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Abstract

The crystal structure of the FMN-binding domain of human NADPH-cytochrome P450 reductase~P450R-FMN!, a key
component in the cytochrome P450 monooxygenase system, has been determined to 1.93 Å resolution and shown to be
very similar both to the global fold in solution~Barsukov I et al., 1997,J Biomol NMR 10:63–75! and to the
corresponding domain in the 2.6 Å crystal structure of intact rat P450R~Wang M et al., 1997,Proc Nat Acad Sci USA
94:8411–8416!. The crystal structure of P450R-FMN reported here confirms the overall similarity of itsa-b-a archi-
tecture to that of the bacterial flavodoxins, but reveals differences in the position, number, and length of the helices
relative to the centralb-sheet. The marked similarity between P450R-FMN and flavodoxins in the interactions between
the FMN and the protein, indicate a striking evolutionary conservation of the FMN binding site. The P450R-FMN
molecule has an unusual surface charge distribution, leading to a very strong dipole, which may be involved in docking
cytochrome P450 into place for electron transfer near the FMN. Several acidic residues near the FMN are identified by
mutagenesis experiments to be important for electron transfer to P450 2D6 and to cytochromec, a clear indication of
the part of the molecular surface that is likely to be involved in substrate binding. Somewhat different parts are found
to be involved in binding cytochrome P450 and cytochromec.
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NADPH-cytochrome P450 oxidoreductase~P450R! is an essential
component of the cytochrome P450 monooxygenase system found
in the endoplasmic reticulum of eukaryotic cells~Philips & Lang-
don, 1962; Williams & Kamin, 1962; Lu et al., 1969!, which plays
a crucial role in the metabolism of drugs and xenobiotics~Ortiz de
Montellano, 1995!. P450R is a 78 kDa membrane-bound flavo-
protein, containing one molecule each of FMN and FAD~Iyanagi
& Mason, 1973!, which transfers electrons from NADPH to the
cytochromes P450. The enzyme can also transfer electrons to
cytochromeb5 ~Enoch & Strittmatter, 1979!, haem oxygenase
~Schacter et al., 1972!, and the fatty acid elongation system~Ilan
et al., 1981! and to exogenous electron acceptors including cyto-
chromec ~Williams & Kamin, 1962!.

Cytochrome P450 reductase is a multidomain protein, compris-
ing three separable domains: a hydrophobic N-terminal domain,
which anchors the enzyme to the membrane, an FMN-binding
domain, and an FAD0NADPH-binding domain~Porter, 1991; Por-
ter & Kasper, 1986; Smith et al., 1994!. The FAD0NADPH bind-
ing domain shows clear sequence homology to ferredoxin-NADP1

reductase and NADH-cytochromeb5 reductase~Porter & Kasper,
1986; Karplus et al., 1991! and the FMN-binding domain to sev-
eral bacterial FMN-containing flavodoxins~Porter & Kasper, 1986!.
The FAD moiety serves as the initial acceptor of electrons from
NADPH, transferring them to the FMN and thence to the haem
iron of cytochrome P450.

As yet, only limited structural information is available for the
components of the microsomal mono-oxygenase system. No struc-
ture has yet been determined for any mammalian P450, although
models have been constructed~e.g., Modi et al., 1996!. The medium-
resolution ~2.6 Å! three-dimensional crystal structure of an
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N-terminally truncated P450 reductase from rat liver was de-
scribed ~Wang et al., 1997! while the present paper was being
prepared for publication.

The FMN-binding and NADPH0FAD-binding domains of hu-
man P450 reductase have been individually expressed~Smith
et al., 1994; Barsukov et al., 1997! and crystallized~Zhao et al.,
1996! and the global fold of the FMN-binding domain has been
determined by NMR~Barsukov et al., 1997!. The purified FMN
and FAD0NADPH domains can be reconstituted to form a com-
plex, which has significant catalytic activity in the reduction of
cytochromec and in donating electrons for cytochrome P450-
dependent monooxygenase reactions~Smith et al., 1994; Barsukov
et al., 1997!. We now describe the high-resolution structure of the
FMN-binding domain of human P450 reductase~P450R-FMN! as
determined by X-ray crystallography. We compare the structure of
P450R-FMN with the known structures of homologous flavodox-
ins and intact rat P450R~Wang et al., 1997!. The FMN-binding
domain of P450R is of particular importance as the part of the
enzyme that interacts with cytochromes P450, both to transfer
electrons and in some cases to influence substrate binding to the
P450~Modi et al., 1997!. Residues that may be involved in this
interaction are discussed on the basis of the structures of P450R-
FMN, the intact rat reductase~Wang et al., 1997! and the haemo-
protein domain ofBacillus megateriumP450 BM-3~Ravichandran
et al., 1993!, and the results of site-directed mutagenesis experiments.

Materials and methods

Cloning, protein purification, and crystallization

The functional FMN binding domain of human fibroblast P450
reductase was expressed and crystallized as described previously
~Smith et al., 1994; Zhao et al., 1996; Barsukov et al., 1997!.
Electrospray mass spectrometry~measuredMr 20,225 Da! indi-
cated that the crystals contained a protein consisting of the four
residues GSHM introduced by the expression system, followed by
residues Thr61 to Ser245, representing exons 3–7 of P450R. In this
paper Thr61 of the intact reductase is residue 1.

Derivatives and data collection

Heavy atom derivatives were prepared by soaking the crystals in
mother liquor with heavy atom compounds in the dark. Data were
collected on 30 and 18 cm diameter MAR image plates mounted
on Siemens XP-18 and GEC-Elliott GX-21 X-ray generators, re-
spectively ~graphite monochromated CuKa!. Each data set was
collected from a single crystal at a temperature of 148C. All X-ray
data sets were processed with the program DENZO~Otwinowski,
1993!, and reduced with the CCP4 package~CCP4, 1994! ~Table 1!.

Phase calculations and initial model

A major heavy atom site for for a mercuric derivative~Hg2! was
located using RSPS. The remaining heavy atom positions were
determined and correlated to each other by cross-difference Fou-
rier calculations. Heavy atom parameter refinement and phasing
was performed with VECREF and MLPHARE. The initial MIRAS
phasing~figure of merit 0.66 at 2.06 Å! made use of 10 heavy atom
derivatives, 7 of which were chemically distinct~Table 1!. The elec-
tron density map was improved by solvent flattening, histogram
matching, and solvent flipping using DM. A bone map of interpret-
able quality was obtained using the program O~Jones et al., 1991!.
A polyalanine model of 80 residues derived from the crystal struc-
ture of a flavodoxinDesulfovibrio vulgaris~Watt et al., 1991!, rep-
resenting the five centralb-strands and three helices, was fitted into
the bone map. The quality of the density map was gradually im-
proved by three cycles of rigid-body refinement of the polyalanine
model at 3.0 Å using XPLOR~Brünger, 1993! ~Rdropped from 58.1
to 47.9%, free-R from 63.5 to 50.1%!, followed by SIGMAA phase
recombination with the MIRAS phases, density modification, and
remodeling.At this stage the polyalanine model was extended to 151
alanine residues. After one cycle of simulated annealing and tem-
perature factor refinement using XPLOR, phase recombination, and
density modification, the resulting density map at 2.7 Å~R 47.2%,
free-R 49.9%! was used to assign the side chains. A further three
rounds of the same procedure, while extending the resolution to
2.3 Å, dropped theR-factor to 27.7%~free-R36.9%!. All programs
were CCP4~1994! unless otherwise stated.

Table 1. X-ray data collection and phasing statistics

Resolution
Rmerge

~%!
Completeness

~%! ~reflections! Redundance Rcullis centric
Phasing power
acentric0centric

Native 1 2.06 8.5 99.2~11,411! 3.5 — —
Native 2 1.93 8.2 89.2~13,289! 3.9 — —
Emp1a 2.30 4.5 97.3 3.5 0.66 2.1901.56
Hg2a 2.70 8.8 98.5 3.0 0.82 1.4000.92
Hg3 3.00 10.1 98.9 3.1 0.87 0.7000.54
Au1 2.30 5.1 94.0 3.6 0.96 1.2401.02
Hg4a 3.00 11.5 99.7 3.4 0.82 1.2500.96
Os3a 2.30 5.7 97.3 3.9 0.89 0.8000.64
Pb3 2.50 6.1 97.0 3.5 0.87 0.8500.72
Co1 2.40 9.5 99.0 3.4 1.14 0.9400.58
Yb2 2.40 6.2 95.7 3.4 0.94 0.7100.60
Pt5 2.60 8.3 98.7 3.3 0.97 0.9900.64

aAnomalous signals were used in phase calculation. Emp1: ethyl mercury phosphate; Hg2,3: mercury acetate; Au1: gold cyanide;
Hg4: mersalyl acid; Os3: potassium osmiate; Pb3: lead acetate; Co1: cobalt cesium chloride; Yb2: ytterbium chloride; Pt5: potassium
tetrachloroplatinate.
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Refinement

The structure was further refined by simulated annealing followed
by restrained isotropic temperature factor refinement using XPLOR.
After another three rounds of refinement, phase recombination,
and density modification and remodeling, theR-factor had dropped
to 23.7%~free-R 29.7%! at 8.0–2.07 Å. The refinement was pur-
sued using the higher resolution Native2 data. FMN was placed in
the location where unambiguous difference electron density showed
its presence and shape during model rebuilding~Fig. 1!. Water
molecules were added gradually. A further six cycles of model
rebuilding using O and refinement against all the data to 1.93 Å
resulted in the final model withR of 18.9%~free-R 24.3%!. The
final two cycles of refinements were repeated including the data
previously omitted for free-R. One solvent molecule with very
low B-factor displayed hepta-coordination. There was also strong
13s6Fo6 2 6Fc6 difference density at this position. This solvent
molecule was replaced with a Ca21 ion, although this did not lead
to a drop in the free-R. The refinement and geometry statistics are
shown in Table 2.

Mutagenesis

Mutagenesis was carried out using a variation of the standard
Kunkel method~Kunkel, 1985; McDonagh, 1997!. Plasmid pMP,
containing the coding sequence for the reductase FMN domain
cloned into pET15b~Novagen, Madison, Wisconsin! ~Smith et al.,
1994; Barsukov et al., 1997! was modified to enable production of
single stranded DNA by the insertion of the F1 origin from M13
into the uniqueSphI site. The plasmid was transformed intoEsch-
erichia coli RZ1032 and single stranded DNA was produced as
described in the Sculptor in vitro mutagenesis kit~Amersham In-
ternational, Amersham, UK!. For mutagenesis, 4 pmol of phos-

phorylated mutagenic oligonucleotide was annealed to approximately
1 mg of single stranded DNA in 1.4 M MOPS, pH 8.0, 1.4 M NaCl
in a total volume of 9mL. Annealing was carried out at 708C for
5 min, 378C for 30 min, and finally at 48C for 5 min. Primer
extension was carried out at 378C for 30 min with 2 U of DNA
polymerase I Klenow fragment~Boehringer Mannheim, Mann-
heim, Germany!, 500mM dNTPs, 1 mM MgCl2, and 1 U of DNA
ligase~New England Biolabs, Beverly, Massachusetts! in a total
volume of 20mL. The reaction was terminated by heating at 708C
for 5 min, prior to transformation intoE. coli JM109. Mutagenesis
was confirmed by sequencing. Mutants were expressed fromE.
coli BL21 ~DE3! grown in LB and purified as reported previously
~Zhao et al., 1996; Barsukov et al., 1997!.

Characterization of mutants

Protein concentration was measured using the Bradford method,
and FMN was measured spectrophotometrically after releasing it
by denaturing the protein by heating to 708C. Cytochrome P450-
dependent monooxygenase activity was determined using cyto-
chrome P450 2D6 with codeine as substrate as described~Modi
et al., 1996!. Assay mixtures contained 30mM P450 2D6, 30mM
P450R-FMN, 30mM FAD0NADPH domain, 0.01–6 mM codeine
and 4 mM NADPH in 0.1 M phosphate buffer, pH 7.5 at 258C.
Cytochromec reductase activity was measured in 0.1 M phosphate
buffer, pH 7.5 at 258C with 380 nM FMN domain, 380 nM FAD0
NADPH domain, 0.15 mg0mL cytochromec, and 0.2 mM NADPH.
The reaction was monitored by the increase in absorbance at
550 nm ~E550 5 21 mM21 cm21!. Cytochromec was oxidized
using potassium ferricyanide immediately before the experiment
and used within 1 h.

Coordinates

Coordinates have been deposited in the Protein Data Bank~access
no. 1b1c!.

Results and discussion

Overall structure

The model of the crystal structure determination~Tables 1 and 2!
of the FMN-binding domain of human P450R consists of residues

Fig. 1. 6Fo6 2 6Fc6 electron density map~contour 1.5s, 1.93 Å! for the
FMN moiety before FMN was fitted, with the final coordinates of FMN
superimposed.

Table 2. Refinement and geometry statistics

Resolution range~Å! 19.45–1.93
Reflections 13,282
R-factor ~%, withouts cutoff! 19.73
Total number of atoms in protein~excluding H! 1,326
Solvent atoms~excluding H! 61
Mean isotropic temperature factor

Main chain of the protein 17.57
Side chain of the protein 20.99
Cofactor FMN 13.18
Solvent 25.26
Ca11 ion 22.37

RMS bond lengths~Å! 0.010
RMS bond angles~8! 1.45
Ramachandran plot No outliers
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Glu6 to Val173. The side-chain atoms of Glu82 and Asp100 are
not defined by electron density. The seven N-terminal and nine
C-terminal residues could not be positioned for lack of density.
The highB-factors for terminal residues Ser7 and Gly172 point to
the high mobility or disorder of both termini, and NMR evidence
indicates that at least the 10 C-terminal residues and probably also
the N-terminal residues are flexible in solution~Barsukov et al.,
1997!.

The Ca21 ion is liganded by two oxygen atoms and five water
molecules at a distance of ca. 2.4 Å in a distorted bipyramidal
arrangement. The two oxygen atoms are provided by the OG atom
of Ser104, and the oxygen atom of Thr117 of a symmetry-related
molecule. The ion is also connected to the OE1 and OE2 atoms of
residue Glu169 from another symmetry-related molecule via hy-
drogen bonds with three neighboring water molecules. Ca21 is
therefore involved in the stabilization of the crystal lattice, in
agreement with the critical role of CaCl2 in the crystallization
~Zhao et al., 1996!.

The overall fold of human P450R-FMN~Fig. 2! is a wound
a-b-a fold consisting of five parallelb-strands in the core of the
molecule flanked by two helices on one side~a2 anda7! and five
on the other. Strandb1 consists of residues 20–25,b2 49–52,b3
72–78,b4 107–114,b5a 138–139, andb5b 144–147. The fifth
b-strand is divided into two parts~b5a andb5b! by a four residue
stretch of non-b conformation. Helixa1 consists of residues 9 to
15 in thea-helical configuration,a2 30–45~30–41a-helix, 42–45
310 helix!, a3 54–56~310 helix!, a4 59–67~310 helix!, a5 87–98

~87–89 310 helix, 90–98a-helix!, a6 123–134~a-helix!, anda7
152–171~a-helix!. The locations of these elements of secondary
structure are in good agreement~62 residues! with those identi-
fied5 by NMR in solution~Barsukov et al., 1997!, with two minor
exceptions: the short 310 helix spanning residues 54–56 was not
identified by NMR, due to missing assignments, and, while the
existence of a gap inb-strand five around residues 140–144 was
clear from the NMR data, its extent could not be accurately defined
with the data available.

The cofactor FMN lies on the top of theb-sheet, at the C-terminal
ends of the strands~Fig. 2!, as seen in the intact rat reductase
~Wang et al., 1997!. Figure 1 shows the unambiguous electron
density map for FMN in P450R-FMN at the end of the refinement
before FMN was added into the model.

Comparison of the overall structure with flavodoxins
and with intact rat P450 reductase

The structure of P450R-FMN was compared with known flavo-
doxin structures whose sequences are compared with that of P450R
in Figure 3. P450R-FMN and all the flavodoxins clearly have a
common fold, consisting of a central five-stranded parallelb-sheet
flanked on either side by helices. Approximately the same regions
of the proteins are involved in FMN binding, and the orientation of
the isoalloxazine ring relative to the protein structure is similar in
all cases. The conformation of the FMN is also similar; when the
isoalloxazine rings are superimposed, the average distance be-
tween the phosphorus atom of FMN in P450R-FMN and that in
flavodoxins is less than 1.5 Å.

In the flavodoxins, as in P450R-FMN, the fifthb-strand is di-
vided into two ~b5a andb5b in P450R-FMN! by a stretch of
non-b-strand residues; in the long-chain flavodoxins, there is an
insert of about 20 residues at this position. Although the central
b-sheet is very similar in all the structures, when theb-sheet of
P450R-FMN is superimposed on those of the flavodoxins, the
flanking helices on either side are out of register and shifted. As
compared to the flavodoxins, P450R-FMN has an extra N-terminal
helix, a1, and a short extra 310 helix 3, while helixa4 is longer.
The RMS differences in Ca positions between the structure of
P450R-FMN and those of the flavodoxins fromD. vulgaris and
Chondrus crispusare 1.537 and 1.817 Å, respectively~121 and
114 equivalent Ca atoms!. The secondary structure of P450R-
FMN is generally in good agreement with that reported by Wang
et al.~1997! for the intact rat P450 reductase with the exception of
the non-b structure interruption in the fifthb-strand. It is not yet
clear whether this difference reflects the higher resolution of the
present structure.

The FMN binding site

The resolution of the present structure allows us to describe the
binding site for FMN in detail and to compare it to that in the
flavodoxins and that reported for the intact rat P450 reductase
~Wang et al., 1997!. The isoalloxazine ring appears to be planar; its
pyrimidine end is slightly buried by two loops, betweenb3 anda5
~residues 80–83! and b4 anda6 ~115–120!, while the dimethyl
benzene edge is exposed to solvent and forms lattice contacts with

5Using the residue numbering and secondary structure designations for
P450R-FMN.

Fig. 2. Ribbon representation~SETOR! of P450R-FMN seen along the
plane of the parallelb-sheet with the FMN moiety in brown at the top. The
structure consists of a right-handed twisted sheet made up of five parallel
b-strands~green! in the core of the molecule flanked by two helices~red!
on one side and five on the other. The cofactor FMN lies in a crevice on the
top of theb-sheet.
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residues Ser63 and Glu67. The specific interactions between the
FMN and the protein are summarized schematically in Figure 4
and compared with those in flavodoxins in Table 3.

The N1, O2, N3, and O4 atoms of the isoalloxazine ring form
hydrogen bonds to backbone atoms only of residues Asn115, His120,
Asn122~on the loop betweenb4 anda6!, and Gly81~on the loop
betweenb3 anda5!. The fact that the electronegative atoms of the
flavin ring interact only with backbone atoms of the protein ap-
pears to be a general feature of the structure of flavodoxins as well
as of P450R-FMN~Table 3! and of the intact rat reductase. The
nearest atoms to N5, the site of protonation upon reduction, in
P450R-FMN are the Ca and amide N of Gly81~3.6 and 3.8 Å,
respectively!. No protein atoms or water molecules are within
3.5 Å of N5 in the oxidized state of flavodoxins except inC.
crispuswhere the OG of Thr58 is equidistant from O4 and N5
~Table 3!. In the intact rat reductase, there is an additional inter-
action between O4 and the amide N of Gly143~equivalent to
Gly83!. Again, it is not clear if this is a difference in interpretation
arising from the lower resolution of the structure of the intact rat
enzyme or a real difference in structure.

In P450R-FMN, the isoalloxazine ring is sandwiched between
the two aromatic side chains of Tyr80 and Tyr118 at nearly the
same distance of 3.5 Å; it lies almost parallel to the ring of the
outer residue Tyr118, and makes an angle of about 408 with the
ring of the inner residue Tyr80. These two tyrosines are in similar
positions in the structure of the intact rat enzyme~Wang et al.,
1997!. Most flavodoxins have a tilted tryptophan for the outer
aromatic residue, although inClostridium flavodoxin this is re-
placed by a methionine.

The pattern of interactions of the ribityl moiety of FMN appears
to be conserved among the flavodoxins and P450R-FMN; in all
cases, the ribityl O2 interacts with a backbone carbonyl, while
ribityl O3 and O4 interact with solvent and0or with side-chain
oxygens~or in one case a nitrogen!. In the intact rat reductase
~Wang et al., 1997!, the interaction of the OD2 of the equivalent of
Asp148 with the ribityl O4 atom is not present, and there is an
additional interaction between the ribityl O2 atom and the carbonyl
oxygen of Leu173~equivalent to Leu113!.

The phosphate group of FMN is located at the N-terminal end of
helix a2. Three phosphate oxygens make multiple hydrogen bond-

Fig. 3. Sequence alignment based on structural superposition of P450R-FMN with flavodoxins of know structure@C. crispus~Fuku-
yama et al., 1990! ~PDB-code 2fcr!, Anabaena7120 ~Rao et al., 1992! ~1flv!, Anacystis nidulans~Smith et al., 1983! ~1ofv!,
Clostridium beijerinckii~Ludwig et al., 1997! ~5ull!, D. vulgaris ~Watt et al., 1991! ~3fx2!#. The residues that are conserved in
P405R-FMN and the flavodoxins are indicated with an asterisk~* !. Residues interacting with the cofactor FMN are indicated in blue
for side-chain hydrogen bond, red for main-chain hydrogen bond, and purple for hydrophobic interaction.
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ing interactions with backbone NHs of residues 26–31 on the loop
betweenb1 anda2 ~Fig. 4; Table 3!, and there are hydrogen bonds
to the side-chain hydroxyls of Thr28, Ser26, and Tyr80. These
extensive hydrogen bonding interactions, together with the elec-
trostatic interaction with thea-helix dipole, stabilize the binding of
the FMN phosphate to the protein. Very similar interactions with
backbone NHs and side-chain hydroxyls are a general feature of
the phosphate binding site of flavodoxins and residues in the loop
corresponding to residues 26–31 in P450R-FMN are relatively
well conserved in the flavodoxins~Fig. 3!. In the 2.6 Å structure
of the intact rat reductase~Wang et al., 1997!, the hydroxyl group
and nitrogen atom of Thr28 appear to make additional interactions
with two of the phosphate oxygens that are not seen in P450R-
FMN.

It is thus clear that the essential features of the FMN binding site
are remarkably conserved between human P450 reductase and the
bacterial flavodoxins.

Charge distribution, substrate binding, and electron transfer

Although no direct structural information is yet available for the
binding of P450R to its substrates, a number of lines of evidence
like have suggested the importance of electrostatic interactions in
the binding of P450R to its substrate. For example, neutralization
of carboxylate groups on P450R by chemical modification inhibits
both cytochromec reductase activity and cytochrome P450-
dependent monooxygenase activity~Tamburini & Schenkman, 1986;
Nadler & Strobel, 1988!, and some of the acidic residues involved
have been identified by site-directed mutagenesis of rat liver P450R
~Shen & Kasper, 1995!. The only known structure for a class II
P450 is the haem domain of P450 BM-3~Ravichandran et al.,

1993!, in which the proposed reductase binding site is a depression
on the proximal side of the haem which has a cluster of positively
charged residues, and homology modeling and mutagenesis indi-
cate that this cluster is conserved in eukaryotic class II P450s
~Bridges et al., 1998; Peterson & Graham, 1998!. Mutagenesis and
chemical modification studies of mammalian P450s have also pro-
vided evidence for the importance of Lys and Arg residues in
reductase binding~e.g., Shimizu et al., 1991!.

The FMN-binding domain of P450R has 19 positive and 34
negative charges in 167 residues, giving rise to a negative mono-
pole of 215. The structure shows that the domain is strongly
electrically dipolar~677 Debye! with the positive and negative
poles located toward the two terminal helices and the area of the
FMN binding site, respectively~Fig. 5!. The dipole lies roughly in
the plane of the central sheet, centered near the center of gravity of
the protein, and points from the flavin ring toward the C-terminal
ends of helices 1 and 2. The marked separation of charges on the
surface of P450R-FMN is very striking, and is likely to be impor-
tant in binding its electron transfer partners and perhaps also in the
electron transfer process itself.

In P450R-FMN, there is a cluster of nine positive charges~res-
idues 12, 14, 15, 18, 37, 40, 43, 44, 48! at a distance of 20–40 Å
from the FMN, arising mainly from residues on helix 1 and the
C-terminal part of helix 2. This part of the molecule is much more
positively charged in P450R-FMN than in flavodoxins, not only
because helix 1 is absent in flavodoxins but because the positive
residues in the C-terminal half ofa2 are poorly conserved in the
other proteins in Figure 3. As a result, the molecular dipole is much
greater in P450R-FMN than in flavodoxins.

Negative potential is dominant around the FMN binding site,
due largely to a cluster of negatively charged residues close to the
N1 atom of FMN. This includes Glu82, Asp84, Asp87, Glu119,
Asp147, Asp148, Asp149, Asp155 within 15 Å, and Glu32, Glu33,
Asp53, Glu55, Asp94, Asp129, Glu142, Glu153, and Glu154 at
15–20 Å. A quarter of all the acidic residues are thus close to the
FMN. Although the flavodoxins also have the FMN site sur-
rounded with negative residues, the specific residues are not well
conserved.

Of the three loops around the FMN binding site~Fig. 2!, the
b4-a6 loop ~residues 115–122!, which contains Tyr118, has a
mixed charge distribution, but the other two loops~b3-a5 and
b5b-a7! contain three clear clusters of acidic residues, which could
form ion-pair interactions with the electron transfer partners. The
b5b-a7 loop contains cluster 1, Asp147, Asp148, and Asp149~of
which Asp148 interacts with the ribityl moiety of FMN!, and this
is closely followed by cluster 2, Glu153, Glu154, and Asp155, at
the beginning of helixa7. These two patches correspond to the
region of P450R, which was cross-linked to a lysine residue in
cytochromec ~Nisimoto, 1986! and which has been investigated
by site-directed mutagenesis of the rat liver enzyme by Shen and
Kasper~1995!. On the opposite side of the FMN binding pocket,
theb3-a5 loop, which contains the “inner” Tyr80, also contains a
third cluster of acidic residues, Glu82, Asp84, and Asp87, which
has not previously been investigated.

We have constructed mutants of several residues in these three
clusters in human P450R-FMN to investigate their role in the
binding of and electron transfer to cytochromec and cytochrome
P450 2D6. Their properties are presented in Table 4; although all
these substitutions are close to the FMN binding site, and Asp148
interacts with it directly, none of them affected the FMN content of
the domain.

Fig. 4. Schematic diagram of the interactions of the cofactor FMN with the
FMN-binding domain of P450R.
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Of the changes made to acidic residues in theb5b-a7 loop
~cluster 1!, only the D148N mutation has any effect; it decreases
the P450 activity by 70%, while having no effect on the cyto-
chromec reductase activity. Recently Jenkins et al.~1997! have
shown that substitutions in the corresponding acidic cluster of
Anabaenaflavodoxin affect its ability to transfer electrons to P450
c17 but not to cytochromec. Contrasting effects are seen for sub-
stitution in the acidic patch at the beginning of helix 7~cluster 2!;
the E153Q and, to a lesser extent, the E154Q mutations decrease
the cytochromec reductase activity~by up to 70%! without af-
fecting the P450 activity. The results for these two clusters are in
quantitative agreement with those of Shen and Kasper~1995! on
intact rat P450R, notwithstanding the very different assay system
used, indicating that different P450s bind in a very similar fashion
to the FMN-binding domain of P450R. Finally, substitution of
Asp84 or Asp87 in theb3-a5 loop leads to a 25–30% decrease in
the P450 activity, without affecting cytochromec reductase activ-
ity ~Table 4!. Each of the individual amino acid substitutions has
a relatively modest effect on activity, as might be expected for such
a negatively charged region of the protein surface, where removal

of a single charge can have only a limited effect on the overall
electrostatic interaction. Nonetheless, there is, in excellent agree-
ment with the results of Shen and Kasper~1995!, a very clear
discrimination between the residues of P450R-FMN, which affect
its interaction with cytochromec and those which affect its inter-
action with cytochromes P450.

Wang et al.~1997! have docked cytochromec into their crystal
structure of rat P450R and proposed a model for the structure of
the complex. In this model, the region of the surface of the FMN-
binding domain, which interacts with cytochromec, consists6 of
the loopsb4-a6 ~residues 115–122! and b5-a7 ~residues 147–
151!, including cluster 1, Asp147–Asp149. The results of Shen and
Kasper~1995!, confirmed in the present work, show that the bind-
ing of cytochromec is not affected by mutations of residues 147
and 148 in cluster 1, while it is affected by mutation of residues
153 and 154 in cluster 2, which do not form part of the proposed

6Using the residue numbering and secondary structure designations for
P450R-FMN.

Table 3. Comparison of hydrogen bonding pattern to FMN between P450R-FMN and selected flavodoxins
indicated by PDB code (see Fig. 3 for key)a

FMN atoma P450R-FMN 3fx2 2fcr 1flv 5ull 1ofv

N1 3.2 Å N ~N115! N ~D95! N ~D94! N~D90! N ~D90! N ~G89!

O2 3.0 Å N ~N115! N ~D95! N ~D94! N~D90! N ~D90! N~G89!
2.9 Å N ~N122! N ~C102! N ~C103! N~Q99! N ~Q99! N ~W90!

Wat249 N~G91!
Wat 246

N3 2.9 Å O ~H120! O~Y100! O ~N101! O~N97! O ~N97! OE2 ~E59!

O4 3.0 Å O~G81! N ~D62! OG1 ~T58! N~G60! N ~V59! N ~E59!
2.9 Å Wat241 Wat 6 N~G60! Wat278

N5 3.8 Å N ~G81! O ~G61! OG1 ~T58! N ~I59! N ~N58! O ~G57!
N ~D62!

N10 3.3 Å O~T79! O ~T59! O ~T55! O~T56! O ~T56! O ~A55!

O2* 2.7 Å O ~T79! O ~T59! O ~T55! O~T56! O ~T56! N ~A55!
O ~A55!
Wat 380

O3* 2.8 Å OD2 ~D148! Wat 51 Wat 40 OD2~D146! OD2 ~D146! Wat 248
2.9 Å Wat278 Wat304 Wat 174

O4* 3.4 Å OD2 ~D148! ND2 ~N14! Wat 62 OG1~T88! Wat 181 OD1~N11!
Wat 67 Wat202 OG~S87!

Wat 253

O5* OG1~T88!

OP1 2.5 Å OG1~T28! OG1~T12! OG1 ~T10! OG1~T12! N ~T11! N ~G8!
3.3 Å N ~G29! N ~T12! N ~G11! N ~T12! OG1 ~T11! OG ~S54!
2.7 Å OG1~T30! N ~G13! N ~N12! N ~G13! N ~G12! Wat 245
2.8 Å N ~T30! N ~N14! ND2 ~N12! N ~K14! N ~V13!

OP2 2.7 Å N~Q27! N ~T11! N ~S9! N ~Q11! N ~Q10! N ~T9!
2.8 Å N ~T28! OG ~S58! N ~T10! N ~T12! NE1 ~W57! OG1 ~T9!
2.7 Å OH ~Y80! NE1 ~W60! NE1 ~W56! NE1~W57! N ~G10!

N ~N11!

OP3 2.5 Å OG~S26! OG ~S10! OG1~T8! OG1~T10! OG1 ~T9! OG ~S7!
3.2 Å N ~T30! N ~T15! N ~T13! N ~T15! N ~T14! N ~T12!
2.7 Å N ~A31! OG1~T15! OG1~T13! OG1~T15! OG1 ~T14! OG1 ~T12!

aAtoms in the ribityl phosphate segment of FMN are indicated with an asterisk.
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binding surface. Furthermore, these two residues have virtually no
solvent accessibility in the intact rat P450R structure. These results
suggest that the position and0or orientation of cytochromec in its
complex with P450 reductase is likely to be somewhat different
from that proposed by Wang et al.~1997!.

The finding that mutation of residues on either side of the FMN
binding site, both in cluster 1 and to a lesser extent in the newly
identified cluster 3, affect P450 activity suggests that cytochromes
P450 bind at the tip of P450R-FMN in such a way as to cover the

FMN cofactor. While there may be a substantial overlap between
the binding surfaces for cytochromec and cytochrome P450, the
mutagenesis results clearly show that there must be differences
between them. From the information available, it seems unlikely
that the much larger cytochrome P450 molecule could fit into the
crystal structure of P450R in the way proposed for cytochromec
by Wang et al.~1997!. In the crystal structure of the intact reduc-
tase, the dimethyl benzene edge of the isoalloxazine ring of FMN,
which is exposed in the isolated FMN domain, is covered by the
FAD, the two flavins being only 4 Å apart. In this conformation of
the intact reductase, it does not appear to be possible for cyto-
chrome P450 to contact the FMN domain in the way described
above. This is difficult to reconcile with the mutagenesis results of
Shen and Kasper~1995! and those reported here, which are in
excellent agreement in identifying the residues important for in-
teraction with P450. The most likely explanation would appear to
be that binding of cytochrome P450 over the tip of the FMN
domain of P450R requires a movement of the FMN domain rela-
tive to the rest of the reductase, which would be facilitated by the
flexible linker between the FMN domain and the rest of the mol-
ecule. This domain reorganization to allow electron transfer would
be analogous to the movement of an iron–sulfur protein domain in
cytochromebc1 recently described by Zhang et al.~1998!. Further
structural and spectroscopic studies will be required to seek direct
evidence for this in P450 reductase.
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