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ABSTRACT: The P450cam monooxygenase fromPseudomonas putidaconsists of three redox proteins:
NADH-putidaredoxin reductase (Pdr), putidaredoxin (Pdx), and cytochrome P450cam. The redox properties
of the FAD-containing Pdr and the mechanism of Pdr-Pdx complex formation are the least studied aspects
of this system. We have utilized laser flash photolysis techniques to produce the one-electron-reduced
species of Pdr, to characterize its spectral and electron-transferring properties, and to investigate the
mechanism of its interaction with Pdx. Upon flash-induced reduction by 5-deazariboflavin semiquinone,
the flavoprotein forms a blue neutral FAD semiquinone (FADH•). The FAD semiquinone was unstable
and partially disproportionated into fully oxidized and fully reduced flavin. The rate of FADH• decay was
dependent on ionic strength and NAD+. In the mixture of Pdr and Pdx, where the flavoprotein was present
in excess, electron transfer (ET) from FADH• to the iron-sulfur cluster was observed. The Pdr-to-Pdx
ET rates were maximal at an ionic strength of 0.35 where a kinetic dissociation constant (Kd) for the
transient Pdr-Pdx complex and a limitingkobs value were equal to 5µM and 226 s-1, respectively. This
indicates that FADH• is a kinetically significant intermediate in the turnover of P450cam monooxygenase.
Transient kinetics as a function of ionic strength suggest that, in contrast to the Pdx-P450cam redox
couple where complex formation is predominantly electrostatic, the Pdx-Pdr association is driven by
nonelectrostatic interactions.

The soluble P450cam1 monooxygenase fromPseudomonas
putidaconsists of cytochrome P450cam, CYP101 (45 kDa),
an iron-sulfur protein putidaredoxin (Pdx, 11.5 kDa), and
a FAD-containing NADH-putidaredoxin reductase (Pdr,
45.6 kDa). The system catalyzes the regio- and stereospecific
hydroxylation of camphor consuming two electrons and
molecular oxygen per reaction cycle (eq 1).

There are three distinct electron-transfer (ET) processes
required in the overall cycle. First, Pdr accepts 2 reducing
equiv from NADH. Second, a single electron is transferred

from Pdr to the (Fe-S)2 cluster in Pdx. Third, the reduced
Pdx delivers its electron to the heme iron of P450cam. Of
these, the ET reaction between P450cam and Pdx has been
thoroughly studied [for review, see ref (1)]. Chemical
modification and mutagenesis experiments have provided
information concerning residues of P450cam and Pdx that
might be involved in the protein-protein interaction and ET
(2-7). In addition, a structure-based model for a P450cam-
Pdx complex has been proposed (8) based on the crystal
structure of P450cam (9) and the NMR structure of Pdx (10).

Pdr is the least studied protein in the P450cam monooxy-
genase system. Although some of its redox properties have
been analyzed (11, 12), the required one-electron-reduced
intermediate of Pdr involved in catalysis has not been
identified. Moreover, little is known about the ET reaction
between Pdx and Pdr. The available data are contradictory
and show involvement of either electrostatic (11), both
hydrophobic and electrostatic (2), or predominantly hydro-
phobic components (13) and steric factors (7) in the
association between Pdr and Pdx. The direct Pdr-Pdx
interaction has proven to be difficult to study due to spectral
overlap between FAD and the (Fe-S)2 center. As a result,
the Pdr-to-Pdx ET reaction has been investigated only
indirectly by following the reduction of cytochromec by
reduced Pdx (7, 14).

A more detailed understanding of Pdr and the Pdr-Pdx
interaction has implications beyond the P450cam monooxy-
genase system. Pdr exhibits significant structural similarity
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ROH + NAD+ + H2O (1)
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to the bacterial oxygenase-coupled NADH-dependent ferre-
doxin reductases (ONFR), the proteins that adopt the same
fold as enzymes of the glutathione reductase family but not
that of NADP+-ferredoxin reductases (15). Therefore,
ONFR-redox partner complexes, in general, and the Pdx-
Pdr pair, in particular, may not be typical of this well-studied
class of complex-forming flavoprotein/iron-sulfur protein
pairs (16, 17). The ONFR’s have drawn more attention
recently after their homologue was found in mammalian
mitochondria. The protein has been identified as an apop-
tosis-inducing factor, a bifunctional enzyme with an electron
acceptor/donor and an apoptogenic function (18). The
reactions catalyzed by ONFR’s have not been characterized.
Thus, elucidation of the electron-transferring properties of
Pdr may be useful for better understanding how this group
of flavoproteins functions.

Some of the advantages of the laser flash photolysis
technique for determining the spectral and kinetic behavior
of one-electron-reduction products of flavoproteins, as well
as for measuring transient kinetics of intracomplex ET for a
number of protein-protein systems, have been demonstrated
[for review, see refs (19) and (20)]. In the present study, we
have adapted this method for studying the P450cam mo-
nooxygenase ET reactions. This has enabled the first
characterization of the one-electron-reduced species of Pdr
and investigation of its interaction with Pdx. In addition, a
reconstituted system was developed to monitor the ET
reaction from laser flash reduced Pdx to P450cam to measure
and compare kinetic parameters for the ET reactions between
the two redox pairs in P450cam monooxygenase under
similar conditions.

EXPERIMENTAL PROCEDURES

Materials. Pdx and P450cam expression plasmids were
kindly provided by Dr. S. Sligar (University of Illinois,
Urbana, IL). Recombinant proteins were expressed inE. coli
and purified as described previously (21). Purified P450cam
and Pdx used in the experiments had ratios ofA392/A280 and
A412/A280 greater than 1.4 and 0.9, respectively. The pET-
Pdr plasmid for expression of Pdr was received from Dr. P.
R. Ortiz de Montellano (University of California, San
Francisco, CA).

Expression and Purification of Pdr. Expression and
purification of Pdr was carried out according to the procedure
developed by Laura Koo (L. Koo and P. R. Ortiz de
Montellano, unpublished results) with a few modifications.
The pET-Pdr plasmid was transformed into the BL21 strain
of E. coli. Cells were grown in TB medium supplemented
with ampicillin (100 mg/L) toA600 ) 0.9 at 37°C. The
temperature then was lowered to 30°C, and isopropyl-1-
thio-â-D-galactopyranoside (1 mM) was added. The culture
was allowed to grow for 24 h. The cells collected by
centrifugation were resuspended in 20 mM potassium
phosphate buffer, pH 7.5, 0.1 mM phenylmethylsulfonyl
fluoride (buffer A) and treated with lysozyme (200 mg/L).
After stirring at 4°C for 1 h, the suspension was sonicated
using a Branson sonicator (medium power output) until the
viscous consistency due to the nucleic acids was disrupted
(∼2 min). The soluble fraction after centrifugation at
100000g for 30 min was subjected to ammonium sulfate
precipitation. The fraction that precipitated between 35 and

70% saturated ammonium sulfate was dialyzed against buffer
A. After precipitated proteins were removed from the
dialysate by centrifugation, it was loaded on a 150 mL
Q-Sepharose ion-exchange column (Pharmacia Biotech)
previously equilibrated with buffer A. The column was
extensively washed first with buffer A and then with buffer
A containing 0.1 M KCl. Pdr was eluted with a 100-400
mM linear gradient of KCl. Fractions with the highestA455/
A280 ratios were combined, concentrated, and loaded on a
500 mL Sephacryl S-100 HR gel filtration column equili-
brated with 50 mM potassium phosphate buffer, pH 7.5, 0.1
mM phenylmethylsulfonyl fluoride. Pdr was purified to
homogeneity on a 20 mL phenyl-Sepharose column (Phar-
macia Biotech) using a linear 30-0% ammonium sulfate
gradient in buffer A. The protein with a ratio ofA280/A455

less than 7.0 was used in the experiments.

Spectroscopic Studies.All UV -visible spectroscopy was
performed using a Cary 3 spectrometer. P450 content was
measured by a reduced CO-difference spectrum usingε450

nm ) 91 mM-1 cm-1 (22). Concentrations of Pdx and Pdr
were calculated using extinction coefficients of 10.4 mM-1

cm-1 at 455 nm and 11.0 mM-1 cm-1 at 412 nm, respectively
(21).

Laser Flash Photolysis Experiments.Laser flash photolysis
experiments were performed anaerobically at room temper-
ature as described elsewhere (19). The technique involves
the in situ generation of a strong reductant, dRF semiquinone
(dRFH•), through the excitation of dRF by a laser pulse,
followed by rapid bimolecular reduction of the protein’s
redox center by dRFH•. If a complex of redox partners is
present in the solution and one partner is reduced preferen-
tially, the rate of intermolecular ET can subsequently be
followed spectroscopically. Potassium phosphate buffer
solutions, pH 6.0, 7.0, or 8.0, contained 100µM dRF and 2
mM semicarbazide as a sacrificial electron donor. The
absence of oxygen was monitored by the amplitude and
decay of the dRFH• transient signal obtained at 500 nm upon
laser excitation of the reaction mixture prior to addition of
the enzyme(s). To maintain anaerobiosis, all aliquots of added
protein or substrate were subjected to a flow of oxygen-free
argon prior to mixing with the bulk reaction solution. Ionic
strength was adjusted by adding aliquots of 1 M potassium
phosphate buffer. The protein concentration was always
larger than the concentration of dRFH• generated by the laser
flash, so that pseudo-first-order conditions applied and no
more than a single electron could enter each protein
molecule. Transient kinetic data were collected using a
Tektronix TDS 410A digitizing oscilloscope and analyzed
on a PC using Igor Pro (WaveMetrics, Inc.).

Enzyme Assays.Cytochrome P450cam hydroxylation
activity was determined in the complete system of three
proteins by measuring rates of substrate-dependent NADH
oxidation and O2 consumption at 20°C. The reaction mixture
of 1.4 mL contained 0.5µM Pdr, 5 µM Pdx, and 0.5µM
P450cam in phosphate buffer, pH 7.5. The rate of NADH
oxidation was measured by monitoring the absorbance
change at 340 nm usingε ) 6.22 mM-1 cm-1. The reaction
was initiated by addition of NADH (300µM final concentra-
tion). The rate of substrate-dependent NADH oxidation was
assayed under the same conditions but in the presence of
200 µM camphor and was calculated as the difference
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between the measured rate and the rate of nonspecific NADH
oxidation in the absence of camphor. Oxygen consumption
was measured with a Hansatech Oxytherm (Norfolk, En-
gland) under conditions identical to those described for the
determination of NADH oxidation rates.

RESULTS

One-Electron Reduction of Pdr.Upon laser flash photoly-
sis of dRF solutions in the presence of a sacrificial electron
donor (e.g., semicarbazide) and in the absence of other
electron-transfer agents, the dRFH• produced by the laser
flash decays by disproportionation (23). In the presence of
an electron-accepting protein which can react with dRFH•,
one can obtain a time-resolved one-electron-reduced minus
oxidized difference spectrum for that protein by monitoring
transient signals at various wavelengths. Figure 1 shows the
kinetic redox difference spectrum obtained 10 ms after
reduction of Pdr by dRFH•. An absorption minimum was
observed at 455 nm due to FAD reduction, while a broad
absorption maximum was observed in the 520-620 nm
region. These absorbance changes are similar to those
observed during formation of the blue neutral flavin semi-
quinone, FADH• (24). The difference spectrum was not
affected by pH in the 6.0-8.0 range. Smaller signal changes
observed at pH 6.0 were due to instability and partial
precipitation of Pdr. Since the recombinant enzyme was
found to be more stable and active at pH 8.0, further
experiments described below were carried out at this pH.

Kinetic traces obtained at 455 and 585 nm, corresponding
to maximal absorbance changes observed in the redox
difference spectrum (Figure 1), were chosen to follow the
extent of FAD reduction and to monitor the formation and
decay of the FAD semiquinone (FADH•), respectively
(Figure 2). The reaction of dRFH• with Pdr obeys pseudo-
first-order kinetics since less than 1µM dRFH• is generated
in a solution containing 10-40 µM Pdr. The plot ofkobs

versus Pdr concentration for the reaction of Pdr with dRFH•

in 100 mM phosphate buffer is hyperbolic (Figure 3),
suggesting that dRFH• forms a complex with Pdr prior to
electron transfer. A hyperbolic fit gives a limitingkobs value
of 1.3 × 104 s-1 extrapolated to infinite [Pdr] and a
dissociation constant,Kd, of 10 µM for the interaction of
dRFH• with Pdr. An apparent bimolecular rate constant for
the reaction,kapp, determined from the initial slope of the
plot in Figure 3, was found to be 7.2× 108 M-1 s-1.

According to the amplitude of the absorbance decrease at
585 nm (Figure 2C), approximately one-fourth of the Pdr
semiquinone disproportionated to form the fully oxidized and
fully reduced FAD whereas three-fourths of the FADH• was
stable within the studied time interval. The reason for this
effect is not clear. The observed rate constant for the

FIGURE 1: Time-resolved laser-flash photolysis difference spectra
for the reduction of Pdr by dRF semiquinone. The reaction solution
contained 100 mM phosphate buffer, pH 6.0 (O), 7.0 (0), or 8.0
(b), 100 µM dRF, 2 mM semicarbazide, and 40µM protein.

FIGURE 2: Absorption changes after laser flash excitation of a dRF/
semicarbazide solution containing Pdr. (A) Transients obtained at
455 nm to observe FAD reduction (ε445nm) 10.4 mM-1 cm-1). (B
and C) Transients obtained at 585 nm to follow blue, neutral FAD
semiquinone formation and disproportionation (ε585nm ) 5 mM-1

cm-1). Solutions contained 100µM dRF, 2 mM semicarbazide,
and 30µM protein in 100 mM phosphate buffer, pH 8.0.

FIGURE 3: Second-order plots for the reduction of Pdr (b), Pdx
(O), and P450cam (9) by dRF semiquinone. Kinetics were
monitored at 455, 457, and 443 nm, respectively. The reaction
solution contained 100µM dRF and 2 mM semicarbazide in 100
mM phosphate buffer, pH 8.0. Camphor (400µM) was present in
the reaction mixture containing P450cam.
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disproportionation reaction was dependent on Pdr concentra-
tion. The plot ofkobs for the reaction of FADH• dispropor-
tionation versus [Pdr] measured in 100 mM phosphate buffer
was hyperbolic with the limiting value ofkobs for the FADH•

disproportionation reaction equal to 256 s-1 (data not shown).
The reactions of FAD semiquinone formation and dispro-

portionation were affected by ionic strength and by the
presence of NAD+ in the reaction mixture. An increase of
ionic strength from 0.032 to 0.96 resulted in a linear 2.5-
fold increase in the rate constant of Pdr reduction by dRFH•,
indicating that the interaction between dRFH• and the
flavoprotein is primarily nonelectrostatic (Figure 4A). How-
ever, since the dRFH• is zwitterionic owing to delocalization
of the unpaired electron, the small increase inkobs with
increasingI may reflect a weak electrostatic repulsion of
dRFH• by the reduction site on Pdr. The rate constant of the
reaction of FADH• disproportionation was increased 5-fold
with an increase of ionic strength from 0.032 to 0.96 and
was maximal atI ) 0.6 (Figure 4B). The effect of ionic
strength on FAD semiquinone disproportionation was more
pronounced than on the preceding reaction. This suggests
that interaction between one-electron-reduced molecules of
Pdr, facilitated at an intermediate ionic strength, is primarily
driven by nonelectrostatic forces and/or might be hindered
by electrostatic repulsion at low ionic strength.

When NAD+ was present in the reaction mixture, both
FAD reduction and FADH• disproportionation reactions
occurred more rapidly over the entire range of ionic strength
studied (Figure 4). NAD+, thus, plays a dual role. First, it
facilitates reduction of Pdr by dRFH•, thereby facilitating
FADH• production. Second, NAD+ destabilizes the FAD
semiquinone by promoting the FADH• disproportionation
reaction and formation of the fully reduced Pdr. It should
be noted that the presence of NAD+ in the reaction mixture
interfered with the production of dRFH• by the laser pulse.
The amount of dRF semiquinone produced was significantly
lower and the dRFH• decay time was longer than the same

parameters measured in the absence of NAD+ (data not
shown), most likely due to formation of a charge-transfer
complex between reduced dRF and oxidized NAD+. Due to
this complication, NAD+ was not used for studying the ET
reactions in the reaction system consisting of a mixture of
Pdr and Pdx.

Laser Flash-Induced Pdr-to-Pdx Electron Transfer.dRFH•

also is able to reduce Pdx, and the plot ofkobs versus Pdx
concentration for the reaction of Pdx with dRFH• is linear
(Figure 3) with a second-order rate constant of 2.4× 108

M-1 s-1. This value is 3-fold lower than the apparent
bimolecular rate constant for the reduction of Pdr by dRFH•.
Although there is a high degree of spectral overlap between
Pdr and Pdx, it was possible to measure interprotein ET from
Pdr to Pdx because, as noted above, Pdr was reduced faster
by dRFH• and it was present at higher concentration relative
to that of Pdx. For the Pdr-Pdx mixture, the reaction could
be monitored by following the formation/disappearance of
the FAD semiquinone at 585 nm, and by following reduction
of the Pdx (Fe-S)2 center at 497 nm, an isosbestic point in
the one-electron redox difference spectrum of Pdr (Figures
1 and 5A). The rate constant for direct reduction of the Pdr

FIGURE 4: Effect of ionic strength and NAD+ on Pdr FAD
semiquinone formation (A) and disproportionation (B). Reactions
were followed at 585 nm. The reaction mixture contained 100µM
dRF, 2 mM semicarbazide, 30µM Pdr, and different concentrations
of potassium phosphate buffer, pH 8.0, in the absence (b) or
presence (O) of 200 µM NAD+.

FIGURE 5: Transient kinetics observed after laser flash excitation
of a dRF/semicarbazide solution containing Pdr in the absence and
presence of Pdx. (A) Transients obtained at 497 nm, an isosbestic
point for the reduced and oxidized forms of Pdr, in the absence of
Pdx. (B and C) Transients obtained at 585 and 497 nm to follow
FAD semiquinone disproportionation and Pdx reduction, respec-
tively (ε585nm) 5 mM-1 cm-1, ε497nm) 6.7 mM-1 cm-1). Solutions
contained 100µM dRF, 2 mM semicarbazide, and either 30µM
Pdr (A) or 30 µM Pdr and 20µM Pdx (B and C) in 100 mM
phosphate buffer, pH 8.0. The smooth lines represent single-
exponential fits giving rate constants of 226 (B) and 200 s-1 (C).
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FAD by dRFH• in the presence of Pdx was similar to that
for the free protein under all conditions studied (data not
shown). This suggests that there is no steric hindrance or
flavin redox potential change of Pdr in the presence of Pdx.

In the presence of Pdx, the absorbance decay at 585 nm,
corresponding to FADH• oxidation, was dependent on Pdx
concentration and occurred on the same time scale as
reduction of Pdx monitored at 497 nm. Reactions monitored
at both wavelengths were monophasic (Figure 5B,C). As the
amount of Pdx relative to Pdr was increased, the signals at
both wavelengths increased correspondingly. The rate of Pdx
reduction in the presence of Pdr was an order of magnitude
slower than the rate of Pdx reduction by dRFH•. It is
important to point out that during this slow phase dRFH• is
not present in solution any more. The radical exists only for
a few milliseconds after laser pulse [t1/2 ) 0.5 ms (20)] and
becomes oxidized during the fast phase of the reaction after
transferring a reducing equivalent to the protein present in
excess in the reaction mixture (Pdr). This demonstrates that
there was no direct reduction of Pdx by dRFH• in the Pdr-
Pdx mixture and that Pdx receives electrons from the FAD
semiquinone of Pdr.

The dependence of signal changes at 497 and 585 nm on
Pdx concentration is shown in Figure 6A. Saturation kinetics
were observed for the rate constants measured at 497 nm,

whereas the signal change at 585 nm, reflecting both
disproportionation between one-electron-reduced Pdr mol-
ecules and the Pdr-to-Pdx ET, increased linearly with an
increase of [Pdx]. The interprotein ET was affected by ionic
strength. A 10-fold increase of ionic strength resulted in an
increase in the limiting value ofkobs from 140 to 226 s-1

and a slight increase of theKd for ET within the transient
Pdr-Pdx complex from 3.5 to 5µM (Figure 6A). As seen
from the data in Figure 6B, the effect of ionic strength on
the Pdr-Pdx ET was biphasic with the optimal ionic strength
for the ET reaction between one-electron-reduced Pdr and
Pdx beingI ≈ 0.35. The small change ofKd over a wide
range of ionic strength and the biphasic character of ionic
strength on the Pdr-Pdx ET indicate that ET complex
formation between these redox partners is an intricate process
and involves both electrostatic and hydrophobic interactions.
The relatively high ionic strength required for optimal Pdr-
to-Pdx ET suggests that nonelectrostatic forces predominate
in the interprotein complex formation.

Laser Flash-Induced Pdx-to-P450cam Electron Transfer.
Similar to Pdr and Pdx, substrate-bound P450cam could be
separately reduced by a laser flash in the presence of dRF
and semicarbazide. The dRFH•-to-P450cam ET was observed
both in the absence and in the presence of carbon monoxide.
However, in the presence of CO, the rate constants measured
at 450 nm, an absorbance maximum for reduced CO-bound
P450, were more than an order of magnitude smaller than
those determined at 522 nm, an isosbestic point for reduced
and reduced CO-bound P450cam (data not shown). This
indicates that carbon monoxide binding to the ferrous
substrate-bound heme iron was greatly hindered in our
system. We speculate that molecules of dRF and/or semi-
carbazide present in the reaction mixture are capable of
penetrating into the active site of P450cam and interfere with
CO binding. To avoid this complication, carbon monoxide
was not present in the experiments described below. The
redox difference spectrum of substrate-bound P450cam
obtained in the absence of CO at 10 ms after the pulse (Figure
7), as expected, had maxima at 443 and 553 nm. The second-
order rate constant for the reduction of P450cam by dRFH•

measured at 443 nm is 1.3× 108 M-1 s-1 as demonstrated
by the concentration dependence data (Figure 3).

Due to spectral overlap between Pdx and P450cam and a
considerably higher heme absorption in the Soret region, Pdx
reduction in the P450cam-Pdx mixture was monitored at
500 nm, an isosbestic point for the oxidized and reduced

FIGURE 6: Dependence of observed rate constants for the reduction
of Pdx by Pdr on Pdx concentration and ionic strength. (A) The
rate constants were measured at 497 (b, 1) and 585 nm (9, 0) at
ionic strengths of 0.032 (1, 9) and 0.32 (b, 0). The reaction
mixture contained 100µM dRF, 2 mM semicarbazide, 40µM Pdr,
and different concentrations of Pdx in phosphate buffer, pH 8.0.
The solid lines represent fits to the data points assuming a two-
step mechanism of binding followed by ET. (B) The rate constants
were measured at 497 (b) and 585 nm (O) in phosphate buffer,
pH 8.0, containing 100µM dRF, 2 mM semicarbazide, 30µM Pdr,
and 20µM Pdx. The ionic strength was adjusted with potassium
phosphate, pH 8.0.

FIGURE 7: Time-resolved laser-flash photolysis difference spectrum
for the reduction of P450cam by dRF semiquinone. The reaction
solution contained 100 mM phosphate buffer, pH 8.0, 100µM dRF,
2 mM semicarbazide, 20µM hemoprotein, and 400µM camphor.
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heme (Figure 7). P450cam reduction was followed at 553
nm. In the absence of P450cam, the absorbance at 500 and
553 nm decayed below the preflash baseline, consistent with
the loss of absorbance due to (Fe-S)2 cluster reduction in
Pdx. There was no Pdx reoxidation within 100 ms after the
laser flash (Figure 8 A,B).

In the mixture of the two proteins where Pdx was present
in excess of P450cam, laser flash photolysis resulted in an
initial fast decrease in absorbance in the 500-553 nm region
followed by a subsequent slower absorbance increase at both
wavelengths within a 100 ms time interval (Figure 8C,D).
The spectral changes indicate that Pdx was preferentially
reduced by dRFH• and then reoxidized by P450. The rate of
reduction of Pdx by dRFH• was not altered in the presence
of P450cam, indicating that P450cam does not hinder access
of dRFH• to the Pdx (Fe-S)2 center. The rate constants for
P450cam reduction were comparable with those for Pdx
reoxidation and were 2 orders of magnitude lower than those
for direct reduction of the hemoprotein by dRFH•. These data,
and the fact that dRF radical has a lifetime of only a few
milliseconds and is getting oxidized by the protein present
in excess (Pdx) during the fast phase of the reaction, show
that P450cam received electrons from Pdx and not directly
from dRFH•.

The dependence ofkobs for the Pdx-P450cam ET reaction
versus [P450cam] at two different ionic strengths is shown
in Figure 9A. The hyperbolic plots give limiting values of
kobs for the ET reaction of 112 and 74 s-1 and aKd value of
2 µM for the formation of the transient Pdx-P450cam
complex at an ionic strength of 0.032 and 0.32, respectively.
Again, a biphasic ionic strength dependence for interprotein
ET was obtained, andkobs was maximal atI ) 0.05 (Figure
9B). At ionic strengths higher than 0.5, the ET rate constant
did not change significantly and was equal to 16 s-1. As

noted above, this type of dependence is indicative of an
involvement of both electrostatic and hydrophobic interac-
tions in Pdx-P450cam complex formation. However, com-
pared to the Pdr-Pdx couple, considerably lower ionic
strength was required to reach an optimal intramolecular ET
in the P450cam-Pdx complex. This suggests that an

FIGURE 8: Transient kinetics observed after laser flash excitation of a dRF/semicarbazide solution containing Pdx (A and B) and its mixture
with P450cam (C and D). (A and B) Transients obtained at 500 and 553 nm, respectively, to monitor Pdx reduction. Solutions contained
100 µM dRF, 2 mM semicarbazide, and 20µM Pdx in 10 mM phosphate buffer, pH 8.0. (B and C) Transients obtained at 500 nm, an
isosbestic point for the reduced and oxidized forms of P450cam, to follow Pdx reoxidation (ε500nm ) 6.6 mM-1 cm-1), and 553 nm to
follow P450cam reduction (ε553nm ) 14 mM-1 cm-1). Solutions contained 100µM dRF, 2 mM semicarbazide, 400µM camphor, 20µM
Pdx, and 4µM P450cam in 10 mM phosphate buffer, pH 8.0. The smooth lines represent single-exponential fits giving rate constants of
5500 (A), 55 (C), and 60 s-1 (D).

FIGURE 9: Plots ofkobs for the ET reaction from Pdx to P450cam
versus P450cam concentration (A) and ionic strength (B). (A) The
rate constants were measured at ionic strengths of 0.032 (O) and
0.32 (b) in phosphate buffer, pH 8.0, containing 100µM dRF, 2
mM semicarbazide, 400µM camphor, 40µM Pdx, and different
concentrations of P450cam. (B) The reaction mixture contained 100
µM dRF, 2 mM semicarbazide, 400µM camphor, 20µM Pdx, and
4 µM P450cam in phosphate buffer, pH 8.0. The ionic strength
was adjusted with potassium phosphate, pH 8.0.
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electrostatic component is predominant in the complex
formation between these redox partners.

DISCUSSION

One-Electron-Reduced Species of Pdr.The main purpose
of this study was to probe in more detail the Pdr-Pdx
reaction which, until now, has not been studied using flash
photolysis methods. An important unknown in this system
has been the nature of the one-electron-reduced FAD that
must be part of the catalytic cycle. Oxidation of two-electron-
reduced Pdr by a one-electron acceptor Pdx implies formation
of a semioxidized flavin intermediate during the P450cam
monooxygenase catalytic cycle. Due to instability of the
semiquinone form of Pdr, the intermediate could not be
detected and characterized by conventional spectrophoto-
metric techniques (11, 12), and investigation of its interaction
with Pdx was not possible. To overcome this problem, we
used laser flash photolysis techniques to form the Pdr
semiquinone and characterize its spectral and electron-
transferring properties. Our results show that Pdr easily reacts
with dRFH• and, upon one-electron reduction, produces a
blue neutral FAD semiquinone within the pH 6.0-8.0 range
(Figure 2). FADH•, therefore, is an intermediate formed by
Pdr under physiological conditions. We found that reduction
of Pdr by dRFH•, disproportionation between one-electron-
reduced molecules of Pdr, and oxidation of the fully reduced
flavoprotein by artificial electron acceptors, potassium fer-
ricyanide and 2,6-dichlorophenolindophenol (data not shown),
proceeded faster at high salt concentrations. This may be
due to the effect of ionic strength on intrinsic properties of
Pdr, such as protein stability, conformation, flavin environ-
ment, and redox potentials, and requires further study.

We also found that NAD+ affected the electron-accepting
and -transferring properties of Pdr and promoted both
reduction of Pdr by dRFH• and disproportionation between
one-electron-reduced molecules of the flavoprotein (Figure
4). This effect of oxidized pyridine nucleotide on Pdr is
different from that on analogous flavoproteins. NAD+ was
found to stabilize the FAD semiquinone of cytochromeb5

reductase and to appreciably slow its autoxidation and
disproportionation (25), whereas the rate of disproportion-
ation of adrenodoxin reductase semiquinone was independent
of NADP+ (26). Oxidized pyridine nucleotides have been
demonstrated to play an important role in the catalysis of
Pdr and the flavoproteins mentioned above (12, 25-29). By
specifically affecting the stability of reduced flavin inter-
mediates and their redox potentials, NAD(P)+ is thought to
regulate the catalytic cycles of the enzymes and to define
which species participate in the catalytic turnover in vivo.
Destabilization of the Pdr FAD semiquinone by NAD+

suggests that the fully reduced species of Pdr is likely to be
the predominant form of the flavoprotein that participates
in catalysis.

Pdr-Pdx Interaction. Preferential reduction of Pdr by the
laser flash in the Pdr-Pdx system gave us an advantage to
directly investigate the ET reaction between one-electron-
reduced Pdr and oxidized Pdx. Under optimal conditions, a
kinetic Kd value for protein-protein transient complex
formation was calculated to be 5µM. The affinity of the
Pdx-Pdr ET complex is, therefore, lower than that for the
transiently formed complexes between reduced ferredoxin

and oxidized ferredoxin reductase [Kd ) 0.3 µM, (30)] and
one-electron-reduced cytochromeb5 reductase and cyto-
chromeb5 [Kd ) 1 µM, (25)]. The limiting value ofkobs for
the ET reaction from FADH• of Pdr to Pdx at saturating ratios
of Pdx to Pdr was found to be equal to 226 s-1. Taking into
account a high intracellular ratio of Pdr to Pdx inP. putida
[1:8, (11)] and a maximal turnover number of the camphor
hydroxylation reaction [≈2000 nmol min-1 (nmol of P450)-1,
(31)], one can conclude that the ET rates from one-electron-
reduced Pdr to Pdx are fast enough to support the turnover
of the enzyme under steady-state conditions. FADH• of Pdr,
therefore, is a kinetically significant intermediate in the
camphor monooxygenation cycle.

The biphasic ionic strength dependence ofkobs for ET
between Pdr and Pdx (Figure 6B) is similar to that observed
with other redox protein systems (19, 32, 33). The simplest
explanation for this behavior is that, at low ionic strengths,
either ineffective Pdr-Pdx complexes are being formed or
there is an electrostatic repulsion between the proteins. At
an ionic strength optimal for the redox partner interaction,
there must be a balance between electrostatic attraction and
orientation forces as well as hydrophobic interactions
between the two proteins. For the Pdr-Pdx redox couple,
the maximal ET rates are observed at a relatively high ionic
strength. This suggests that nonelectrostatic interactions, such
as van der Waals forces, hydrophobic effects, and entropic
effects, dominate in Pdr-Pdx complex formation. This
conclusion is in accord with the previous site-directed
mutagenesis, NMR, and isothermal titration calorimetry
studies on Pdr-Pdx interactions that suggested the electro-
static component is not important in Pdx/Pdr association (7,
13, 34).

Owing to the lack of structural information on Pdr, it is
not possible to model an ET complex between Pdr and Pdx.
To gain some insights into the structure of Pdr, we have
analyzed the crystal structure of a close functional and
structural homologue of Pdr, an ONFR component in
biphenyl dioxygenase (BphA4) fromPseudomonas putida
(15). There is no strong asymmetric charge distribution on
the surface of BphA4. Moreover, the aromatic rings of
Trp291, Trp318, and Trp320 and a ring of Pro49 are situated
above the isoalloxazine ring of FAD and completely shield
from the solvent the side of the flavin that is involved in the
reactions. The active site of BphA4, therefore, is mainly
neutral with a few negatively and positively charged amino
acid residues evenly distributed around. Owing to the high
amino acid sequence identity between the FAD binding sites
of BphA4 and Pdr, the active site of Pdr is also likely to be
mainly neutral and hydrophobic. This speculation could
explain some of the results described above. Both the
transient kinetics and molecular modeling results suggest that
hydrophobic interactions are likely to be predominant in
Pdr-Pdx complex formation.

This contrasts the adrenodoxin reductase (Adr)-adreno-
doxin (Adx) couple, functional analogues of Pdr and Pdx
in mitochondria of eukaryotes, where electrostatic inter-
actions were proved to be the driving force for the inter-
protein complex formation. Both Adr and Adx are highly
polar molecules and have strong dipole moments that are
thought to steer the approach and complex formation between
the redox partners (35-37). It is of interest that arecent study
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provided evidence that the complex between Adr and Adx
does not dissociate to a great extent during an oxidation-
reduction cycle, and that 1:1 and 1:2 Adr/Adx complexes
exist between protein in the reduced states (38). The high
affinity of the Adr-Adx complex in both oxidized and
reduced states thus supports the cluster model for the
interaction between components of the mitochondrial steroid
hydroxylase.

Pdx-P450cam Interaction. Although our main goal has
been to analyze the Pdr-Pdx ET system, we also analyzed
the Pdx-to-P450cam ET reaction. The rate constants for the
first electron transfer to P450cam, obtained in the present
study (112 s-1), are in a good agreement with those measured
previously by different methods under different conditions
(30-100 s-1) (39-42). Our kinetic results support the view
that both electrostatic and hydrophobic components are
involved in Pdx-P450cam complex formation (6, 7, 13) but
emphasize that electrostatics play a more important role in
the association of two proteins. The fact that optimal
conditions differ for the Pdr-Pdx and Pdx-P450cam ET
reactions supports the view that the binding sites on Pdx for
Pdr and P450cam involve different structural elements.
Indeed, although some overlap between the binding sites is
present, Cys73 and its adjacentR-helix in Pdx were identified
as important for the Pdr-Pdx interaction, whereas residues
comprising a surface loop subtended by the iron-sulfur
cluster were found to be critical for Pdx-P450cam complex
formation (6, 7). The precise nature of the association mode
of Pdx with its redox partners may be revealed after the
structures of the complexes become available.

Finally, our results have implications for the electron
shuttle mechanism between all three components. Similar
values ofKd’s for the transient Pdr-Pdx and Pdx-P450cam
ET complexes and the insignificant changes within a wide
range of ionic strength indicate that Pdx is not preferably
bound to either Pdr or P450cam during the catalytic cycle
and is likely to function as an electron shuttle. Indeed, in
the complete system containing all three proteins, the
maximal turnover number of camphor hydroxylation was
observed at an intermediate ionic strength,I ≈ 0.15 (data
not shown). Thus, a balance between specificity in two
transient ET complexes involving Pdx is necessary for
achieving a rapid exchange of electrons between the redox
partners and the maximal turnover number of P450cam
monooxygenase.
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