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Background: Cytochrome P450 reductase (CPR) is an electron donor for many proteins.
Results: The FMN binding domain (FBD) of CPR interacts with cytochrome c transiently and reduces cytochrome c at a higher
rate than CPR.
Conclusion: A three-dimensional structural model of the FBD-cyt c complex is presented.
Significance: The findings give insights into the domain motions and the function of CPR.

Cytochrome P450 reductase (CPR) is a diflavin enzyme that
transfers electrons to many protein partners. Electron transfer
from CPR to cyt c has been extensively used as a model reaction
to assess the redox activity of CPR. CPR is composed of multiple
domains, among which the FMN binding domain (FBD) is the
direct electron donor to cyt c. Here, electron transfer and com-
plex formation between FBD and cyt c are investigated. Electron
transfer from FBD to cyt c occurs at distinct rates that are
dependent on the redox states of FBD. When compared with
full-length CPR, FBD reduces cyt c at a higher rate in both the
semiquinone and hydroquinone states. The NMR titration experi-
ments reveal the formation of dynamic complexes between FBD
and cyt c on a fast exchange time scale. Chemical shift mapping
identified residues of FBD involved in the binding interface with
cyt c, most of which are located in proximity to the solvent-
exposed edge of the FMN cofactor along with other residues
distributed around the surface of FBD. The structural model of
the FBD-cyt c complex indicates two possible orientations of
complex formation. The major complex structure shows a salt
bridge formation between Glu-213/Glu-214 of FBD and Lys-87
of cyt c, which may be essential for the formation of the complex,
and a predicted electron transfer pathway mediated by Lys-13 of
cyt c. The findings provide insights into the function of CPR and
CPR-cyt c interaction on a structural basis.

Cytochrome P450 reductase (CPR)2 is a diflavin protein that
donates electrons to a variety of microsomal cytochromes P450
(1), heme oxygenase (2), cytochrome b5 (3), cytochrome c (4), as
well as therapeutic prodrugs (5). It plays an indispensable role

in the function of the cytochrome P450 monooxygenase sys-
tem, which is responsible for the metabolism of a myriad of
endogenous compounds, including vitamins, steroids and hor-
mones, as well as exogenous compounds, including environ-
mental toxins and drugs (6). CPR is an �78-kDa membrane-
bound protein composed of four distinct domains as follows:
the N-terminal transmembrane segment, the FMN binding
domain (FBD), the connecting domain, and the FAD/NADPH
binding domain (7). It shuttles electrons from its physiological
reductant NADPH, via the FAD and FMN cofactors, to its
acceptor proteins, such as cytochromes P450. Ultimately, elec-
trons are donated by the FBD to the acceptor proteins.

CPR was first isolated and identified as an NADPH-depen-
dent cytochrome c reductase in the 1950s (8). In later studies,
the true physiological redox partner of CPR was revealed to be
cytochrome P450 (cyt P450) after a successful achievement of
hydroxylase activity from a reconstitution system composed of
cytochrome P450, CPR, and phospholipids (9). Cyt c, an impor-
tant mitochondrial protein in the electron transport chain, is
unlikely to be a physiological redox partner of CPR, which was
found to be localized to the endoplasmic reticulum (4). Never-
theless, the redox reaction between CPR and cyt c continued to
be widely used as a standard model to characterize the redox
properties and activities of CPR due to the simplicity to carry
out the reaction (10 –14). Interaction and complex formation
between CPR and cyt c have been investigated by various meth-
ods, including cross-linking (15, 16) and site-directed mutagen-
esis studies (13, 14, 17). It has been proposed that charge-pair-
ing between the negatively charged CPR and the positively
charged cyt c contributes greatly to the formation of the com-
plex. For example, methylamidation of the carboxyl groups on
CPR leads to strong inhibition of cyt c reduction (18), and it
decreases the maximum rate of the reaction (16). An increase in
ionic strength also causes disruption in complex formation and
electron transfer between CPR and cyt c due to the masking
effect on the charged residues (13). In particular, a cluster of
acidic residues Glu-213–Glu-214 –Asp-215 on the N terminus
of helix �7 of CPR is potentially located on the CPR-cyt c com-
plex interface, as suggested by site-directed mutagenesis stud-
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ies (14, 17). It has also been shown that Lys-13 of cyt c can be
cross-linked to one of the carboxyl groups from the two acidic
clusters on CPR, Asp-207–Asp-208 –Asp-209 and Glu-213–
Glu-214 –Asp-215 (15). However, antibody binding studies
revealed that the antibody designed to bind to the segment
from Gly-204 to Gly-218 of CPR was not able to abrogate the
CPR-cyt c interaction (19). Mutation of another acidic cluster,
including Asp-113, Glu-115, and Glu-116 on the �2-�4 coil of
CPR, improves its cyt c reducing activity, facilitating the forma-
tion of a more functional complex (13). With conflicting
reports present in the literature, a high resolution mapping of
the binding interface of CPR and cyt c is necessary to gain better
insight into the interaction and electron transfer between the
two proteins. Despite the recent success in obtaining the x-ray
crystal structure of the putidaredoxin-cytochrome P450 cam-
phor complex (20, 21), the nature of weak interactions between
electron transfer proteins generally makes the complexes diffi-
cult to crystallize; meanwhile, the solution NMR techniques
have been well developed to investigate such transient com-
plexes, including cyt b5-cyt P450 (22), myoglobin-cyt b5 (23),
cyt b5-cyt c (24), cyt c-cyt c peroxidase (25), and cyt P450cam-
putidaredoxin (20). Therefore, in our study we utilize solution
NMR techniques to probe the interaction between CPR and cyt
c, which can allow us to identify residues on the binding inter-
face and further predict electron transfer pathway between the
two proteins.

CPR-mediated electron transfer from NADPH to cyt c is
highly orchestrated between intraprotein electron transfer
(from NADPH to FAD and from FAD to FMN) and interpro-
tein electron transfer (from FMN to heme in cyt c). Internal
electron transfer from NADPH to FAD is regulated through the
side chain movement of Trp-676 in human CPR (26), and inter-
flavin electron transfer has been suggested to be gated by inter-
domain movements between FBD and the rest of the reductase
(7, 27). Interprotein electron transfer between FMN and heme
in cyt c depends on the association and interaction between the
FBD and cyt c. To simplify the electron transfer process and
focus our study on the interprotein interaction, we decided to
investigate the electron transfer and complex formation
between the isolated FMN binding domain, which is the direct
electron donor to cyt c.

In this study, we characterize the kinetics of electron transfer
from FBD of CPR to cyt c and compare with that from the
full-length CPR to cyt c, demonstrating the gating effect of
conformational changes of CPR on interprotein electron trans-
fer. Using solution NMR techniques in combination with
molecular docking, we map the binding interface on FBD and
propose a structural model of the FBD-cyt c complex. The
NMR results imply the formation of a dynamic complex and
reveal the primary binding site on FBD. The structural models
generated by high ambiguity driven biomolecular docking
(HADDOCK) based on NMR restraints suggest potential elec-
tron transfer pathways that provide strong electronic coupling
between the redox centers.

EXPERIMENTAL PROCEDURES

Materials—Escherichia coli C41 cells for protein overexpres-
sion were purchased from Lucigen (Middleton, MI). Yeast

extract, tryptone for unlabeled growth media were purchased
from Sigma. [15N]Ammonium chloride for M9 medium and
D2O were purchased from Cambridge Isotope Laboratories
(Andover, MA). N-[4-(7-Diethylamino-4-methyl-3-coumarinyl)-
phenyl]maleimide (CPM) was purchased from Sigma. Di-
methyl sulfoxide was purchased from Alfa Aesar. Horse heart
cyt c, resins, buffer components, and all other chemicals were
purchased from Sigma. The glycerol used in NMR experiments
was purchased from Roche Applied Science.

Expression and Purification of Full-length and the FMN
Binding Domain of Rat CPR—The 15N-labeled FMN binding
domain (residues 1–239) (FBD) was expressed and purified
from E. coli C41 cells. The E. coli C41 cells were transformed
with a pSC-rat CPR plasmid (28) containing the FBD gene and
adapted in 100 ml of Luria Bertani (LB) medium for 5 h before
being transferred into M9 minimal medium (40 mM Na2HPO4,
20 mM KH2PO4, 8.5 mM NaCl, 18 mM 15NH4Cl, 1 mM MgSO4,
1 �M CaCl2, 16 nM riboflavin, 0.4% (w/v) glucose). Expression of
FBD was induced during the log phase at an A600 � 0.7 by
adding 0.4 mM isopropyl �-D-1-thiogalactopyranoside. After-
ward, the cells were allowed to grow at a shaking speed of 140
rpm for 14 h at 30 °C and then harvested. The harvested cells
were lysed via treatment with lysozyme (30 �g per ml of cell
suspension) for 30 min and subsequent sonication by alternat-
ing 1-min pulses for a total of 8 min. The membrane fraction of
the cells was recovered by ultracentrifugation (105,000 � g, 45
min), and the protein was solubilized from the membrane with
0.3% (v/v) Triton X-100 at 4 °C via stirring overnight. Solubi-
lized protein was loaded onto a DEAE-Sepharose column equil-
ibrated with loading buffer (50 mM Tris acetate, 0.1 mM EDTA,
0.2 mM DTT, 10% glycerol, 1 �M FMN, pH 6.7). The column
was washed with 2 column volumes of loading buffer and 5
column volumes of washing buffer (loading buffer with addi-
tional 0.17 M NaCl and 0.3% (w/v) sodium cholate) and gradi-
ent-eluted with a total of 4 column volumes of washing buffer
and eluting buffer (loading buffer with additional 0.5 M NaCl
and 0.3% (w/v) sodium cholate). The eluted protein solution
was subjected to a hydroxyapatite column to remove the deter-
gents. The unlabeled FBD was expressed and purified following
the same protocol described above, except that after adaptation
in 100 ml of LB medium the E. coli cells were transferred into
fresh LB medium instead of M9 minimal medium. Full-length
rat CPR was overexpressed and purified according to a pub-
lished protocol (28). Each purified protein exhibited a single
band on the SDS-polyacrylamide gel. The concentration of the
oxidized FBD and CPR was determined using extinction coef-
ficients of 12.2 and 21.4 mM�1 cm�1, respectively, at 454 nm
(29).

Titration of FBD by Dithionite under Anaerobic Conditions—
FBD and CPR (11.3 �M) were titrated with a standardized
sodium dithionite solution under anaerobic conditions while
monitoring the UV-visible spectra. The stock solution of FBD
and CPR was incubated overnight at 4 °C in an anaerobic Belle
Technology glove box (Hi-Tech, Salisbury, UK) to remove oxy-
gen. The titrant (sodium dithionite solution) was prepared in
the glove box in oxygen-free buffer, and its concentration was
calculated using an extinction coefficient of 8.04 mM�1 cm�1 at
315 nm (30). The solution of FBD or CPR contained 11.3 �M of
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the protein, 3 �M methyl viologen, 100 mM potassium phos-
phate buffer, 5% (w/v) glycerol, pH 7.4. The titration was
carried out in a tonometer, a homemade anaerobic titration
apparatus, to minimize contamination of oxygen, and was
monitored by UV-visible spectrum.

Pre-steady-state Kinetics of Cyt c Reduction by FBD/CPR—
All experiments were performed at 25 °C under anaerobic con-
ditions using a Hi-Tech SF61DX2 stopped-flow spectropho-
tometer housed in an anaerobic Belle Technology glove box.
The buffer was purged with nitrogen gas for 30 min for deoxy-
genation prior to being transferred to the glove box. The solu-
tion of cyt c was incubated overnight at 4 °C in the glove box to
eliminate oxygen. For measuring the kinetics of cyt c reduction
by FBD/CPR, FBD (11.3 �M) and full-length CPR (11.3 �M)
were pre-reduced to the intended redox state anaerobically as
described above, and then loaded in syringe 1 of the stopped
flow, and syringe 2 was loaded with ferric cyt c (100 �M). The
reaction was started by rapidly mixing an equal volume from
both syringes and was monitored at 550 nm (cyt c reduction)
and 630 nm (blue FMN semiquinone oxidation). Baseline was
calculated by summing the absorbance of the two components
before mixing and subtracted from the measured absorbance to
get �A. The rate constants and amplitudes were obtained by
fitting the absorbance change at 550 and 630 nm with a single
exponential function (31) using the KinetAsyst2 software (Hi-
Tech). The buffer contained 100 mM potassium phosphate, 5%
(w/v) glycerol, pH 7.4. The kinetics of cyt c reduction by one
electron-reduced FBD/CPR (11.3 �M) was monitored at vary-
ing concentrations of cyt c (5, 12.5, 20, 25, 37.5, 50, 100, and 125
�M). The initial rates of the reaction are plotted against the
concentration of cyt c and fitted using Michaelis-Menten Equa-
tion 1 under steady-state approximation of the complex
intermediate,

v0 �
k4ab

K � b
(Eq. 1)

where v0 is the initial rate of cyt c reduction; a and b are the total
concentrations of the reductase and cyt c; k4 is the rate constant
of electron transfer in the complex intermediate, and K is a
constant, the meaning of which will be explained in detail under
“Results.” The concentration of semiquinone FMN in FBD was
calculated using an extinction coefficient of 3.5 mM�1 cm�1 at
630 nm. The amount of reduced cyt c was calculated using a
differential extinction coefficient ��red-ox of 20.5 mM�1 cm�1

between the reduced and oxidized form of cyt c (32). The exper-
iments were carried out at 298 K.

Kinetics of Autoxidation of Hydroquinone FBD—The kinetics
of autoxidation of hydroquinone FBD were studied using the
stopped-flow spectrophotometer apparatus as described above.
FBD (11.3 �M) was pre-reduced to a two electron-reduced state
and loaded in syringe 1 of the stopped flow, and syringe 2 was
loaded with a buffer saturated with oxygen. The reaction was
started by rapidly mixing an equal volume from both syringes
and monitored at 585 and 454 nm. The traces were fitted using
a standard single exponential equation using the KinetAsyst2
software (Hi-Tech). The experiment was carried out at 298 K.

Determination of Binding Affinity of Oxidized FBD/CPR with
Cyt c by Fluorescence Quenching—Oxidized FBD/CPR was
labeled with a fluorescence probe CPM according to published
protocol (33). CPM was dissolved in dimethyl sulfoxide at a
concentration of 20 mM. The labeling of FBD/CPR with CPM
was performed by incubating 10 �M CPR/FBD with 100 �M

CPM in the dark at 25 °C for over 5 h. The unbound CPM was
removed by passing the mixture through a PD-10 desalting
column after the incubation. The CPM-labeled FBD/CPR
(FBDCPM/CPRCPM) was concentrated to 62.0 �M in the dark.
The buffer contains 100 mM potassium phosphate and 5% (w/v)
glycerol, pH 7.4.

The fluorescence quenching experiment was carried out by
titrating cyt c into 10 �M FBDCPM/CPRCPM at the following cyt
c concentrations: 5, 15, 25, 40, 60, 90, 120, 165, 255, and 345 �M.
The fluorescence data were recorded on a Fluoromax-4 spec-
trofluorometer. Fluorescence emission spectra were collected
in the range of 410 –500 nm at the excitation wavelength of 385
nm. Fluorescence quenching was monitored by the emission
intensity at 465 nm and fitted with Equation 2 for Kd value,

�Q �
1

2a
�Q��B � �B2 � 4ab	 (Eq. 2)

B � a � b � Kd

where a and b are the total concentrations of FBDCPM/CPRCPM
and cyt c, respectively. �Q is the percentage of fluorescence
intensity quenched at the emission wavelength of 465 nm rela-
tive to free FBDCPM/CPRCPM, and �Q∞ is the percentage of
fluorescence intensity change for b/a3 ∞.

NMR Experiments—All NMR experiments were performed
on a Bruker Avance 900 MHz NMR spectrometer equipped
with an x,y,z axis PFG-5mm TCI cryoprobe at 298 K. Samples
for two-dimensional NMR experiments contained 0.3 mM oxi-
dized 15N-labeled FBD (residues 1–239) in 100 mM potassium
phosphate buffer with 5% (w/v) glycerol at pH 7.4. Titration of
an unlabeled oxidized cyt c into 15N-labeled FBD was carried
out by the addition of a concentrated cyt c solution correspond-
ing to 0.3, 0.6, 0.9, and 5 molar eq of FBD. Two-dimensional
1H/15N TROSY-HSQC spectra were collected at each titration
point with 32 scans and 144 t1 increments. The weighted aver-
age amide chemical shift perturbation (�	avg) was calculated
using Equation 3,

�	avg � ���	N 

SW2

SW1�
2

� �	H2 (Eq. 3)

where �	N and �	H are changes in chemical shifts observed
between the bound and unbound states, and SW1 and SW2 are
the spectral widths of the first and second dimensions, respec-
tively (34). All NMR spectra were processed using TopSpin 2.0
(Bruker). Resonance assignments and data analysis were per-
formed using Sparky (35). Spectra were recorded at 298 K.

Structural Modeling of the FBD-Cyt c Complex—HADDOCK
2.1 (36) program was utilized to calculate the structures of the
FBD-cyt c complex based on defined ambiguous restraints.
HADDOCK docking algorithm includes three consecutive
steps as follows: 1) rigid body docking in which the two mole-
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cules are rotated and translated randomly in turn to minimize
intermolecular energy; 2) simulated annealing of structures in
which annealing in torsion angle space is performed to refine
the orientation of the proteins and the side chains and/or back-
bones of the interface residues; and 3) solvent refinement in
which the structures are further refined in explicit solvent lay-
ers. In this docking, FBD taken from the crystal structure of
CPR (PDB code 1AMO) and the solution NMR structure of the
horse heart cyt c (PDB code 1AKK) were used as the starting
structures. Ligand and topology files were generated from the
PRODRG server (37). The docking was driven under defined
intermolecular ambiguous restraints obtained from current
NMR experiments and the literature, including active and pas-
sive residues with 
40% solvent accessibility (calculated by
NACCESS (38)) from both proteins. 1000 structures were gen-
erated in the rigid body docking step, followed by simulated
annealing of the 200 lowest energy structures from the last step,
and finally the best 50 structures were selected for solvent
refinement in an 8.0-Å shell of TIP3P water molecules. The
resulting 50 final structures were analyzed and grouped into
clusters based on the backbone root mean square deviation
values. Molecular structures of the complexes were viewed and
graphed using PyMOL.

RESULTS

Characterization of the FMN Binding Domain—To study the
interaction between the isolated FBD of CPR and cyt c, we first
expressed, purified, and characterized the FBD by SDS-PAGE
analysis and redox titration (Fig. 1, A and B). The spectral prop-
erties of FBD during anaerobic reduction with standardized
sodium dithionite (Fig. 1B) are similar to those of FBD of
human CPR (39). Reduction of FBD from the fully oxidized
state to blue semiquinone (one electron-reduced) is demon-
strated by a decrease in spectral intensity at 454 nm and an
increase in intensity of the broad band centered at 585 nm and
the shoulder at 630 nm, characteristic of the FMN blue
semiquinone formation, with isosbestic points at 502 and 361
nm. Transition from semiquinone to hydroquinone (two elec-

tron-reduced) is characterized by a further decrease in intensity
at 454 nm as well as at 585 nm with isosbestic points at 327, 386,
and 432 nm (Fig. 1B). Autoxidation of the FBD hydroquinone is
characterized by an intensity increase at 454 nm, which shows
depletion of the hydroquinone form, and an intensity increase
at 585 nm, which indicates the formation of the air-stable
semiquinone (Fig. 1C), after rapid mixing of two electron-re-
duced FBD and the oxygen-saturated buffer. The kinetics of
autoxidation was monitored at 454 and 585 nm. The observed
rate of blue semiquinone formation at 585 nm (0.746 �
0.006 s�1) (Fig. 1C, red) is slightly slower than that of hydroqui-
none oxidation at 454 nm (1.33 � 0.08 s�1) (Fig. 1C, blue).

Kinetics of Electron Transfer between the FMN Binding
Domain and Cytochrome c in Comparison with Full-length
CPR—To gain insight into the interactions between cyt c and
FBD, we investigated electron transfer from one and two elec-
tron-reduced FBD to oxidized cyt c under pseudo-first order
conditions and compared those results with full-length CPR. In
these experiments, full-length CPR and FBD were reduced to
one electron- or two electron-reduced states, prior to mixing
with cyt c. Because it lacks the FAD/NADPH binding domain,
isolated FBD cannot be reduced by the physiological reductant
of CPR-NADPH. Therefore, sodium dithionite was used to
titrate FBD and full-length CPR to the intended redox states.
Kinetic transients after rapid mixing of pre-reduced reductases
and cyt c were measured at 550 nm to monitor cyt c reduction
and at 630 nm to monitor oxidation of semiquinone.

The reaction is initiated by rapid mixing of the reduced
reductase and a 10-fold molar excess of ferric cyt c. The rate
constants are summarized in Table 1. Reduction of cyt c by two
electron-reduced rat CPR shows biphasic kinetics (Fig. 2A, red);
the fast phase has a k1 of 16.8 � 0.2 s�1, which is comparable
with that in human CPR (kobs � 12 � 0.2 s�1) (29); the slow
phase has a k2 of �0.005 s�1, which is consistent with the
incompetence of one electron-reduced CPR for cyt c reduction
(Fig. 2A, blue). In comparison, mixing one electron-reduced
isolated FBD with cyt c leads to reduction of 1 molar eq of cyt c

FIGURE 1. SDS-polyacrylamide gel, redox titration, and autoxidation of FBD. A, SDS-polyacrylamide gel of FBD. The single band reveals the purity of the
protein. The unit of the molecular weight is kDa. B, spectral changes during a redox titration of FBD with sodium dithionite under anaerobic conditions. The
titration was performed as described under “Experimental Procedures.” The isosbestic points at different titration stages are marked by black arrows. C, kinetic
transients of autoxidation of two electron-reduced FBD. FBD was pre-reduced to the two electron-reduced state by stoichiometric titration with sodium
dithionite. The reaction was initiated by rapid mixing of two electron-reduced FBD and the oxygen-saturated buffer, and it was monitored at 585 and 454 nm
by UV-visible spectroscopy.
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with a kobs of 0.0227 � 0.0004 s�1 (t1⁄2 �35 s) (Fig. 2B, blue). As
for the two electron-reduced FBD, a total of 2 molar eq of cyt c
is reduced (Fig. 2B, red). The kinetic transient shows an initial
increase at 550 nm (�A � 0.1) within the dead time of the
instrument corresponding to 1 molar eq of cyt c reduction
along with the formation of one electron-reduced FBD blue
semiquinone, followed by a slow phase with a kobs of 0.0225 �
0.0005 s�1. This implies a two-step reaction mechanism as in
Fig. 3, in which step 1 occurs at a very high rate (
103 s�1),
mostly completed within the dead time of the experiment, and
step 2 occurs at a rate of �0.0225 s�1, which coincides with
the rate of cyt c reduction by one electron-reduced FBD. The
hypothesized mechanism is also verified by monitoring the
kinetic transients at 630 nm, where FMN semiquinone contrib-
utes most to the absorbance, while the absorbance of cyt c as
well as FMN hydroquinone is negligible. Mixing two electron-
reduced FBD with cyt c instantaneously (within 1 ms) leads to
an accumulation of FMN semiquinone indicated by the absor-
bance at 630 nm (Fig. 2C, red). This agrees with a rapid reduc-
tion of cyt c (within 1 ms) by the hydroquinone FMN, suggested

in step 1 of the mechanism (Fig. 3). The following decay of
absorbance at 630 nm at a rate of 0.0257 � 0.0007 s�1 (Fig. 2C,
red) implies the oxidation of semiquinone FMN by cyt c in step
2 (Fig. 3), which coincides with the rate of cyt c reduction by one
electron-reduced FBD.

The elevated activity of one electron-reduced FBD in reduc-
ing cyt c, as compared with CPR in the same redox state, is
further demonstrated in Fig. 2D. The initial rate of cyt c reduc-
tion by one electron-reduced FBD is �10 times higher than that
by one-electron reduced CPR at a saturated concentration of
cyt c. Under the assumptions of steady-state approximation of
the complex intermediate in the initial state of the reaction, the
curves in Fig. 2D were fitted into Equation 1 to extract the
values of k4 and K (� k � 3  k4)/k3 as noted in Fig. 3. Interest-
ingly, the k4 and K values determined for FBD (k4 � 27.7 �
2.6 s�1; K � 152 � 14 �M) are both significantly larger than
those for CPR (k4 � 1.58 � 0.05 s�1; K � 16 � 2 �M), suggesting
that the incompetence of one electron-reduced CPR in cyt c
reduction might attribute to a slow rate of electron transfer
after the complex intermediate is formed. Because the redox
potentials of FBD are nearly identical to those of CPR (12, 39), it
could be the poor accessibility of the cofactor FMN in one elec-
tron-reduced CPR that hinders the electron transfer after the
complex formation.

The distinct abilities of semiquinone FBD and CPR to reduce
cyt c are also shown in Fig. 4. Mixing of one electron-reduced
full-length CPR and cyt c does not lead to proportional reduc-
tion of cyt c after 30 min (Fig. 4A, red); merely 19% of reduction
occurred due to the slow rate of electron transfer (40). We also
did not observe significant oxidation of the blue FMN semiqui-
none, indicated by the shoulder at 630 nm (Fig. 4A, red). How-
ever, upon addition of NADPH to the mixture of one electron-
reduced full-length CPR and cyt c, cyt c was instantly reduced as
indicated by absorbance at 550 nm (Fig. 4A, dashed blue line).
The shoulder at 630 nm in both traces shows that blue semiqui-
none FMN in CPR is not competent in reducing cyt c. In con-
trast, one electron-reduced FBD, after mixing with 10-fold
molar excess of cyt c, leads to a reduction of 1 molar eq of cyt c
(shown at 550 nm) accompanied by the oxidation of semiqui-
none (shown at 630 nm) (Fig. 4B).

Determination of the Binding Affinity between Oxidized FBD/
CPR and Cyt c by Fluorescence Quenching—To assess the bind-
ing affinity between oxidized FBD/CPR and cyt c, we monitored
the complex formation by fluorescence quenching experi-
ments. Attachment of the fluorescent probe CPM has been
shown not to affect the activity of the wild-type CPR (41). For-
mation of the complex between oxidized FBD/CPRCPM and cyt
c leads to fluorescence quenching of the labeled probe CPM, as
depicted in Fig. 5. Plotting the percentage of fluorescence
quenching at 465 nm against the concentration of cyt c gives

TABLE 1
Kinetics of the reduction of cyt c by FBD and CPR

Reductase Wavelength k1, obs k2, obs

nm s�1 s�1

One electron-reduced CPR 550 �0.005
Two electron-reduced CPR 550 16.8 � 0.2a � 0.005
One electron-reduced FBD 550 0.0227 � 0.0004

630 0.0239 � 0.0006
Two electron-reduced FBD 550 
103 0.0225 � 0.0005

630 
103 0.0257 � 0.0007
a Standard deviations were calculated among three kinetic transients monitored at

the same wavelength.

FIGURE 2. Electron transfer between FBD/full-length CPR and cyt c. FBD/
CPR (11.3 �M) was reduced to one electron- and two electron-reduced states
by stoichiometric titration with sodium dithionite and then rapidly mixed
with cyt c in the stopped-flow spectrometer. A, reduction of cyt c (100 �M) by
one electron-reduced (blue) and two electron-reduced (red) CPR was moni-
tored at 550 nm. B and C, reduction of cyt c (100 �M) by one electron-reduced
(blue) and two electron-reduced (red) FBD was monitored at 550 nm (B), and
oxidation of semiquinone FMN was monitored at 630 nm (C). D, dependence
of the initial rate of cyt c reduction by one electron-reduced FBD and CPR on
varying concentrations of cyt c.

FIGURE 3. Two-step mechanism of electron transfer from two electron-
reduced FBD to cyt c.
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rise to binding curves shown in Fig. 5, B and D. By fitting the
curve into the equation for binary complex formation (Equa-
tion 2), dissociation constants (Kd) are determined to be 63 �
10 and 37 � 3 �M for oxidized FBDCPM-cyt c and CPRCPM-cyt c,
respectively.

NMR Titrations of Cyt c into Oxidized FBD—Two-dimen-
sional 15N/1H HSQC spectra were recorded to monitor the
titration of unlabeled cyt c to 15N-labeled FBD (residues 1–239)
in their oxidized forms. Fig. 6 shows the HSQC spectra of free
FBD (green) and FBD in complex with cyt c (magenta) at a molar
ratio of FBD/cyt c of 1:5. The backbone assignments of the
soluble part of FBD (residues 64 –239) of CPR have been previ-
ously reported (42) and are utilized in this study, although res-
idues 1– 63 were not assigned individually in the spectra.

Throughout the titration, only one set of backbone resonances
of FBD were observed, implying that the interaction between
FBD and cyt c occurs on the fast-exchange NMR time scale.
Chemical shift changes were observed for specific residues of
FBD upon complex formation with cyt c, as shown in Fig. 6C.
Most of the chemical shift perturbations occur in a saturable
manner throughout the titration. Fig. 7 shows perturbations of
the averaged 1H, 15N chemical shifts for selected backbone
amides as a function of increasing molar ratios of cyt c to FBD.

Chemical Shift Mapping of Binding Interface on FBD—
Chemical shift perturbation observed for the backbone amides
of FBD (residues 64 –239) upon complex formation with cyt c at
a 1:1 molar ratio is depicted in Fig. 8. Upon interacting with a
molar equivalent of cyt c, the residues of the catalytic domain of
FBD (residues 64 –239) have an average chemical shift change
of 0.009 ppm. The unassigned N terminus of FBD (residues
1– 63) has insignificant chemical shift perturbations upon the
addition of cyt c with an average change of 0.004 ppm (data not
shown). The overall relatively small magnitude of chemical
shift perturbation may be attributed to the following reasons: 1)
low binding affinity between FBD and cyt c; and 2) formation of
“encounter complexes,” as have been previously reported for
other electron transfer complexes, which are characterized by
an ensemble of various orientations in complex formation lead-
ing to averaging effect of chemical shift perturbations (23, 24,
43, 44).

Distribution of chemical shift perturbations is mapped onto
the structure of FBD (Fig. 9). The structure of FBD (PDB code
1AMO) is composed of five strands of parallel �-sheets flanked
by six �-helices, a typical �-�-� folding pattern, as shown in Fig.
9A, with the FMN cofactor located between the loops at the C
terminus of the �-sheets with its isoalloxazine ring flanked
between Tyr-140 and Tyr-178. Most of the solvent-accessible
residues, whose chemical shift perturbations are above the
average value (Fig. 9, B and C, orange and red), are found to be
located around the solvent-exposable region of the FMN cofac-
tor, which is the putative binding interface on FBD for efficient
electron transfer (7, 45). For these residues (Gln-87, Thr-88,
Thr-90, Glu-92, Tyr-140, Asn-175, and Leu-212), their chemi-
cal shift perturbations associated with the addition of cyt c are
likely due to hydrogen bonding and van der Waals interactions.
There are additional solvent-exposed residues with modest
chemical shift perturbations distributed around the surface of
FBD distant from the cofactor, most of which are charged res-
idues, including Lys-72, Glu-116, Arg-104, Lys-176, Asp-207,
and Glu-221. The broad distribution of chemical shift mapping
(Fig. 9) is another sign of the formation of dynamic complexes
between the two proteins, which is attributed to the fact that
FBD is rich in negatively charged residues that are not only
localized in close proximity of the FMN cofactor but widely
spread out on the surface of FBD. Long range electrostatic
interactions between these negatively charged regions of FBD
and the positively charged cyt c may direct intermolecular col-
lisions on various regions of FBD, which is consistent with the
NMR observation of small scale chemical shift changes over a
large surface area. Despite the variety of orientations that the
two proteins may sample during complex formation, electron
transfer still occurs at a fast rate (
103 s�1) according to the

FIGURE 4. Cyt c reduction by pre-reduced full-length CPR and FBD. FBD/
CPR (7 �M) was reduced to one electron-reduced state by dithionite and
mixed with oxidized cyt c (14 �M) under anaerobic conditions. A, spectra of
one electron-reduced CPR and cyt c were recorded before mixing (cyan) and
30 min after mixing (red). NADPH (20 �M) was added into the mixture anaer-
obically (dashed blue line) and resulted in total reduction of cyt c (arrow 1),
whereas CPR remained in one electron-reduced state (arrow 2). B, spectra of
one electron-reduced FBD and cyt c was recorded before mixing (cyan) and
30 min after mixing (red). The reduction of cyt c and oxidation of FMN
semiquinone is indicated by arrows 1 and 2, respectively. The spectra before
mixing were calculated by addition of the individual spectra of the two
components.
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kinetic results. We postulate that this occurs because the two
proteins are both small in size, and their cofactors are both
located close to the protein surface.

Structural Model of the FBD-Cyt c Complex—To obtain fur-
ther structural information on the FBD-cyt complex, a struc-
tural model of the complex was generated using a data-driven
docking program HADDOCK (36). Solvent-accessible residues
of FBD, which show medium and high chemical shift perturba-
tions (Fig. 8 and 9, red and orange) upon complex formation, are
selected as the active ambiguous restraints from FBD, including
Lys-72, Gln-87, Thr-88, Thr-90, Glu-92, His-103, Arg-104,
Glu-116, Tyr-140, Gly-143, Gln-150, Tyr-153, Asn-175, Lys-
176, Asp-207, Leu-212, Thr-218, Arg-220, Glu-221, and Gly-
232. Passive restraints were defined by the solvent-accessible
residues flanking the active ones, including Gly-141, Pro-145,
Asp-147, Thr-177, Tyr-178, Asp-208, Asp-209, Asp-215, and
Ile-217. Active ambiguous restraints on cyt c were selected to be
the common residues in the binding interfaces of several elec-
tron transfer complexes involving cyt c, including Gln-12, Lys-
13, Gln-16, Cys-17, Ile-81, Ala-83, and Ile-85 (24, 25, 46). Asp-2,
Lys-5, Lys-8, Val-11, Lys-79, Lys-86, Lys-87, Lys-88, and Thr-
89; which are in proximity of the active residues on cyt c, are
chosen as passive restraints. HADDOCK was performed as
described under “Experimental Procedures.” The results of
the docking reveal that certain active restraints of FBD, e.g.
His-103, Arg-104, Glu-221, and Gly-232, were violated in
more than 45 out of the 50 final structures. The violations
probably resulted from the sparse distribution of the input
restraints, including residues distant from the FMN cofactor
(Fig. 9). Residues violated in more than 90% of the final struc-

tures are removed from the list of active restraints, giving
rise to a refined list of restraints shown in Table 2. The
refined restraints were applied in the docking program using
the same protocol.

Two clusters of complex structures were identified from the
50 lowest-energy structures, titled cluster I (major) and cluster
II (minor). The energy statistics of the clusters are summarized
in Table 3. The average intermolecular energies of the two clus-
ters are �514.7 and �342.4 kcal/mol, of which the major con-
tribution arises from electrostatic energies. This major contri-
bution from electrostatic interaction implies its significance in
complex formation between FBD and cyt c. Two lowest energy
structures from each cluster are shown in cartoon and surface
representations (Fig. 10), which suggest two unique but over-
lapping interfaces on both FBD and cyt c. Residues involved in
the potential binding interface are located near the heme of cyt
c and the FMN cofactor of FBD, albeit specific residues on the
interfaces vary between the two clusters. In cluster I, the inter-
face is mainly composed of �1-�3 coil, N terminus of �3, N
terminus of �4-�6 coil, �5-�7 coil, and the N terminus of �7 of
FBD and �1 helix, �3-�4 coil, and �4-�5 coil of cyt c. In cluster
II, interface residues are located on �1-�3 coil, �3-�5 coil,
�4-�6 coil and N terminus of �5-�7 coil of FBD, and C termi-
nus �1 helix, N terminus of �1-�2 coil and �4-�5 coil of cyt c.
The interfacial residues common to the two clusters are Gln-87,
Thr-88, Thr-90, Tyr-140, Asn-175, Thr-177, Tyr-178, and Asp-
208 of FBD and Ile-9, Gln-12, Lys-13, Ile-81, Ala-83, Gly-84,
Ile-85, and Lys-86 of cyt c, which are in close proximity to the
redox centers of the two proteins. In the two clusters, the dihe-
dral angles between the heme plane and the isoalloxazine

FIGURE 5. Determination of Kd value between oxidized FBD/CPR and cyt c by fluorescence quenching. Fluorescence quenching of oxidized CPRCPM (A and
B) and FBDCPM (C and D) titrated by cyt c was determined at the following cyt c concentrations: 0, 5, 15, 25, 40, 60, 90, 120, 165, 255, and 345 �M. The
concentrations of CPRCPM and FBDCPM are 10 �M. The emission spectra were collected at room temperature with an excitation at 385 nm. Fluorescence
quenching at 465 nm is plotted (B and D) and fitted with Equation 2. All titrations were carried out in 100 mM potassium phosphate buffer containing 5% (w/v)
glycerol at pH 7.4.

Electron Transfer and Complex Formation between FBD and Cyt c

FEBRUARY 20, 2015 • VOLUME 290 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 4849



ring of FMN are 60 and 110°. The shortest distances between
the edges of heme and FMN are 6.1 and 1.9 Å in cluster I and
cluster II, respectively, which is well within the 14.0 Å limit

predicted for efficient electron transfer (47). The proposed
structural model gives detailed information on the possible
binding interface of the complex and provides a structural
basis for predicting the electron transfer pathway between
the two proteins.

DISCUSSION

Comparison of Cyt c Reduction by FBD and Full-length
CPR—Our study reveals that the isolated FBD, both in its one
electron- and two electron-reduced redox states, can reduce cyt
c (Table 1). Electron transfer from hydroquinone FBD to cyt c
(kobs 
 103 s�1) occurs at a much higher rate than that from
semiquinone FBD (kobs � 0.0227 s�1). Considering the large
redox potential differences between the semiquinone FBD
(�68 mV) (48) and oxidized cyt c (250 mV) (49), the slow elec-
tron transfer rate between the two proteins implies that the
process may be gated. According to the crystal structure of rat
CPR (7), a hydrogen bond could form between the protonated
N5 (N5H) of the flavin, i.e. a neutral blue semiquinone and the
carbonyl of the Gly-141 in the FMN-binding loop. We hypoth-
esize that this hydrogen bond might effectively stabilize the
blue semiquinone form of FBD, rendering a high activation
energy for electron transfer. The importance of this conserved
glycine residue on the redox potential of semiquinone FMN has

FIGURE 6. Two-dimensional 1H/15N HSQC spectra of FBD in its free form and in complex with cyt c. A, superposition of 1H/15N HSQC spectra of 15N-labeled
FBD in the free form (green) and in complex with unlabeled cyt c (magenta). The FBD/cyt c molar ratio was 1:5 in 100 mM potassium phosphate buffer at pH 7.4
containing 5% (w/v) glycerol. B and C, expansions of crowded regions of the spectra given in A.

FIGURE 7. Titration of 15N-labeled FBD with unlabeled cyt c. Changes in
weighted average of chemical shifts (�	ave) for the backbone amides of Ser-
86, Glu-92, Tyr-153, Glu-158, and Leu-212 of 15N-labeled FBD (0.3 mM) upon
titration of unlabeled cyt c.
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been previously implicated. Studies have shown that mutation
of the Gly-61 in Desulfovibrio vulgaris flavodoxin, which is
homologous to Gly-141 in rat CPR, destabilizes the semiqui-
none state and causes shifts of the midpoint potentials (50). In
cyt P450BM3, this conserved glycine residue is absent, leading
to an unstable anionic FMN semiquinone form that has a
higher reactivity as compared with the neutral FMN semiqui-
none in CPR (51).

A comparison of cyt c reduction by full-length CPR and the
isolated FBD (Table 1) reveals that, in both one and two elec-
tron-reduced states, FBD reduces cyt c at a rate significantly

faster than that of full-length CPR. Because the midpoint redox
potentials of the isolated domain have been proved to be nearly
identical to those of the intact CPR, and the binding affinity
between oxidized CPRCPM and cyt c (Kd � 37 � 3 �M) is slightly
higher than that between oxidized FBDCPM and cyt c (Kd �
62 � 10 �M) according to the fluorescence quenching measure-
ment, the contrast in the reaction rates is most likely due to the
accessibility of the FMN cofactor to cyt c. In the isolated FBD,
the cofactor FMN is partially solvent-exposed (Fig. 9), whereas
resting state CPR exists in a predominant “closed conforma-
tion” in which the FMN cofactor is in close proximity with FAD
but buried in the interface between the FMN and FAD binding
domains, making it inaccessible by cyt c (7, 52). A movement of
the FMN binding domain relative to the rest of the CPR mole-
cule is essential for electron transfer from CPR to its redox
partners, the process of which may be regulated by nucleotide
binding, redox states of the cofactors, and solvent condition
(53–56). Electron transfer between one electron-reduced CPR
and cyt c is most likely prohibited due to the “closed” confor-
mation of CPR, whereas cyt c reduction by two electron-re-
duced CPR is likely to be gated by domain movement of the
protein.

FIGURE 8. Chemical shift perturbation analysis. A histogram presenting the weighted average amide chemical shift of FBD upon complex formation with cyt
c. The molar ratio of FBD to cyt c is 1:1. The chemical shift perturbation is categorized as high (red), medium (orange), and not significant (cyan), presented by
the vertical color stripe, and is also mapped onto the structure of FBD in Fig. 9.

FIGURE 9. Chemical shift mapping of FBD upon complex formation with cyt c. A, schematic representation of FBD. Residues are colored according to the
amplitudes of amide chemical shift changes upon binding cyt c, following the color codes in Fig. 8. Red, orange, and cyan represent residues with high, medium,
and not significant chemical shift perturbations, respectively. Overlapped and unassigned residues are colored gray. B, surface representation of A. C, 180°
rotation view of B.

TABLE 2
List of refined restraints used in HADDOCK

FBD cyt c

Ambiguous restraints, active Gln-87, Thr-88, Thr-90, Glu-92, Tyr-140, Asn-175, Leu-212, Arg-220 Gln-12, Lys-13, Gln-16, Cys-17, Ile-81, Ala-83, Ile-85
Ambiguous restraints, passive Gly-141, Gly-143, Pro-145, Asp-147, Thr-177, Tyr-178, Asp-208,

Asp-209, Asp-215, Ile-217
Asp-2, Lys-5, Lys-8, Val-11, Lys-79, Lys-86, Lys-87,

Lys-88, Thr-89

TABLE 3
Statistical analysis of the two lowest energy clusters of the FBD-cyt c
complex generated from HADDOCK

Parameters Cluster I Cluster II

Backbone r.m.s.d. (Å)a 2.93 � 1.98 1.46 � 0.77
Total intermolecular energy (kcal/mol) �515 � 64 �342 � 60
van der Waals energy (kcal/mol) �35.8 � 7.6 �48.8 � 6.3
Electrostatic energy (kcal/mol) �479 � 67 �294 � 65
Buried surface area (�1000 Å2) 1.30 � 0.08 1.31 � 0.05

a Average root mean square deviation (r.m.s.d.) and standard deviation were
calculated by comparing with the lowest energy structure in the respective
cluster.
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Complex Formation between FBD and Cyt c—It has been pro-
posed that weak and transient complexes are commonly
formed between electron transfer proteins to ensure high turn-
over rates (57). The relative orientation of the two proteins in
the complex can range from well defined to highly dynamic
(44). The latter is featured by an ensemble of various orienta-
tions interchanging among themselves on a fast exchange time
scale. This can result in overall averaged intermolecular effects
observed in NMR experiments upon complex formation (e.g.
chemical shift perturbations, nuclear Overhauser effects, and
paramagnetic enhancement effects), leading to identification of
extensive binding sites. As shown in Figs. 8 and 9, the relative
small scale of overall chemical shift perturbations and the pres-
ence of affected residues that are distant from the FMN cofac-
tor suggest the existence of an ensemble of dynamic complexes.
Similar complexes were observed in a number of electron trans-
fer protein systems, including cyt b5-cyt P450 (22, 58), adreno-
doxin-cyt c (44), myoglobin-cyt b5 (23), cyt c-cyt b5 (24, 43), and
plastocyanin-cyt f complexes (59). Dynamic complexes are usu-
ally formed between two proteins rich in complementary
charges and dominantly driven by long-range electrostatic
interactions (57). Most of the orientations involved in dynamic
complexes are not optimized to facilitate interprotein electron
transfer. One or more specific complexes need to form, which
are usually characterized with a higher affinity of the two
proteins and sufficient proximity between the redox centers for

efficient electron transfer. The structures of these complexes
are proposed through the structural models obtained from
HADDOCK (Fig. 10).

The structural model of the FBD-cyt c complex generated by
HADDOCK suggests two possible orientations of complex for-
mation between FBD and cyt c. The orientations of cyt c are
nearly perpendicular between the two structures with respect
to FBD, resulting in overlapping but not identical interfaces. A
comparison of the interfaces between the two clusters reveals
that there is a higher proportion of electrostatic interactions
involved in the binding interface of cluster I, whereas hydro-
phobic interactions and/or van der Waals contacts are more
predominant in the interface of cluster II (Fig. 10, E and F, and
Tables 3 and 4). A closer look at the interfaces suggests several

FIGURE 10. Structural models of the FBD-cyt c complex. A and B, representatives of the two clusters of the lowest energy complex structures generated from
HADDOCK. PDB 1AMO and PDB 1AKK were used as the initial structures of FBD and cyt c in the docking. Heme and the FMN cofactor are presented by red and
yellow sticks, respectively. C and D, surface representations of the two complexes (A and B). Interfacial residues involved in protein-protein contacts in the
complex models are highlighted and color-coded based on the properties of the amino acids. Polar neutral, nonpolar, positive, and negative residues are given
as cyan, magenta, orange, and green, respectively. Heme and the cofactor FMN are colored red and yellow, respectively. E and F (from C and D), FBD and cyt c are
rotated around their vertical axes by 90° as indicated, to display the binding interfaces. Residues are identified with the single-letter amino acid code. G,
mapping of interfacial information on FBD from previous mutagenesis studies. Mutations of residues colored in red and pink lead to reduced activity and no
effect on the activity of human FBD in cyt c reduction, respectively (14). Mutation of the residue colored in sand does not affect the cyt c reducing activity of rat
CPR (17), and for the residues colored in blue, mutations improve the catalytic efficiency for cyt c reduction (13).

TABLE 4
Summary of residues involved in hydrogen bonds/salt bridges on the
FBD-cyt c binding interface

Cluster I Cluster II
FBD cyt c FBD cyt c

Gln-87 Gln-12 Gln-87 Ile-85
Glu-92 Lys-5 Glu-142 Gln-16
Glu-93 Lys-86 Asp-147 Lys-13
Glu-93 Thr-89 Glu-179 Lys-27
Asp-208 Lys-13 His-180 Gln-16
Asp-209 Lys-72
Glu-213 Lys-87
Glu-214 Lys-87
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pairs of hydrogen bond and/or salt bridge formation (Table 4),
which may contribute to the stability of the complex and aid in
electron transfer. In previous studies, it was reported that
mutations on the acidic cluster on the FMN binding domain
composed of Glu-213, Glu-214, and Asp-215 (Fig. 10G) lead to
a significant decrease in the catalytic activity of both full-length
and the isolated FMN binding domain of human CPR on cyt c
reduction (14, 17). In cluster I of our structural models, we
observe salt bridge formation between Glu-213 O� of FBD and
Lys-87 N of cyt c as well as Glu-214 O� of FBD and Lys-87 N� of
cyt c, which could play a role in the binding and electron trans-
fer between the two redox partners. Salt bridges can also form
between Asp-208 O	 of FBD and Lys-13 N� of cyt c as well as
Asp-209 O	 of FBD and Lys-72 N� of cyt c, consistent with
previous chemical cross-linking studies (15) and prediction
from putative docking (7). However, as reported, a single muta-
tion of Asp-208 or Asp-209 in human CPR (Fig. 10G) does not
significantly affect its activity in cyt c reduction (14, 17), imply-
ing that these salt bridges might not be as essential for the sta-
bility of the complex as those formed on Glu-213 and Glu-214.
From the HADDOCK models (Fig. 10, E and F), Asp-208 is
located in the binding interfaces of both clusters, whereas Asp-
209 is only present in the interface of cluster I. Single mutations
of other negatively charged residues on FBD of human CPR,
including Asp-133, Glu-142, Asp-147, Asp-207, and Asp-215
also lead to insignificant effects on cyt c reduction (14), which
may be due to the abundant electrostatic interactions between
the two proteins. In cluster II, only two salt bridges are
observed, between Glu-147 O	 of FBD and Lys-13 N� of cyt c
and between Glu-179 O� of FBD and Lys-27 N� of cyt c, and a
single mutation of Glu-147 of human CPR does not seem to
affect the catalytic activity for cyt c reduction significantly (14).

To gain insight into the residues that are crucial for electron
transfer, we used HARLEM (Hamiltonians to research large
molecules) (60) program to predict the shortest electron trans-
fer pathways between the two proteins. In cluster I, the pre-
dicted coupling pathway initiates at the C8M atom of the FMN
cofactor, and it continues via C�, C(O), and O of Lys-13 of cyt c
consecutively until the conjugated heme ring (Fig. 11A). The
pathway suggests the importance of Lys-13 in mediating the
electron transfer process. Lys-13 of cyt c locates in close prox-
imity of the heme and forms a salt bridge with Asp-208 of FBD
in the complex model (cluster I). This residue is mostly con-
served in cyt c among animals and plants, and it has been
observed to be involved in the binding interfaces between cyt c
and other redox proteins, including L-galactono-1,4-lactone
dehydrogenase in plant mitochondria (46), cytochrome b5 (24),

and cytochrome c oxidase (61). In cluster II, due to the short
edge-to-edge distance between FMN and heme (1.9 Å), elec-
tron transfer is predicted to occur directly from C7M atom of
FMN to the heme (Fig. 11B).

In summary, we have characterized the kinetics of electron
transfer from FBD to cyt c by stopped-flow spectroscopy and
investigated the complex formation between the two proteins
using NMR spectroscopy in conjunction with HADDOCK. A
comparison of cyt c reduction by FBD and full-length CPR sup-
ports the key role of conformational gating on electron transfer
from CPR to its redox partners. Our NMR measurements not
only reveal the formation of dynamic complexes between FBD
and cyt c on a fast exchange time scale, but also identify specific
residues of FBD involved in the binding interface with cyt c. A
structural model of the FBD-cyt c complex developed using
HADDOCK, unveiling two probable orientations of complex
formation, is reported. The proposed model allows us to iden-
tify the interprotein interactions on the binding interface and to
propose electron transfer pathway from FBD to cyt c. Com-
bined kinetic and structural information presented in this study
provides insights into the function of CPR and will facilitate
further understanding of the mechanistic details on how elec-
tron transfer occurs from CPR to its redox partners.
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