dimethyl-2-silapentane-5-sulfonate set at 0.0 ppm,
and the nitrogen chemical shifts were referenced to an external
standard of [°N]urea set at 76.0 ppm.

RESULTS

This study was initiated to evaluate a functional role of the
short loop spanning residues Tyr536—Pro541 in establishing the
H-bonding interaction between the backbone amide group of
Asn537 and N5 of the FMN cofactor that is apparent in the
crystal structure of the flavocytochrome P450BM-3 from
B. megaterium (ATCC 14581) (3). The FMN-binding domain
spanning Arg471—Ser649 was used for most of these studies to
facilitate the analysis of changes to the properties of the FMN
cofactor without the interference of the FAD and to allow for
acquisition of NMR data. The isolated domain displays physical
and redox properties that are similar to those of the intact
holoprotein. The midpoint potential at pH 7 was determined to
be —194 + 5 mV, a value very similar to that determined by
electrochemical methods (—192 £+ 13 mV) (5, 22, 23).

Evidence for a Strong Hydrogen Bond at FMN N5 in the
Oxidized State and a Change in the Hybridization of N5
upon Reduction. N5 of the FMN cofactor in BM3 appears to be
strongly H-bonded to the backbone amide NH group of Asn537,
an interaction that is not apparent in other FMN-binding
proteins or domains. The importance of this interaction became
quite apparent in a recent study in which this interaction was
disrupted by the enlargement of this loop by one residue (through
the insertion of a glycine) (20). To gain greater insight into
changes in H-bonding and the hybridization state during reduc-
tion of the bound FMN, "N NMR spectroscopic analysis of
the FMN domain reconstituted with '*N-enriched FMN was
performed in both OX and HQ states (Figure 3A,B) of the
wild-type isolated domain and several of the loop variants.
The "N chemical shift values for the N1 and N5 atoms for
oxidized FMN bound to the FMN domain were shifted upfield
by > 10 ppm relative to TARF in chloroform and from FMN in
aqueous solution (34) (Table 1). Such shifts indicate the presence
of strong H-bonds at N1 and N5 in the oxidized state. The
chemical shift value of 160.5 ppm was unambiguously assigned to
N3 by applying the '"H—'"N DEPT (distortionless enhancement
of polarization transfer) pulse sequence which distinguishes
nitrogen atoms with and without hydrogen atoms, i.e., N3 and
N10, respectively (33). On the basis of comparisons to the values
obtained for the flavin ring in aqueous or apolar solutions, the
N3H group appears to be H-bonded with the protein and
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FIGURE 3: 1D "N NMR spectra of the wild-type FMN domain in
the oxidized state (A) and the fully reduced state (B). (C) 1D '°N
NMR spectrum of the wild-type FMN domain in the fully reduced
state using the DEPT pulse sequence without broadband decoupling.
The coupling constants for the N3 and '’N5 atoms were observed to
be 93.6 and 70.3 MHz, respectively, as indicated.

remains so in the reduced state. The resonance peak at 162.6 ppm
could then be assigned to the N10 atom. The downfield shift for
this atom on going from an apolar to a polar solution has been
attributed to an increase in the level of sp® hybridization that
occurs when the polarization of the flavin ring is stabilized by
H-bonding at C20 and C40 (34). The more upfield chemical
shift value for this atom in the FMN domain relative to FMN in
aqueous solution suggests that this atom is not fully sp® hybri-
dized and that the central pyrazine ring has a slightly bent
conformation. Because the hybridization state at N10 also
depends on the polarization state of the ring, an alternative
interpretation is that H-bonding interaction(s) at C20 and/or
C40 in the protein is weaker then in aqueous solvent. Both C40
and C20 are within H-bonding distance of the side chain of
Thr577 and backbone amide protons, respectively.

The chemical shift values in the fully reduced state were
particularly revealing (Figure 3B). The chemical shift values for
both N1 and N10 conclusively prove that the HQ is anionic in
this protein. Of perhaps even greater significance is the chemical
shift value of N5, which is far upfield from that of FMNH, and
FMNH . This suggests that the N5 atom is more sp>-hybridized
in the anionic HQ with the flavin ring bent out of plane at this
position. This conclusion was unexpected. Therefore, the change
in hybridization state was verified by measuring the coupling
constants by 1D "N NMR spectroscopy under proton non-
decoupling conditions applying the DEPT pulse sequence
(Figure 3C). Semiempirical relationships between the experimen-
tally observed '*N—"H coupling constants and the hybridization
state of the nucleus under investigation have yielded values
of ~72 Hz for sp>-hybridized nitrogen atoms and values
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of ~93 Hz for sp>hybridized nitrogen atoms (35, 36). For the
FMN domain in the oxidized state, N3 exhibits a coupling
constant of 90.2 Hz,? indicative of its sp® hybridization state
and the planarity of the ring. These conclusions are consistent
with the crystal structure (3). When the FMN cofactor is reduced,
N3 retains a coupling constant of 93.6 Hz and, thus, the sp’
hybridization state. However, a coupling constant of 70.3 Hz was
observed for N5, which provides more persuasive evidence for its
almost complete sp character. This is a significant observation
because it suggests that in the reduced state, the N5 atom is lifted
out of the plane of the ring. This result is most likely correlated to
the nearly complete absence of an absorption band in the visible
region of the reduced protein as it has been suggested that
the absorption coefficient at 450 nm of a reduced flavin molecule
is probably entirely related to the hybridization state of the
NS5 atom (37).

Quantitative estimates of the H-bonding strengths of the
nitrogen atoms that are involved in a H-bond, specifically, N3,
and N5 in the reduced state, cannot be obtained from 1D '°N
NMR experiments alone. However, we have made use of the
temperature coefficient for hydrogen atoms involved in
H-bonding (representing the systematic upfield shift in its
resonance with an increase in temperature) as an indicator of
the strength of H-bonding (13). The "H—""N HSQC spectra of
the oxidized and fully reduced FMN domain at pH 7.0 revealed
the presence of the HSQC signal for the N3H group and, when
appropriate, the NSH group at all temperatures tested. This
implies that these protons are exchanging slowly with solvent due
to their relative inaccessibility and strong H-bonding interactions
with the protein. The relatively low values obtained for the
temperature coefficients of —2.96 and —1.65 ppb/K for the
N3H group in the oxidized and reduced states, respectively,
and —0.647 ppb/K for the NSH group in the reduced flavin are
consistent with strong H-bonding at these positions (/3).

Y536 H and Y536 R Variants. A positively charged amino
acid positioned near the flavin ring might be expected to be
influential in stabilizing the anionic reduced states of the cofactor
through favorable electrostatic interactions. To test this hypoth-
esis, a basic amino acid side chain could be introduced by
replacing either the re-face Tyr536 or si-face Trp574 which flank
the flavin ring (3). Because the replacement of Trp574 with
nonpolar residues has been shown to abolish FMN binding (38),
Tyr536 was targeted for substitution with histidine and arginine
residues. The Y536H variant exhibited spectral characteristics
similar to those of the wild type, including the characteristic weak
charge-transfer band above 550 nm. FMN binding was affected,
with the variant exhibiting a dissociation constant of 350 £
72 nM or ~9-fold higher than that of the wild type. Much of this
loss of ~1.3 kcal/mol in binding free energy could be ascribed to
the elimination of the H-bond between the phenolic OH group of
Tyr536 and the phosphate moiety on the FMN observed in the
crystal structure of the wild-type protein (3). Reduction by
sodium dithionite under anaerobic conditions followed a single
two-electron process with no evidence for the accumulation of the
semiquinone species (Figure 4). The two-electron midpoint
potential at pH 7.0 was determined to be —188 mV, which is
similar to that of the wild type.

Because the pK, of a histidine residue is in the range of
6.0—06.8, it is likely not to be completely ionized at pH 7.0. Thus,
the anaerobic reductive dithionite experiments were performed

3All coupling constants were determined with an accuracy of +0.8 Hz.
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Table 1: >N Chemical Shift Values (ppm) for Free and Bound FMN in the Oxidized and Reduced States at pH 7.0 and 300 K

FMN in the oxidized state

FMN in the fully reduced state

WT FMN  7Ala-Ala P540A  P541A WT FMN  P540A  P541A
atom FMNY TARF*’ domain variant variant  variant FMNH,Y FMNH ¢ TARFH,“" domain variant  variant
N1 190.8 199.9 189.0 188.8 189.5 189.0 128.0 182.6 116.7 186.4 186.8 187.1
N3 160.5 159.8 160.5 158.6 160.8 160.5 149.7 149.3 145.8 148.4 148.6 149.1
NS5 334.7 3443 321.5 332.8 322.1 320.0 58.0 57.7 60.4 47.1 474 45.5
N10 164.6 150.2 162.6 162.3 162.2 162.8 87.3 97.2 72.2 98.1 98.4 98.9

“From Vervoort et al. (39). ° Tetraacetylriboflavin in chloroform.
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FiGure 4: UV—visible absorbance spectra of the Y536H variant
during a reductive titration with sodium dithionite under anaerobic
conditions in 50 mM sodium phosphate buffer (pH 7.0) (main panel)
and 50 mM sodium acetate or 50 mM sodium phosphate (pH 6.0) ata
constant ionic strength (inset) at 25 °C.

at lower pH to observe the effect of having a fully charged residue
at that position. However, the protein was relatively unstable at
lower pH, resulting in formation of an aggregate with the release
of flavin. As glycerol is known to have a stabilizing effect on
proteins, the experiment was repeated at different concentrations
of glycerol, ranging from 5 to 15%, and it was observed that at
15% glycerol, the protein was relatively stable. Under these
conditions, a reductive dithionite experiment was performed and
also followed a single two-electron process similar to that at
pH 7.0 (Figure 4, inset). The formation of the semiquinone
species was not observed.

Unlike the Y536H mutant, the Y536R variant lost most of the
FMN during the purification process. Reconstitution of the
protein with flavin was feasible; however, the dissociation con-
stant was substantially higher, established to be 2.1 £ 0.6 uM.
Again, reductive dithionite titrations proceeded as a two-electron
process with no discernible evidence of the formation of the
anionic semiquinone species, adding to the conclusion that
electrostatics do not seem to be a major determinant of the
reduction potential. Given the instability of this variant, its
midpoint potential could not be established reliably. The evi-
dence obtained from both these variants strongly suggests that
factors other than favorable electrostatic interactions are influen-
cing the inability of the FMN-binding domain in BM3 to stabilize
and accumulate either form of the SQ species. Recent results
obtained from the glycine insertion variant provide evidence that
H-bonding interactions provided by the re-face loop are crucial,
so the following substitutions were introduced to further probe
this hypothesis (20).

N537P, N537A, and N537G Variants. The structural
features of the re-face loop that may be responsible for establishing

and/or maintaining the H-bonding between the backbone amide
NH group of Asn537 and FMN N5 were systematically eval-
uated (Figure 1). Because of this direct interaction with the
cofactor, Asn537 was the first target for study. As an initial
strategy, Asn537 was replaced with a proline residue in an effort
to directly abolish this interaction through the elimination of the
backbone NH group. Although the N537P variant could be
expressed as a stable and soluble protein with a circular dichroism
spectrum similar to that of the wild type (data not shown), it was
severely impaired in its ability to bind FMN. This outcome was
not surprising in that proline residues cannot assume a type
I' conformation that is adopted by this turn (see below) due to its
restricted ¢ angle of —60 £ 25°. Instead, a stronger preference to
occupy the second position within type I and II turns is observed
for this residue (39). Indeed, molecular modeling coupled with
geometry optimization using the AMBER molecular mechanics
force field resulted in the complete distortion of the type I turn in
favor of the optimal ¢ angles for proline, with the loop adopting
more of a type II turn structure favored by X-Pro-Gly-X four-
residue turns. As a result, residues 535 and 536 moved into the
FMN binding site cavity and substantially altered the position of
the Tyr536 side chain, which in the wild-type structure appears to
H-bond with the 5-phosphate group of the FMN. Though
disappointing in its inability to bind FMN precluding further
study, the results support an absolute requirement for the type
I' turn conformation in maintaining the stability and FMN
binding characteristics in this domain.

The next set of variants, N537G and N537A (also designated
>3Gly-Gly and **’Ala-Gly, respectively, to emphasize the critical
two central residues in the turn), were designed for the evaluation
of any contributions made by the side chain at position 537 and,
as will be discussed later, for the evaluation of the role of turn
stability. Both variants were expressed as holoproteins exhibiting
UV—visible absorbance spectra in the oxidized state similar to
that of the wild type. Both variants displayed similar Ky values of
30 + 5 nM (an average of at least four independent titrations)
(Table 2). These values are comparable to that of the wild type
(41 + 18 and 31 & 8 nM) (this study and ref (27), respectively).
Just as for the wild type, anaerobic reductions by sodium
dithionite followed a single two-electron process with a single
isosbestic point maintained at 348 nm throughout the titration
(Figure 5). There was no evidence of the accumulation of the
SQ species. Two-electron midpoint potential values of —196
and —202 mV for N537A and N537G, respectively, were very
similar to the wild-type value (Figure 5, inset, and Table 2).

N5374/G5384 and N537G|/G5384 Double Variants.
The role of the stability and conformation of the type I' turn
adopted by this loop was probed by targeting the two central
residues. Type I’ turns are highly dependent on the amino
acid residue present at primarily the third positions of the
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FIGURE 5: UV—visible absorbance spectra of the N3537A (**’Ala-
Gly) variant during a reductive titration with sodium dithionite in 50
mM sodium phosphate buffer (pH 7.0) at 25 °C under anaerobic
conditions. The spectral changes shown were also qualitatively
similar to those obtained for the N537G (°**’Gly-Gly) variant. The
inset shows representative Nernst plots for the determinations of two-
electron midpoint potentials for the N537A (**’Ala-Gly) (®) and
N537G (**’Gly-Gly) (O) variants.

turn (39, 40). A glycine is by far the most frequently observed
residue at this position because of the absence of interference of
a side chain with the protein backbone (4/—43). This is the
situation in the FMN domain, with Gly538 targeted in this study
by its substitution with alanine, which is very infrequently found
here. The introduction of a minimal side chain was expected to
alter the loop stability and, perhaps, its interactions with the
cofactor. In addition, Asn537 was again replaced with alanine as
described above, but also with glycine to conform to both its
frequency at this position and unique functional role in other
FMN-binding proteins and domains. The intention was to alter
or disrupt the H-bond made with N5 while minimally altering the
loop structure by changing the positional preferences within the
type I turn. This approach has been used successfully to reveal
aspects of backbone—flavin interactions in the flavodoxin (/4).
Thus, the double variants N537A/G538A and N537G/G538A
(also designated **’Ala-Ala and >*'Gly-Ala, respectively) were
prepared.

Both proteins lost much of their flavin cofactor during
purification but were capable of reconstitution with FMN as
evidenced by the distinct spectral changes associated with the
titration of the apoprotein with the cofactor (Figure 6). The
wavelength maxima for the two major flavin visible absorbance
bands were 380 =+ 4 and 460 & 2 nm for these variants, which are
red-shifted relative to those of the FMN in solution just as for the
wild type, although not quite to the same extent (Figure 6).
Extinction coefficients are also similar to that of the wild type.
The appearance of the broad absorbance band between 550 and
700 nm in both variants indicates that the FMN is binding in a
manner similar to that of the wild type in forming a charge
transfer complex with Trp574. Binding was weaker than for the
wild type, however. Dissociation constants of 0.4 + 0.1 and 1.0 +
0.2 uM were obtained for the **’Gly-Ala and >’ Ala-Ala variants,
respectively (Table 2). Both are at least 10-fold higher than for the
wild type.

As with the wild-type domain, reductive titrations with so-
dium dithionite under anaerobic conditions proceeded by a
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two-electron reduction process with no spectral evidence of the
formation of the semiquinone species. Midpoint potential values
of =225 4+ 9 and —204 + 5 mV were obtained for the **’Gly-Ala
and **’Ala-Ala variants, respectively (Table 2). The values are
slightly more negative than for the wild type. In addition to
significantly weakening the binding of the OX form of the FMN
(by up to 2 kcal/mol relative to that of the wild type), on the basis
of the linked thermodynamic analyses (44), the potential changes
also suggest that these substitutions induce an additional loss in
binding energy for the HQ state from 0.5 to 1.5 kcal/mol. It
should be noted that the difference in binding energy between the
OX and HQ states for the wild type and the **’Ala-Gly
and **’Gly-Gly variants is also relatively small ( <0.9 kcal/mol).

The effects of the Gly538 to alanine replacement in the context
of the **’Ala-Ala variant on the interaction(s) between this loop
and the flavin were evaluated by "N NMR spectroscopy on
apoprotein samples reconstituted with '"N-enriched FMN. The
value for the N3 atom was shifted upfield by ~2 ppm (Table 1)
which could indicate some weakening of the H-bond at this
position. In the crystal structure, the backbone carbonyl group of
Thr577 provides the H-bond donor to N3 (3). In contrast, the
chemical shift value for N5, which is quite high in the wild-type
domain, was shifted downfield by more than 10 ppm, placing it
closer to that of free flavin in solution.* These results seem to
suggest that the introduction of the methyl side chain at the third
position in this type I' turn has primarily and significantly
disrupted the strong H-bond at N5 by altering the structure of
this loop. This disruption may have in turn affected to a lesser
extent some of the other interactions made with the FMN,
particularly that with N3. This type of synergy has been noted
for the glutamate 59 variants in the C. beijerinckii flavodoxin (45).
It was of interest to evaluate any changes in the N5 environment
upon reduction of the FMN. Unfortunately, repeated efforts to
obtain NMR spectra of the >’ Ala-Ala variant in its reduced state
were unsuccessful due to sample instability over the prolonged
data acquisition time required.

P540A and P541A Variants. The C-terminal end of the
loop is anchored by a tandem Pro-Pro sequence. Because proline
residues have greater stereochemical constraints than other
amino acids, it is possible that these residues might contribute
significantly to the structure, placement, and “rigidity” of the
re-face loop and thereby contribute to the strength of the H-bond
with the FMN N5 atom and other interactions. The tandem
proline sequence is situated at the end of a short helix (spanning
residues 544—3551) causing the polypeptide chain to form a
“kink” prior to forming the type I’ turn near the FMN. The
¢ dihedral angles of proline residues are restricted to values close
to —60 £+ 25° as observed for Pro540 and Pro541 (—74°
and —61°, respectively). These angles seem to be crucial for the
placement of the turn relative to the flavin ring. To test
the structural significance of the tandem proline sequence,

4Given the similarity of the chemical shift values to unbound flavin
and the weaker binding of FMN to the 37 Ala-Ala variant, a concern is
that the ["NJFMN did not remain bound throughout the entire
experiment. However, the Ky for the FMN complex of this variant is
approximately 2 uM. Because the concentration of the holoprotein was
significantly higher than this in the NMR experiment (~1 mM), it seems
reasonable to conclude that the [*N]JFMN should remain bound
throughout unless the protein denatures during the extended experiment
(overnight at room temperature). Visible absorbance and fluorescence
spectroscopy and 1gsel filtration of the NMR sample were also used to
confirm that the [ "N]JFMN remained bound at the end of the experi-
ment.
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Table 2: Summary of the re-Face Loop Mutations, Rationale, and Effects on FMN Binding and Midpoint Potentials

loop sequence rationale for substitution Ky (nM) EOXJ’HQb (mV)
wild type 530Y.N-G-H-P-P**! - 41+ 18 —192¢
YS536H S3OH-N-G-H-P-P>! introduce positive charge near flavin 350+ 72 —188
N537A 530Y.A-G-H-P-P**! eliminate Asn side chain (interactions) 30+5 —196
N537G 30Y.G-G-H-P-p>* alter turn stability 3045 -202
NS537G/GS38A 336y_G-A-H-P-P**! alter turn structure and stability 400+ 100 —225
N537A/G538A 336y A-A-H-P-P>*! alter turn structure and stability 1000 = 200 —204
N537P 530y p-G-H-P-P>! eliminate N5 H-bond ND* ND*
P540A 336Y-N-G-H-A-P**! alter conformation and flexibility 43 +7 —194
P541A 330y _N-G-H-P-A3" alter conformation and flexibility 140 + 33 —180
P540A/P541A 30Y_N-G-H-A-A>! alter conformation and flexibility ND“ ND¢

“Not determined because of a lack of cofactor binding. ® Midpoint potential values are reported as averages of at least two determinations with an estimated
error of 5 mV. “Potentiometric value from ref (27) which is also similar to the value of —194 4+ 5 mV determined in this study using an indicator dye.
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FIGURE 6: Changes in the absorbance spectrum of FMN when
bound to the apoprotein form of the 3*’Gly-Ala variant. An FMN
solution (~5 uM) in 50 mM sodium phosphate buffer (pH 7.0) at
25 °C was titrated with substoichiometric amounts of freshly pre-
pared apoprotein. The main panel shows the absorbance of FMN
before (—) and after (———) the addition of saturating amounts of the
apoprotein. The inset shows difference spectra obtained during the
titration. All spectra are corrected for dilution and, if necessary, for
some light scattering.

alanine residues were independently substituted for each of the
proline residues. It was reasoned that alanine, which can adopt
¢ dihedral angles similar to those of proline, can also assume a
variety of other ¢ (and ) angle relationships and introduce
greater conformational flexibility into this loop region. The
double variant, with both proline residues replaced with alanine,
was also generated. However, this variant was purified as the
apoprotein, and because it could not be reconstituted with the
FMN cofactor in vitro, no further characterizations were con-
ducted.

Both the P540A and P541A variants were expressed and
purified as the holoprotein with stoichiometric levels of bound
FMN. Each displayed absorbance spectra that were similar to
that of the wild type (data not shown). The dissociation
constant for the FMN bound to the P540A variant, 43 £
7 nM, was very similar to that of the wild type (41 £ 18 nM).
The P541A variant exhibited a slightly weaker binding (140 +
33 nM) (Table 2). Neither of the proline mutations resulted in
substantial changes in the two-electron reduction potential
values. The value for the P540A variant was —194 mV, which
is nearly identical to that of the wild type, while the P541A
variant has a slightly higher value of —180 mV. Using a
thermodynamic cycle involving linked equilibria (44), the
K4 values for the FMNyq in each of the proline variants were
calculated to be 18 and 20 nM for P540A and P541A,
respectively, both being similar to that of the wild type
(15 nM) (Table 2). The loss in binding of the OX form is

somewhat greater than for the HQ form for the P541A variant
(by 0.7 and 0.2 kcal/mol, respectively).

NMR analyses were again conducted on the P540A and
P541A variants after reconstitution with '"N-enriched FMN.
Both proline replacements generated NMR spectra very similar
to that of the wild type (as in Figure 3) for the N1, N3, and N10
atoms. The N5 resonances were again upfield relative to FMN in
aqueous solution, suggesting that H-bonding is retained at this
position. However, small but significant upfield chemical shifts
(1.5—1.6 ppm) relative to that of the wild type were noted for the
NS atom in the P541A variant in both the oxidized and reduced
states which indicates a somewhat altered N5 environment in this
variant. The changes for the oxidized state may reflect alterations
in H-bonding at this position, while those in the reduced state
could be reflecting an increase in sp® character for this atom
(Table 1). The chemical shift values for N5 of P540A exhibit only
minor changes (Table 1), suggesting that strong H-bonding
interactions are maintained in these variants.

The relative stability of the anionic semiquinone is more
difficult to establish as, like the wild type, neither variant
thermodynamically stabilizes this redox state. Just as for the
wild type, the anionic SQ was formed transiently in both variants
during reduction by excess sodium dithionite in the stopped-flow
spectrophotometer (Figure 7). The biphasic absorbance changes
at 388 nm were consistent with the formation and decay of the
anionic SQ species. No spectral changes were observed around
580 nm, indicating that the neutral flavin radical was not formed
during the reduction process. While the absolute rates cannot be
related to physiological reduction rates, the relative rates ob-
tained under identical conditions offer useful comparisons. The
formation of the anionic SQ was found to be ~10-fold faster for
P541A (kops = 0.91 s~") than for P540A (0.09 s~') and the wild
type (0.11s™"), each obtained under identical conditions. The rate
of the formation of HQ (or decay of SQ) was quite comparable
(wild type, 0.006 s~ '; P540A, 0.007 s~ '; and P541A, 0.004 s ).
The data suggest that the proline residues do not greatly influence
the conversion of the SQ to the HQ. However, the higher rate of
SQ formation observed in P541A suggests the OX species seems
to become less stable and more rapidly reduced to SQ species in
this variant.

DISCUSSION

Flavin cofactor—protein interactions play a major role in the
“tuning” of the redox potentials and activities of flavoproteins
through the differential stabilization of each redox state (12—17).
Within flavodoxin-like FMN-binding proteins and domains,
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F1GURE 7: Time courses for the reduction by excess sodium dithio-
nite of the FMN-binding domains for the wild type, P540A, and
P541A in a stopped-flow spectrophotometer in 100 mM Tris-HCI
(pH 7.4) at 25 °C under anaerobic conditions. The main panel shows
spectra recorded at the start [(—) fully oxidized], during the reduction
(atapproximately 15s) [(———) anionic SQ formation], and at the end
of the experiment [(—-—) fully reduced]. Arrows indicate the direc-
tion of the absorbance changes. The inset shows the time course
(shown in log scale) for the reduction of each protein as recorded at
388 nm, which represents the wavelength maximum for the anionic
form of the SQ. Solid lines are nonlinear regression fits to two
exponential functions. Absorbance scales for each time trace have
been arbitrarily offset for clarity: trace 1, P541A variant; trace 2, wild
type; and trace 3, P540A variant.

several functionally important interactions are provided by a
loop that flanks the re-face of the flavin ring. This loop adopts a
variety of structures within this family in part because of their
differing lengths. BM3, having the shortest loop comprised
exactly of the four residues required for a f-turn, ie., *>°Y-
N-G-H>¥, adopts a classic type I turn configuration with ¢ and
1 parameters very close to consensus values. The analogous loop
in the flavodoxin from C. beijerinckii adopts a type II-like S-turn,
while those in CPR, rat neuronal nitric oxide synthase (nNOS),
and the D. vulgaris flavodoxin are described more as being part of
“hairpin loops” adopting structural parameters not associated
with various S-turns.

In the flavodoxin and quite possibly in the FMN domain of
CPR and nNOS, a redox-dependent conformational change has
been linked to the modulation of the midpoint potentials through
the thermodynamic stabilization of the neutral FMN SQ (12).
This conformational change has been described as the “flipping”
of the backbone carbonyl group of the glycine at the second
position in the turn from an orientation pointing away from the
flavin ring to one in which it can form a H-bond with the NSH
group of the FMN SQ (/2), an interaction that is not apparent in
the oxidized state. However, in the crystal structure of BM3, the
turn is positioned much differently relative to the flavin ring such
that the hydrogen atom of the backbone amide group of
Asn537 is within H-bonding distance of the N5 atom of the
FMN in the oxidized state (see Figure 1) (3). A strong H-bond is
confirmed by the large upfield shift of the N5 resonance that was
observed in the "N NMR spectra of the oxidized FMN domain
in this study (Table 1). As will be addressed further later, this
interaction and its fate during the reduction of the flavin are
expected to differentially influence the stabilities of each redox
species and, therefore, affect the reduction potentials.

Unlike the flavodoxin, our evidence suggests that the type
I' turn in BM3 does not undergo a redox-dependent conforma-
tional change affecting the N5 interactions. But, what then
becomes of the H-bonding interaction between the backbone
amide NH group of Asn537 and N5 of the FMN upon reduction?
Because of the high pK, for the N5 in the fully reduced state,
protonation of this atom is required (46). However, protonation
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would likely establish unfavorable H-bond donor/acceptor and
dipolar mismatches between the hydrogen atom on N5 and that
on the backbone amide group of Asn537. Also, steric overlap
may also arise between the hydrogen atoms on each group. These
issues could be avoided in the one-electron reduced state through
the formation of the anionic form of the SQ but less so for the HQ
species. NMR evidence suggests that the flavin isoalloxazine ring
undergoes a change in configuration upon reduction to the HQ
state. On the basis of the ’N5—"H coupling constant, the N5
atom is more sp> hybridized in the reduced state. This result is
interpreted to suggest that the NSH moiety moves out of the
plane of the ring to overcome any steric hindrance that might
occur between the hydrogen atom and the loop. The two nitrogen
atoms in the flavin ring can take on configurations that are
independent of each other (37, 47). The presence of an aromatic
stacking interaction would tend to inhibit bending of the flavin
ring along the N5—NI10 axis (48). In the FMN domain, the
coplanar Trp574 that is stacked tightly against the isoalloxazine
ring could play this very role, resulting in only the NS atom being
distorted out of the plane of the molecule. This would effectively
reduce the number of unfavorable steric and dipolar interactions
with the protein without the need for structural changes in the
FMN-binding loop that would be associated with a greater
energetic cost due to the rigidity of the loop. Furthermore, sp’
hybridization of N5 prevents electron delocalization into the
isoalloxazine ring, which increases the electron density at N5 and
results in the large upfield shift for that atom. The enhanced
basicity of the nitrogen atom also increases its proton affinity,
and therefore, a lack of a H-bond partner is tolerated. BM3 is not
unique in this behavior. The N5 atom of the FMN in Old Yellow
Enzyme is also H-bonded with the backbone amide hydrogen
(from Thr37) and is also fully sp* hybridized in the fully reduced
state (47). However, unlike for BM3, Old Yellow Enzyme
thermodynamically stabilizes the anionic semiquinone state to
a level of 15—20% under equilibrium conditions (49).

Our ability to experimentally modulate the interactions
between the flavin and main chain atoms is limited and more
challenging than for those involving side chains for obvious
reasons. However, addressing the positional frequencies (prefer-
ences) of amino acids at each of the four positions of S-turns
provides an alternative approach, one that has been very
effectively used in the flavodoxin. In those studies, all four
combinations of glycine and alanine residues were introduced
at the two central positions of the reverse turn which alters the
turn stability and conformational switching during flavin reduc-
tion (74). For type I' turns, the backbone torsion angles (¢, 1)
adopted by the central residues have idealized values of (60°, 30°)
and (90°, 0°), respectively. Note that the values for Asn537 and
Gly538 in BM3 of (48°, 38°) and (92°, 2°), respectively, fall within
the range observed for the left-handed helical region of the
Ramachandran plot. In this region, ~60% of the residues are
populated by glycine (4). The high proportion of glycine
residues is the consequence of unfavorable local steric interac-
tions between the backbone and the Cf3 atom of amino acids with
side chains in this conformation (39, 40). Thus, the substitution of
residues with side chains for the glycine in such turns should
destabilize the turn depending on its particular conformation.

Data for the Gly/Ala substitutions introduced in this study at
the central position of the turn correlate well with the predicted
turn stability and the role of loop rigidity in BM3. The variants
N537A (**’Ala-Gly) and N537G (**’Gly-Gly), which both retain
a glycine at the third position favored by type I’ turns, resembled
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the wild-type protein in their ability to bind FMN with
high affinity and in their redox properties. The similarity of the
two-electron midpoint potential values for both the N537A and
N537G variants to that of the wild type indicates that the side
chain at this position is not having a significant influence. This
was not surprising in that previous results for the flavodoxin
clearly indicate that the influence of reverse turn stability on
midpoint potentials is dictated by the presence or absence of side
chains at the two central positions and not by the physicochem-
ical nature of the particular side chain (/4). On the other hand,
both the *’Gly-Ala and *¥’Ala-Ala variants, where Gly538 is
replaced with alanine, were significantly impaired in their ability
to bind FMN as tightly as in the wild type. Why is this?

The type I' turn that is found in the wild-type structure
becomes strongly disfavored when Gly538 is replaced with an
alanine because of steric interference between the 5-methyl group
and the backbone atoms. Thus, the turn in these variants must
adopt an alternate structure. Structural alternatives were ex-
plored on the basis of the positional preferences of the various
relevant turn types and by computational molecular modeling.
The reconfiguration of the turn to a type I configuration would
alleviate the steric issues imposed by the alanine replacement (42).
However, to accommodate the backbone ¢ and 3 parameters of
this type of turn, the side chain of Tyr536 would have to be
repositioned dramatically. Molecular modeling indicates that the
phenol side group would have to swing out of the FMN binding
pocket into a more solvent-exposed orientation, leaving a large
gap in the isoalloxazine-binding site. The H-bond between the
phenolic OH group and the 5-phosphate of the FMN is
eliminated, and the methyl group of the Ala537 appears to clash
with the C40/N5 edge of the ring unless the position of the flavin
ring is altered. This configuration is expected to preclude FMN
binding and is not favored.

A simpler alternative would be for the turn to adjust to a type
IT' configuration through the rotation of the central peptide bond
by ~180°. Indeed, such turns show a good tolerance for amino
acids with side chains at this position. However, as a result, the
favorable H-bond between the amide hydrogen of the central
peptide bond with the C40 atom must be disrupted and a
potential steric problem would arise between the C40 atom
and the backbone carbonyl. Such changes would likely alter
(weaken) the interaction at NS. The type IT' turn configuration
would be particularly favored in the >*'Gly-Ala variant because
of the glycine residue at the second position in the turn in this
case. We favor this outcome on the basis of the loss of up to
2 kcal/mol of binding free energy for the oxidized FMN in
the *’Gly-Ala and **’Ala-Ala variants and the downfield shift in
the chemical shift of the N5 and N10 atoms for the **’Ala-Ala
variant which is consistent with the loss or significant disruption
of the H-bonding at the C40 and N5 positions in these variants.
The binding energy for the HQ state was also increased by up to
an additional 0.5 kcal/mol, resulting in the two-electron reduc-
tion potentials for this variant being slightly higher than that of
the wild type. Unfortunately, we were unable after many
attempts to obtain satisfactory NMR data for the *’Ala-Ala
variant in the reduced state to aid in our analysis of the changes
occurring in this state. However, if one concludes that
these amino acid replacements primarily alter the NS interaction
(and perhaps additionally that with the C40 atom), the disrup-
tions do not significantly additionally affect the stability of the
reduced states, certainly not to the same extent as in the
flavodoxin (14).
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Taken together, this evidence supports the general conclusion
that the unique N5 interaction in this FMN domain (relative to
the flavodoxin) is not a major factor in establishing the relative
stabilities of the redox states of the FMN and, thus, its midpoint
potentials. It is likely that this loop does not undergo any
substantial redox-dependent conformational changes as in the
flavodoxin. The NMR evidence suggests that the flavin isoallox-
azine ring undergoes a change in configuration upon reduction to
the HQ state.

Role of the Tandem Pro-Pro Sequence and Extended
Turn. Just as in CPR and the D. vulgaris flavodoxin, the
C-terminus of the re-face FMN binding loop in BM3 is supported
by another S-turn with the sequence >*'P-D-N-A in BM3
(Figure 1). This turn has torsion parameters (¢, ¥) for the two
central residues (—54°, —32° and —94°, 20°) that are close to a
consensus type I turn configuration (—60°, —30° and —90°, 0°).
A similar sequence is found in nNOS, E. coli sulfite reductase,
human methionine synthase reductase, and human novel reduc-
tase 1 (Figure 2), suggesting a homologous structure in these
diflavin reductases as well. Unlike for type I turns, a proline
residue is frequently found at the first position of type I turns as
found in all of these proteins except CPR. In BM3, this residue is
Pro541. Interestingly, the two turns are linked (or bridged) by a
proline residue in all of these proteins, i.e., Pro540 in BM3,
generating a tandem proline sequence, again frequently observed
in this flavoprotein class.

The tandem proline sequence that anchors this loop could
contribute to the strength of the interactions made with the FMN
in BM3 through the positioning of the re-face loop (see Figure 1).
It has been stated that this feature may serve to rigidify the
loop (3). Thus, to assess the possible functional significance, these
residues were targeted as part of this study. Somewhat surprising
to us, the replacement of the bridging proline, Pro540, with an
alanine residue had no discernible impact on the binding of
the FMN in either the oxidized or reduced state or the two-
electron midpoint potentials (Table 2). However, the Pro541
to alanine substitution resulted in a loss of ~0.7 kcal/mol in
binding energy for the oxidized FMN. It is possible that the
greater flexibility or slight conformational changes introduced by
this replacement may weaken the H-bonds made with the N5
and C40 atoms of the FMN. It has been noted that alanine is
rather infrequently found at the first position of type I turns
(42, 43). The binding energy for the reduced FMN was not
significantly affected by the alanine replacement as might
be expected since the NS interaction is likely to be abolished
when the FMN is fully reduced. It was noted, however, that the
NMR chemical shifts of N5 in the oxidized and reduced states are
not substantially different from those of the wild type or
the P540A variant. The steady-state kinetic studies conducted
in BMR and BM3 proteins mimicked the physical studies in that
the P540 to alanine replacement did not significantly alter the
reductase and hydroxylase specific activities while those of the
P541A variant were slightly decreased. The P541A variant
also displayed a 10-fold higher rate for the formation of the
anionic SQ during transient reductions by sodium dithionite,
while that of the P540A variant remained unchanged from
that of the wild type. As mentioned, the simultaneous replace-
ment of both proline residues with alanine disrupted FMN
binding altogether. Thus, these results firmly establish the func-
tional importance of the tandem proline sequence and the
somewhat greater influence of Pro541 on the FMN cofactor
in BM3.
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Lack of Effects of Electrostatics. The inability to favor
an appreciable thermodynamic stabilization of the anionic SQ
in BM3 by altering the interactions with the re-face loop
prompted an investigation of whether favorable electrostatic
interactions may play a role in stabilizing the reduced forms of
the flavin as has been observed in other proteins. With this aim in
mind, the Y536H and Y536R variants were generated. While the
histidine mutant would have an ionizable side chain, the effective
charge of which could be regulated with pH (50), the arginine
mutant would retain the positive charge in the testable pH range.
There was no evidence for the substantial stabilization of
the anionic SQ species. In fact and somewhat surprisingly,
no significant change was observed in the two-electron reduction
potential. Contradictory data on electrostatic control of the
isoalloxazine environment exist. Just as was done in this study,
the introduction of histidine and arginine residues into the
FMN-binding site of the D. vulgaris flavodoxin afforded nearly
4.0 kcal/mol stabilization to the anionic HQ state with the
associated increase in midpoint potential (57). The replacement
of Arg237, again adjacent to the flavin ring, with alanine in the
electron-transferring flavoprotein (ETF) from Methylophilus
methylotrophus (sp. W3A1) results in a decrease of ~200 mV in
the midpoint potential of the OX/SQ couple due to the destabi-
lization of the anionic SQ (52). The anionic SQ is quite
substantially stabilized by the wild-type protein, however. In
contrast, several variants involving Arg238 in morphinone
reductase, which again flanks the flavin cofactor near N1/C20,
suggest that the presence of this positively charged side chain is
not a requirement for stabilization of the reduced flavin (53).
Other protein-specific factors may also influence the role of
electrostatic interactions in the modulation of the redox proper-
ties of the bound flavin cofactor. For example, modification of
the H-bonding interaction with N5 of the FAD by aSer254 in the
W3A1 ETF protein also results in a substantial destabilization of
the anionic SQ as well as the elimination of a kinetic barrier to its
reduction (54). Other interactions must also play a more pre-
dominate role in destabilizing this redox species in the FMN-
binding domain of BM3. The demonstration that the enlarge-
ment of the re-face loop along with concomitant changes in the
FMN interactions can achieve the stabilization of the neutral
form of the SQ (20) but is resistant to the more moderate
alterations described in this study illustrates the importance of
the unique characteristics of this loop in BM3 and related
proteins.
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