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Flavodoxins are electron-transfer proteins that contain the pros-
thetic group flavin mononucleotide. In Escherichia coli, flavodoxin
is reduced by the FAD-containing protein NADPH:ferredoxin (fla-
vodoxin) oxidoreductase; flavodoxins serve as electron donors in
the reductive activation of anaerobic ribonucleotide reductase,
biotin synthase, pyruvate formate lyase, and cobalamin-depen-
dent methionine synthase. In addition, domains homologous to
flavodoxin are components of the multidomain flavoproteins cy-
tochrome P450 reductase, nitric oxide synthase, and methionine
synthase reductase. Although three-dimensional structures are
known for many of these proteins and domains, very little is
known about the structural aspects of their interactions. We
address this issue by using NMR chemical shift mapping to identify
the surfaces on flavodoxin that bind flavodoxin reductase and
methionine synthase. We find that these physiological partners
bind to unique overlapping sites on flavodoxin, precluding the
formation of ternary complexes. We infer that the flavodoxin-like
domains of the cytochrome P450 reductase family form mutually
exclusive complexes with their electron-donating and -accepting
partners, complexes that require conformational changes for
interconversion.

lavodoxins are used by photosynthetic cyanobacteria and

anaerobic and aerobic bacteria (1-5). In enteric bacteria,
flavodoxin participates in a number of reactions, including the
reductive activation of cobalamin-dependent methionine syn-
thase (6), which catalyzes the terminal step in de novo methio-
nine biosynthesis. In this reaction, reduced flavodoxin donates
an electron to the cobalamin of methionine synthase and S-
adenosylmethionine (AdoMet) serves as the methyl donor in a
reductive methylation (6, 7).

Although humans also possess cobalamin-dependent methi-
onine synthase, they do not have flavodoxin and flavodoxin
reductase to provide the reducing equivalents for methionine
synthase activation. However, an analogous NADPH-dependent
electron transfer reaction reactivates methionine synthase in
humans through methionine synthase reductase, a protein con-
taining domains with sequence homology to flavodoxin and
flavodoxin reductase (8). Thus, features governing the molecular
recognition between Escherichia coli flavodoxin, flavodoxin
reductase, and methionine synthase are likely to be conserved in
their human counterparts.

Interestingly, other proteins, including cytochrome P450 re-
ductase, cytochrome P450BM-3, and nitric oxide synthase, carry
domains homologous to flavodoxin and flavodoxin reductase on
a single polypeptide chain (Fig. 1). It has been hypothesized that
cytochrome P450 reductase arose from a gene fusion of fla-
vodoxin and flavodoxin reductase (9). The structures of the
flavin mononucleotide (FMN)- and FAD-containing domains of
cytochrome P450 reductase (10) are remarkably similar to
flavodoxin (11) and flavodoxin reductase (12, 13). Hence,
definition of the molecular interfaces between flavodoxin and its
partners should provide insight into the electron transfer inter-
actions in these homologous systems.

www.pnas.org/cgi/doi/10.1073/pnas.171168898

Methods

Materials. >’NH,Cl and 2H,O were obtained from Isotec, and
13Cq-glucose was supplied by Martek (Columbia, MD). All
plasmids were prepared by using the Promega Wizard Plus
Minipreps DNA purification kit. Restriction enzymes and T4
DNA ligase were supplied by Boehringer Mannheim, Promega,
and New England Biolabs. All other reagents were obtained
from Sigma.

Preparation of 2H,'3C,">N-Labeled Flavodoxin. For production of
2H,3C,N-labeled flavodoxin, E. coli K-12 strain PS2209 con-
taining the flavodoxin expression plasmid pDHO1 (4) was grown
at 37°C on glucose-minimal 3-(N-morpholino)propanesulfonic
acid labeling medium (>99% ?H, >99% 3C, >99% SN, con-
taining 4 g/liter *Cg-glucose and 0.5 g/liter "N-ammonium
chloride in 2H,0) with 100 pg/ml of ampicillin and 35 M uracil.
Flavodoxin was purified by anion exchange chromatography (4).
The exchangeable hydrogens were replaced with 'H during
protein purification in 'H,O buffers. Flavodoxin concentrations
were calculated by using the absorbance of bound FMN (€466 nm
= 8,250 M~ - cm™1) (14).

Preparation of Proteins. Purified recombinant wild-type E. coli
methionine synthase was prepared as previously described from
E. coli K-12 strain XL1-Blue/pKF5a by using anion exchange
chromatography (15). The AdoMet-binding fragment was ob-
tained by limited tryptic proteolysis of methionine synthase and
purified by anion exchange and size exclusion chromatographies
(16). Concentration of this fragment was estimated by using the
molar extinction coefficient €130 nm = 68,490 M~! - cm ™!, an
average of the values obtained by using the program PEPTIDE-
SORT (Genetics Computer Group, Madison, WI) and the calcula-
tion of Pace and colleagues (17). The accuracy of this extinction
coefficient was confirmed by thiol titrations with 5,5’-dithiobis-
(2-nitrobenzoic acid) under denaturing conditions.

Generation of Histidine-Tagged E. coli Flavodoxin Reductase. Amino-
terminal Hiss-tagged E. coli flavodoxin reductase (Hissflavodoxin
reductase) was generated from the Petlla-FPR plasmid (18) by
using restriction digestion and ligation. The resultant plasmid,
PCNSS, enables expression of flavodoxin reductase with the addi-
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Fig. 1. Flavodoxin, flavodoxin reductase, and proteins that contain homol-
ogous domains. Domains that bind FMN and that are homologous to fla-
vodoxin are shown in gray. In green are the reducing partners of the
flavodoxin-like domains, which bind FAD and are homologous to flavodoxin
reductase. In red are the oxidizing partners of the flavodoxin-like domains,
which bind heme or corrin cofactors.

tion of amino-terminal residues MetSerTyr,Hiss. The entire fla-
vodoxin reductase gene was sequenced (University of Michigan
DNA Sequencing Core Facility, Ann Arbor, MI) to ensure that no
mutations were present. The Hissflavodoxin reductase was ex-
pressed in cells of E. coli K-12 strain Hms174(DE3) (Novagen)
containing the pCNS5 plasmid and purified by nickel affinity
chromatography. Protein concentration was calculated by using the
absorbance of bound FAD (456 nm = 7,100 M~! - cm™1) (6).

NMR Spectroscopy. 'H,’N-Heteronuclear single-quantum corre-
lation (HSQC) experiments were performed at 25°C on a Varian
INOVA 800 MHz spectrometer. Spectra were processed and
analyzed with the programs NMRPIPE (19) and XEASY (20).
Changes in average amide chemical shifts are calculated by using
Eq. 1, in which ASN represents the change in the amide
nitrogen’s chemical shift, and ASH represents the change in the
amide proton’s chemical shift (21).

[1]

Spectra were recorded for a sample of 0.55 mM oxidized
2H,!3C,"5N-labeled flavodoxin [Fig. 6 (which is published as
supplemental data on the PNAS web site, www.pnas.org)] and
for samples of oxidized ?H,'3C,"N-labeled flavodoxin titrated
with unlabeled oxidized flavodoxin reductase and, separately,
with the unlabeled AdoMet-binding domain of methionine. All
samples contained 0.1 mM EDTA and 50 mM potassium
phosphate, pH 7.0, in 10% 2H>0/90% H,O. Because of dilution,
the concentration of 2H,3C,">N-labeled flavodoxin in the titra-
tions ranged from 0.22 mM to 0.55 mM. Titration points were at
molar ratios of 0, 0.25, 0.50, 0.75, 2.25, and 11.33 (flavodoxin
reductase:flavodoxin and AdoMet-binding domain of methio-

9522 | www.pnas.org/cgi/doi/10.1073/pnas.171168898

nine synthase:flavodoxin). During the course of titrations, indi-
vidual residues that span the mapped surfaces underwent uni-
form changes in the magnitude and direction of their normalized
amide chemical shifts, Adavg/Admaximum (data not shown).
These factors suggest a homogeneous interface in each titration,
rather than multiple binding interactions with different binding
affinities.

A third set of experiments was performed in which the
AdoMet-binding domain of methionine synthase was added to
I5N-labeled flavodoxin in the presence of AdoMet. This exper-
iment was performed at molar ratios of 2.25 and 11.33 (AdoMet-
binding domain of methionine synthase:flavodoxin). Methio-
nine synthase has a Ky of 1.2 uM for AdoMet (22). The
concentration of AdoMet was ~4 times that of the methionine
synthase domain so that the domain would be saturated with the
cofactor.

The interaction between 2H,>N-labeled flavodoxin and un-
labeled methionine synthase was also studied with the recently
developed bulk saturation transfer technique (23). The results
were somewhat ambiguous, because the flavin cofactor of the
otherwise deuterated flavodoxin was protonated. The interface
determined by this experiment, however, was fully compatible
with the NMR chemical shift mapping data (data not shown).

Results and Discussion

The Same Face of Flavodoxin Binds to Methionine Synthase and
Flavodoxin Reductase. To identify the surfaces on flavodoxin that
bind its physiological partners, we performed 'H,"’N-HSQC
NMR experiments in which we titrated "N,?’H-labeled fla-
vodoxin (20 kDa) with flavodoxin reductase (28 kDa) and,
separately, with the AdoMet-binding region of methionine syn-
thase (38 kDa). The latter module (methionine synthase residues
897-1227) was used in lieu of the entire 136-kDa methionine
synthase protein because it is required for reductive activation
(24) and because it was previously shown by crosslinking exper-
iments to contain determinants for binding to flavodoxin (25).
Only the peptide backbone and amide-containing side chains of
flavodoxin were observed in the HSQC titrations, because
flavodoxin reductase and the AdoMet-binding region of methi-
onine synthase were not '*N-labeled. When flavodoxin binds a
partner protein, residues at the binding interface experience a
change in their chemical environment; consequently, chemical
shift positions can be altered. Residues involved in allosteric
conformational changes also may experience changes in chem-
ical environment, and their chemical shifts may consequently
change.

Flavodoxin is in fast exchange (kogr > 10% s™!) with both
flavodoxin reductase and the AdoMet-binding domain of me-
thionine synthase, enabling us to track the changes in chemical
shifts for individual resonances based on the chemical shift
mapping method (21). On the basis of the known resonance
assignments of E. coli flavodoxin (26), we were able to map the
chemical shift perturbations to defined residues of flavodoxin
(Fig. 2). Binding of either flavodoxin reductase or methionine
synthase to flavodoxin causes chemical shift changes that are
localized to the face of flavodoxin that presents the FMN
cofactor (Fig. 3).

In the structure of the AdoMet-binding domain of methionine
synthase, AdoMet is positioned where it could be involved in a
binding interface with flavodoxin (27, 28). Therefore, we com-
pared complex formation between flavodoxin and this domain in
the absence and presence of AdoMet. The chemical shift changes
were confined to the same regions of flavodoxin in the absence
and presence of AdoMet (Fig. 2 B and C and Fig. 3 B and C).
The addition of AdoMet significantly increased the magnitude of
these changes at a given concentration of methionine synthase,
suggesting an enhanced interaction in the presence of AdoMet.
This observation supports the physiological relevance of the
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Fig. 2.  Flavodoxin residues that change in chemical shift on titration with
flavodoxin reductase and the AdoMet-binding domain of methionine syn-
thase. Changes in average amide chemical shifts (Asavg) of flavodoxin on
titration with flavodoxin reductase (A) and the AdoMet-binding domain of
methionine synthase in the absence and presence of AdoMet (B and C,
respectively) are mapped onto the sequence of flavodoxin. The molar ratio of
flavodoxin reductase: flavodoxin is 2.25:1 (A). The molar ratio of AdoMet-
binding domain of methionine synthase:flavodoxin is 11.33:1 (B and (). The
vertical color strips categorize the changes in average amide chemical shifts
into high, medium, and low groups for projection onto the three-dimensional
structure of flavodoxin in Fig. 3.

complex observed, because reductive methylation of the cobal-
amin of methionine synthase requires a methyl donor, AdoMet,
in addition to an electron donor, flavodoxin.

Glutamate 61 of flavodoxin is among the residues that un-
dergo changes in chemical shift on interaction with the AdoMet-
binding domain of methionine synthase. This residue has pre-
viously been shown to form a covalent crosslink with Lys-959 of
this methionine synthase module (25). Glu-61 is located at the
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Fig. 3. Surfaces of flavodoxin that experience chemical shift changes on
binding flavodoxin reductase and the AdoMet-binding domain of methionine
synthase. Amide chemical shift perturbations of flavodoxin on titration with
flavodoxin reductase (A) and the AdoMet-binding domain of methionine
synthase in the absence and presence of AdoMet (B and C, respectively) are
projected onto the three-dimensional structure of flavodoxin. Changes in
average amide chemical shift are indicated by the vertical color strips in Fig. 2
(i.e., in red are residues that shift the most, in yellow are residues that shift
moderately, and in green are residues that shift a lesser amount). Glu-61,
which has previously been shown to crosslink with the AdoMet-binding
domain of methionine synthase (25), is outlined in B and C. The FMN cofactor
is colored black. Two faces of flavodoxin are shown, the FMN-containing
surface and the surface after 180° rotation about the horizontal axis. With
both partners, chemical shift perturbations are largely confined to the FMN-
containing face of flavodoxin.

periphery of the observed surface (Fig. 3 B and C), where steric
accommodation of the succinimidyl ester crosslinking interme-
diate would be possible without disruption of the complex.
The similarities between the surfaces of flavodoxin that
interact with flavodoxin reductase and with the AdoMet-binding
domain of methionine synthase are striking (Fig. 3). Each
interaction surface is centered on the flavin. Many perturbations
are clustered in or near three loops that interact with the FMN
cofactor; the region between residues 10 and 15 contains resi-
dues that form hydrogen bonds with the phosphate oxygens of
the FMN, and regions 55-66 and 90-99 contain residues that are
in van der Waals contact with the FMN cofactor (11). The

PNAS | August 14,2001 | vol.98 | no.17 | 9523

BIOCHEMISTRY



Fig. 4. FMN-reducing and FMN-oxidizing configurations in cytochrome 450 reductase may require a conformational change for interconversion. (4) In
cytochrome P450 reductase, electrons are transferred from FAD to FMN in an interdomain reaction. In the structure of cytochrome P450 reductase (10), the FAD
and FMN cofactors of the flavodoxin reductase-like (green) and flavodoxin-like (gray) domains are juxtaposed for this electron transfer. Van der Waals contacts
between these domains of cytochrome P450 reductase are mapped by homology onto the structure of E. coli flavodoxin, which is shown in the same orientation
as in Fig. 3. (B) In cytochrome P450BM-3, electrons are transferred from FMN to the heme in an interdomain reaction. In the structure of the heme/FMN-
containing fragment of cytochrome P450BM-3 (34), the FMN-containing domain (gray) is juxtaposed against the heme-containing domain (red) for electron
transfer. Van der Waals contacts between these domains of cytochrome P450 BM-3 are mapped by homology onto the structure of E. coli flavodoxin, which is

shown in the same orientation as in Fig. 3.

interfaces contain a hydrophobic patch including the exposed
dimethyl groups of the flavin and flanking residues Trp-57 and
Tyr-58, -59, and -94. This hydrophobic patch is surrounded by
charged residues. Similar arrangements have been observed in
analyses of other protein—protein interfaces (29, 30). Electro-
static interactions may generally orient the molecules for com-
plex formation and occlude solvent, whereas hydrophobic pack-
ing may contribute the majority of the binding energy.

The complexes of flavodoxin with flavodoxin reductase or
with the AdoMet-binding domain of methionine synthase both
have a stoichiometry of 1:1. This stoichiometry is implied by the
observation that the chemical shifts of the different residues in
the interface change at the same rate on titration (Figs. 7 and 8§,
which are published as supplemental data on the PNAS web site,
www.pnas.org) and that only one partner molecule can bind to
the relatively small interface on flavodoxin at a time (Fig. 3).
Examination of the interaction of flavodoxin and flavodoxin
reductase by isothermal titration calorimetry reveals a Ky of ~10
uM but a stoichiometry indicating that only two-thirds of the
flavodoxin reductase is in a reactive conformation (D.A.H. and
R.G.M., unpublished data). Given this partial reactivity, we
obtain from the NMR titration data of flavodoxin and fla-
vodoxin reductase a dissociation constant in the range 1-300 uM
(Fig. 7, supplemental data, www.pnas.org). The median value of
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the order of 10 uM is compatible with the fast chemical exchange
observed in the NMR titration, as well as with the isothermal
titration calorimetry data. The NMR titration data of the binding
of the AdoMet-binding domain of methionine synthase to
flavodoxin reveals a dissociation constant of 10 mM. We were
not able to observe the interaction between this fragment of
methionine synthase and flavodoxin by isothermal titration
calorimetry, a finding compatible with a Ky of this magnitude.
This weak binding is likely because a subdomain of methionine
synthase was used. We do, however, believe this binding is
representative of the interaction of the full methionine synthase
with flavodoxin. This follows from the fact that all perturbed
resonances shift together (Fig. 8, supplemental data, www.
pnas.org), excluding the possibility that interactions with multi-
ple nonspecific sites are being monitored. Furthermore, we know
that AdoMet strongly affects the tightness of interaction but does
not change the binding interface (Fig. 2 B and C). We also know
that AdoMet lies in the interface between the activation and
B12-binding domains of methionine synthase (M. L. Ludwig and
R.G.M., unpublished data). AdoMet would then be in position
to interact with flavodoxin as well, as observed. We believe these
findings strongly support a physiologically significant, albeit
weak, complex.

Hall et al.
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Modeled interface of flavodoxin with methionine synthase. The FMN, cobalamin, and AdoMet cofactors of flavodoxin (11) (gray), the cobalamin-binding

region (31) (blue), and AdoMet-binding domain (27) (red) of methionine synthase are juxtaposed for electron transfer from FMN to cobalamin and for methyl
transfer from AdoMet to cobalamin according to a published docking model (28). Predicted contacts of flavodoxin with the AdoMet-binding domain are mapped
onto the surface of flavodoxin, which is shown in the same orientation as in Fig. 3.

Modeled Binding Interfaces Between Flavodoxin and Its Partners. Our
experimental findings can be used to evaluate models of the
binding interfaces between flavodoxin and its physiological
partners. In the structures of flavodoxin (11) and flavodoxin
reductase (12, 13), the dimethylbenzene moieties of FMN and
FAD are exposed. In a productive complex, these cofactors are
thought to be juxtaposed for electron transfer. Structures of
flavodoxin reductase reveal a cavity at the FAD-containing
face that could accommodate the FMN-containing face of
flavodoxin. Our experiments demonstrate involvement of the
FMN-containing face of flavodoxin in the binding interface
with flavodoxin reductase and thus support this interaction
model.

Because cytochrome P450 reductase contains a domain ho-
mologous to flavodoxin and a domain homologous to flavodoxin
reductase, the structure of this protein (10) suggests an arrange-
ment of these molecules for productive electron transfer. In this
structure, the flavodoxin- and flavodoxin reductase-like do-
mains are in proximity for electron transfer from FAD to FMN
(Fig. 44). Van der Waals contacts between the flavodoxin
reductase- and the flavodoxin-like domains of cytochrome P450
reductase were mapped by homology onto the E. coli flavodoxin
structure. There is good agreement between the surface of
flavodoxin predicted to be the interface and the surface that
experiences changes in chemical shift positions on titration with
flavodoxin reductase (compare Figs. 34 and 4A4). Therefore, we
demonstrate that the interaction between flavodoxin and fla-
vodoxin reductase indeed resembles that between the domains
of cytochrome P450 reductase.

Similarly, our results can address a modeled complex of
flavodoxin and methionine synthase (28). Because the x-ray
structures of E. coli flavodoxin (11) and the cobalamin- (31) and
AdoMet-binding domains of methionine synthase (27) have
been determined, these could be positioned for reductive rem-
ethylation (Fig. 5). In this model, the FMN of flavodoxin is
positioned near the cobalamin to permit facile electron transfer,
and AdoMet is positioned for subsequent methyl transfer to
cobalamin. The predicted involvement of the FMN-containing
face of flavodoxin is compatible with our experimental findings.
This model also predicts numerous specific contacts between
flavodoxin residues and the AdoMet-binding domain of methi-
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onine synthase. Many of these flavodoxin residues change in
chemical shift position in our experiments (compare Fig. 5 with
Fig. 3 B and C). Several features distinguish complexes with the
AdoMet-binding domain of methionine synthase from those
with flavodoxin reductase. For example, the loop comprised of
the residues 145-150 is identified in complexes with the AdoMet-
containing domain but not with flavodoxin reductase. In a
docking model (28), this loop is a steric match for methionine
synthase. Such overlapping, but not identical, binding sites may
tune flavodoxins for specific interactions with a variety of
physiological partners.

Binding Information Predicts Conformational Changes. Our experi-
mental findings strongly suggest that productive ternary com-
plexes between flavodoxin, flavodoxin reductase, and methi-
onine synthase cannot form. The FMN-containing surface of
flavodoxin is buried within complexes between flavodoxin
reductase and methionine synthase and is not available for
simultaneous interaction with another partner. Indeed, com-
petition between methionine synthase and flavodoxin reduc-
tase for binding to flavodoxin has previously been documented
in spectrophotometric binding titrations (32). Therefore, we
predict sequential interactions of flavodoxin with flavodoxin
reductase and then with methionine synthase to enable direct
interaction of each partner with the FMN-containing surface
of flavodoxin.

A complex of the FAD- and FMN-containing domains of
cytochrome P450 reductase with a heme-containing partner (a
ternary domain complex) has been proposed (10). Electron transfer
from cytochrome P450 reductase to its partners occurs in the
following sequence: NADPH—FAD—FMN—heme (33). The
structure of cytochrome P450 reductase (10) with its adjacent FAD-
and FMN-containing domains represents a FMN-reducing confor-
mation (Fig. 44). The interface between these domains is similar to
that observed in titrations of flavodoxin with flavodoxin reductase
(Fig. 34). For the FMN-oxidizing reaction, however, docking of an
additional protein to form a ternary domain complex was suggested
(10). In contrast, we find overlapping surfaces on the homologous
flavodoxin to be occupied in titrations with its reducing and
oxidizing partners and consequently do not concur with this
suggestion.
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Structural studies of cytochrome P450BM-3 suggested con-
formational changes as an alternative to ternary domain complex
formation for the cytochrome P450 reductase family of proteins
(34). Cytochrome P450BM-3 is a fatty acid monooxygenase that
possesses domains for binding heme, FMN, and FAD. Expres-
sion of a heme/FMN-containing fragment of this protein has
enabled biochemical and structural studies of a model FMN-
oxidizing complex. In the x-ray structure of this construct, the
FMN-containing face is again sequestered (Fig. 4 B). Our
titrations of flavodoxin with its FMN-oxidizing partner, methi-
onine synthase, depict a parallel interaction surface (Fig. 3C).

For proteins like cytochrome P450 reductase and cytochrome
P450BM-3, which carry the FMN- and FAD-containing domains
on a single polypeptide, we predict that large conformational
changes are necessary to swing the FAD- and FMN-containing
domains apart to permit cycling between FMN-reducing and
-oxidizing configurations. An additional domain present be-
tween the FAD- and FMN-binding domains of cytochrome P450
reductase and an 11-residue linker between these domains in
cytochrome P450 BM-3 could serve as hinges for such confor-
mational changes. We propose similar conformational changes
for the other proteins that share sequence homology with
cytochrome P450 reductase, like methionine synthase reductase
and nitric oxide synthase.
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Conclusions

The surfaces on flavodoxin that bind flavodoxin reductase and
the AdoMet-binding domain of methionine synthase were
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