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ABSTRACT. Cytochrome P450cam (P450cam) is the terminal monooxygenase in a three-component
camphor-hydroxylating system froRseudomonas putid@he reaction cycle requires two distinct electron
transfer (ET) processes from the [2Fe-2S] containing putidaredoxin (Pdx) to P450cam. Even though the
mechanism of interaction and ET between the two proteins has been under investigation for over 30
years, the second reductive step and the effector role of Pdx are not fully understood. We utilized
mutagenesis, kinetic, and computer modeling approaches to better understand differences between the
two Pdx-to-P450cam ET events. Our results indicate that interacting residues and the ET pathways in the
complexes formed between reduced Pdx (Palxd the ferric and ferrous dioxygen-bound forms of P450cam
(oxy-P450cam) are different. Pdx Asp38 and Trpl106 were found to be key players in both reductive
steps. Compared to the wild-type Pdx, the D38A, W106A, add6 mutants exhibited considerably
higher Ky values for ferric P450cam and retained ca. 20% of the first electron transferring ability. In
contrast, the binding affinity of the mutants for oxy-P450cam was not substantially altered while the
second ET rates werel%. On the basis of the kinetic and modeling data we conclude that (i) P450cam
Pdx interaction is highly specific in part because it is guided/controlled by the redox staithglartners;

(ii) there are alternative ET routes from Pda ferric P450cam and a unique pathway to oxy-P450cam
involving Asp38; (iii) Pdx Trp106 is a key structural element that couples the second ET event to product
formation possibly via its “push” effect on the heme-binding loop.

Cytochromes P450 (P450) participate in a variety of (Pasos-s]_ (€
metabolic processes and catalyze the monooxygenation of a s \& ET1
wide range of aromatic and aliphatic substrates. Mixed
function oxidation reactions catalyzed by P450s (Figure 1) P4503 [P4502+- 5]
require an input of two electrons that originate from NAD- > H30
(P)H and are supplied by redox-linked proteins. The most SOHAQ\ /Oz
extensively characterized P450, a camphor-hydroxylating I [pasoz-s)
cytochrome P450cam (P450carmpm Pseudomonas putiga i (')

2

receives reducing equivalents from a [2Fe-2S] ferredoxin, _
putidaredoxin (Pdx), which shuttles between the hemoprotein FIGURE 1: Fundamental cycle of cytochrome P450: P#5gesting

o ; : state; S, substrate; [P4506S], substrate-bound ferric form; [P450
and a FAD-containing putidaredoxin reductase (Pdj) ( S], substrate-bounEj ferroLs form; J@45G*-S], dioxyge[n- and

Protein-protein interactions in PA50cam monooxygenase are g pstrate-bound ferrous form; SOH, hydroxylated substrate. In
highly specific, and neither Pdx nor Pdr is functionally P450cam monooxygenase, the first electron (ET1) can be transferred

interchangeable with the homologous proteins from other to P450cam from any reducing agent with a suitable redox potential,
but only Pdx can deliver the second electron (ET2).
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mutagenesis, NMR, and crystallographic techniques, as well
as computer modeling and theoretical calculations (reviewed
in refs 11 and 12) has helped to establish that the Pdx
binding/electron transfer (ET) site is located on the proximal
surface of P450cam, the nearest approach to the buried heme
cofactor and its cysteine ligand, Cys35I0( 13—15).
Currently, two mechanisms for the specific effector action
of Pdx have been proposed. According to the first, docking
of Pdx to the proximal side of P450cam causes a “push”
effect on the heme-binding loop and enhances electron
donation from the axial thiolate to the heme iron, which in
turn facilitates ET to the oxygenated hemoprotein and assists
in scission of the &0 bond. This mechanism is based on

theoretical and experimental data demonstrating the impor- R66 L

tance of thiolate ligation (reviewed in ref§) and the Fe-S
bond perturbation upon P450caiRdx complex formation  superposition of the crystal structures of oxidized (white) and
(17-20). In an extended version of the proximal push reduced (black) C73S Pdx molecules [molecules B, PDB codes
mechanism, the binding of Pdx results in changes in the distal1XLP and 1XLQ, respectively3@)] was performed using the

FiGure 2: A view at the active site of Pdx. The least-squares

program LSQMAN ¥8). The [2Fe-2S] metal center and the mutated
residues are shown in CPK and ball-and-stick representation,
respectively.

O, and substrate-binding pockets that lower the activation
energy barrier required for electron transfer and@ivation
(21, 22). In the second mechanism, Pdx acts as an effector
by restricting available conformations of P450cam to those
that prevent the substrate/intermediate loss. This model isour experimental and modeling results provide an explanation
supported by NMR data indicating that Pddnding causes  for why the P450camPdx interaction is highly specific and
perturbations in areas remote from the proximal face of how Pdx may execute its effector role.
P450cam, in particular, in the regions implicated in substrate
access and orientation in the distal pockzg, (24). EXPERIMENTAL PROCEDURES

On the basis of the X-ray and NMR structures of P450cam  protein Expression and PurificatioPdx, P450cam, and
and Pdx, respectively, Pochapsky and co-workekS) ( pdrwere expressed and purified as described previoRély (
generated a model of the PA50caRdx complex that has 33 36, 37).
served as a valuable structural guide for investigating redox Spectroscopic and Stopped-Flow Assasconventional
pal’tner interactions. HOWeVer, the 1PUT Pdx StI’UCtQ@ ( UV_V|S|b|e Spectroscopy was performed using a Cary 3
used by the Pochapsky group for model building differs gpectrophotometer. Stopped-flow experiments were carried
significantly from the high-resolution X-ray structure6( out on an SX.18MV instrument (Applied Photophysics).
27) and a refined solution model of the iresulfur protein  gojutions were made anaerobic by multiple evacuation and
(28). Another limitation on the P450canPdx model is that flushing with prepurified argon and included an oxygen-
bOth protein structures are in the OXidiZed state. RedOX' Scrubbing System Consisting of 1 mM g|ucose and 1 unit/
dependent conformational changes in Pdx, detected by NMRm | glucose oxidase and catalase. Reduction and oxidation
and X-ray crystallography method2%-32), are significant  of 40-50 uM Pdx with 5 mM sodium dithionite and 100
and involve not only residues surro_undlng the meta_l clustgrﬂM 1,3-dimethoxy-5-methyl-1,4-benzoquinone (G)Qe-
but also structural elements located in remote areas, includingspectively, were carried out in 100 mM phosphate buffer,
the lle32-Asp38 peptide and Arg66. The redox-linked pH 7.5 and monitored at 456 nm at-85 °C. Prior to
structgral differences must be .taken into account whl_le reacting with Co@ Pdx was reduced using catalytic amounts
modeling P450camPdx interactions because the physi- of pdr and subequimolar concentrations of NADH. In case
ologically relevant redox partner of P450cam is Pdx of the D38A mutant, which was found to form a complex

In our previous study on the PebPdr interaction, we  wijth CoQ,, the oxidant concentration was GM. The CoQ
investigated the functional role of two residues that undergo reductase activity of this mutant was compared to that of
major conformational perturbation upon Pdx reduction, Tyr33 WT measured under identical conditions. The kinetic data
and Arg66 82), as well as Asp38 and Trp106 (Figure 2) were analyzed using IgorPro software (WaveMetrics, Inc.).
(33). Changes in ET kinetics caused by various mutations Activation energies®.) and logarithms of preexponential
were found to be in good agreement with theoretical frequency factors (I) for the reactions of Pdx reduction

predictions suggesting that Tyr33, Arg66, and Trpl06 and oxidation were calculated from the plots ofkins 1/T
regulate Pdx Pdr association by controlling how close Pdx  according to the Arrhenius equation

can approach Pdr and that reduction driven movements of

Tyr33 and Arg66 could facilitate Pdx dissociation upon ET Ink=InA—-E/RT @
completion. Insights gained from our work on the Pddr

system and the availability of crystal structures for reduced Free energiesAG°) were determined from the equation
and oxidized Pdx as well as oxy-P450cag6,(34, 35)

prompted us to re-examine the PeR450cam system. In AG®° = —nFAE,

this study we have used mutagenesis, kinetic, and computer

modeling methods to test the role of specific residues in the where n is a number of electrons transferred during the
reduction of both ferric and oxy-P450cam. Taken together, reaction,F is the Faraday constant, andt, is a difference
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between the redox potentials of an electron donor and was calculated using GRASH®G). Figures were prepared

acceptor. Theey, values for sodium dithionite, CafQand
WT Pdx used in calculations were679 38), +100, and
—240 mV @9), respectively. The redox potentials of Pdx
mutants measured by cyclic voltammetBg) were adjusted
by —78 mV to correct methodical differences. Apparent
reorganization energies)(were calculated from the Marcus
equation

E,= (A + AG%)%4). 2)

Measurement of the First and the Second Electron
Transfer to P450camTransfer of the first electron from

with MOLSCRIPT @7), RASTER3D #8), and PyMOL 49).

RESULTS AND DISCUSSION

Effect of Mutations on the Electron-Accepting and -Donat-
ing Ability of Pdx Key Pdx residues that are either known
or predicted to be important in redox partner recognition and
ET include Tyr33, Asp38, Arg66, and Trpl06 (Figure 2).
Cyclic voltammetry measurements carried out in our previous
study revealed significant variations in the kinetic revers-
ibility of the oxidation/reduction process in WT and mutants
of Pdx, suggesting that structural reorganization in the protein
is coupled to the ET evenB8). To better understand the

reduced Pdx to P450cam was measured in carbon monoxidenechanism of redox-dependent perturbations, we estimated
saturated 50 mM phosphate buffer, pH 7.5, containing 100 activation E;) and reorganizationAj energies for Pdx

mM KCI, 1 mM camphor, and an oxygen-scrubbing system,
using a stopped-flow spectrophotometer. Solutions @k2
P450cam were mixed with various concentrations of'Pdx
Formation of the ferrousCO form of P450cam was
monitored at 446 nm at 28C. The ET rates to the dioxygen

reduction and oxidation using sodium dithionite and @oQ
as a reductant and oxidant, respectively. EhandZ values
were determined from the Arrhenius plots of knvs 1/T
(Figure 3, eq 1) and from the Marcus equation (eq 2),
respectively.

adduct of ferrous P450cam (oxy-P450cam) were determined As seen from Table 1, reorganization energies calculated

at 4°C by following degradation of oxy-P450cam into ferric

for Pdx are consistent with those expected in biological ET

enzyme and hydroxycamphor at 390 nm according to the reactions, 0.22.5 eV 60—53). In accord with the crystal-

previously described procedurd(j using the sequential
double mixing mode of the stopped-flow spectrophotometer.
Solutions of 5uM P450cam reduced with subequimolar
amounts of sodium dithionite were first mixed with air-
saturated buffer and, afta 1 sdelay, with 4-50 uM PdX.
The k.o andKy values for the first and second ET reactions
were determined from the hyperbolic plotslg@fs vs [Pdx].

Computer Modeling Studie$he program GRAMM that

lographic data32), the highA value for the reductive step
(2.3 eV) suggests that major nuclei, dipole, and charge
rearrangements take place upon metal cluster reduction. All
mutations led to a slight-to-moderate decrease2(®6) of

E., preexponential factorA), and 2. Changes in the
thermodynamic parameters did not correlate with the redox
potential fluctuations caused by the mutations but were
dependent on how far the altered residues were from the

uses a surface complementarity algorithm for protein docking active site (Figure 2, Table 2). The largest effect was caused
(41) was utilized to find possible conformations for the by elimination of the Trp106 aromatic ring, most likely due
P450cam-Pdx ET complex. The program places each to increased solvent accessibility and polarizability of the
molecule on a grid and performs an exhaustive six- [2Fe-2S] center. On the basis of these results we conclude
dimensional search through the relative intermolecular that the 76-80% decrease in Pdr-to-Pdx ET rates owing to
translations and rotations using a very efficient fast Fourier replacement of Tyr33, Asp38, or Arg66 observed previously
transform correlation technique and a simple scoring function (33) was due to perturbed protetprotein interactions and/
that measures shape complementarity and penalizes overlap®r ET pathways and not due to changes in the intrinsic

Crystal structures of oxidized (P@xand reduced Pdx
[molecules B of 1XLP and 1XLQ, respectivel3d)] and
those of ferric [molecule A of 1DZ44Q)] and ferrous,
dioxygen-bound P450cam [molecule R5j] without hy-
drogen atoms were used as input to GRAMM that was run
in generic matching and hydrophobic docking modes with a
2.1 A grid step for translations and °lGncrements for

properties of Pdx.

The considerably loweE, and 4 values derived for Pdx
oxidation (Table 1) indicate that the activation energy barrier
for this reaction is lower than that for the reductive step.
Another difference between the oxidation and reduction
reactions was a more complex effect of the mutations on
Pdx oxidation. Compared to W, and A calculated for

rotations. Computer-generated complexes were analyzed toy33F, R66A, and R66E Pdx were not significantly different

define preferred Pdx docking regions on the surface of
P450cam and to select models where the hefaEe-2S]
distance was within the physiological ET range20 A).

while those determined for the Trp106 and Asp38 mutants
decreased by 3452%. Again, substitutions closest to the
active site affected the thermodynamic parameters to a greater

The plausible models were optimized by adjusting side chain extent than those remote from the [2Fe-2S] center.

positions of interacting amino acid residues using the
program “O” @3), and the resulting structures were energy
minimized in CNS ¢4) using CHARMM-based force field

and parameter and topology files provided with the package.

Other Calculations Possible ET pathways between the
redox centers in the model P450cafdx complexes were
predicted and analyzed using the program HARLEMS)(
with default settings. Either single iron atoms or the entire

Effect of Mutations on the Electron Transfer to Ferric
P450cam (ET1)Having established how mutations influence
the electron-donating ability of Pdx, we next studied the
effect of mutations on the two Pdx-to-P450cam ET processes.
Since only the first ET from D38N, W106F, amdl06 Pdx
to P450cam has been investigaté&di{56), we included
these variants in our more comprehensive study. ET1 kinetics
was studied by stopped-flow spectrophotometry and moni-

cofactors were defined as electron donor/acceptor groups.tored at 446 nm, the maximum for thee CO complex

The interface surface area in the P450edfdx complexes

of the hemoprotein (Figure 4A). The limitink:r; values
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Ficure 3: Thermodynamic analysis of the ET reactions to (A) and
from (B) Pdx. Reduction and oxidation of WT (filled circle), Y33A
(open circle), Y33F (filled square), D38A (filled triangle), D38N
(open triangle), R66E (open square), R66A (filled diamond))6
(open diamond), W106AX), and W106F (*) with 5 mM sodium
dithionite and 10Q«M CoQ, respectively, were monitored under
anaerobic conditions at 456 nm and°@. The reaction buffer
contained 50 mM phosphate, pH 7.5, and an oxygen-scrubbing
system consisting of 1 mM glucose, 1 unit/mL catalase, 1 unit/mL
glucose oxidase, and 4®0uM Pdx. Prior to reaction with Cog§

Pdx was reduced using catalytic amounts of Pdr and subequimolar

concentrations of NADH. The natural logarithms of the observed
rate constantskgr) for the reduction and oxidation reactions were

plotted against T. Each point represents an average of at least
three measurements. Solid lines are linear fits to the Arrhenius
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down ET1. Asp38 and Trp106 were the most important for
ET1 since mutations at these sites caused both an increase
in Kg and the largest decreasekif

Effect of Mutations on the Electron Transfer to Oxy-
P450cam (ET2)In sharp contrast to ET1, the various
mutations introduced in Pdx had only a modest effeckKgn
for oxy-P450cam with all except one leading to at most a
2-fold increase (Table 2). The one exception is the D38N
substitution, which caused about a4-fold increase irkg,
suggesting that, as in ET1, Asp38 is important for binding.
The second dramatic difference between the two reductive
steps was that the D38A, W106A, and 06 mutations led
to >99% drop in ETZ.,. Taken together, the kinetic results
indicate that (i) Asp38 and Trp106 are much more important
in ET2 than in ET1 and (ii) the P450canPdxX complexes
formed during the two reductive steps must be structurally
different and/or use different ET paths.

Importantly, in contrast to earlier studie® 67—59), our
results and data reported recently by others show that ET2
is considerably faster than ET1 at any Pdx:P450cam ratio
(9, 10, 40, 54, 60—63). This observation coupled with small
differences in kinetickq values calculated for the Peax
P450cam and Péxoxy-P450cam pairs,-215 (40, 63, 64)
vs 4.4-23 uM (40, 60), suggests that ET1 rather than ET2
is likely to limit the catalytic turnover in the native camphor-
hydroxylating system.

Finally, the strikingly different effects of the Tyr33, Asp38,
Arg66, and Trp106 substitutions on the ET to and from Pdx
indicate that, in contrast to the PelPdx couple, where Tyr33
and Arg66 play the leading role in controlling the rate-
limiting PdX dissociation 83), Asp38 and Trpl106 are the
key residues that regulate binding and ET betweeri &akt
P450cam. Recruitment of distinct structural elements and the
involvement of different regulating mechanisms during the
Pdr—Pdx and P450camPdx complex formation seem to be
the factors that make proteiprotein interactions in P450cam
monooxygenase so highly specific.

Modeling Pdx-P450cam Interactions: Optimization of the
Pochapsky Modello better understand differences between
the two P450cam reduction steps, we utilized a computer
modeling approach and searched for plausible P456cam

equation (eq 1). The derived thermodynamic parameters are givenPdX orientations that would be in agreement with the

in Table 1.

(keay @and apparent dissociation constaitg €alculated from
the hyperbolic fits to the plots ddzr1 vs [Pdx] are given in
Table 2. Compared to WT PdXq's calculated for all of
the mutants were 430-fold lower, indicating a decreased
binding affinity for ferric P450cam (Table 2). In contrast,
keatwas affected by the mutations to different extents: Y33A,
R66A, and R66E substitutions increased the maximal ET
rate by 12-29%; W106F had no effect; Y33F and D38A
substitutions led to a moderate decrease—A®»%); and
D38N, W106A, andA106 mutations lowere#.,; by 80—
85%. If any of these residues were comprising a specific

ET pathway and hence were critical for the reduction process,

one would expect much larger decrease&:n Since the
major effect of the mutations was &g, it is reasonable to

experimental data. First, we tested if the complex proposed
by Pochapsky and co-worker$5) is a suitable model for
either ET1 or ET2. This complex was generated by manually
bringing the 1PUT Pdx molecule into the proximal groove
of P450cam to achieve the closest possible approach between
the cofactors (12 A) and to allow interaction between Arg79,
Arg109, and Argll2 of P450cam and the C-terminal
carboxyl, Asp34, and Asp38 of Pdx, respectively, because
an important role of charged residues, in particular Argdsh2
in P450cam-Pdx association had been sugges8d g, 14,
59, 65, 66). To explain the stabilizing effect of TrplR&
on the interprotein complex formation and ET mediatibn (
54, 55, 67), the C-terminal residue was placed close to
Tyr78s0 (ca. 6.0 A away).

The validity of the Pochapsky model has been experi-
mentally tested, and some but not all predictions have been

conclude that the binding rather than the ET event betweenconfirmed 66, 60, 68). The major disadvantage of the

Pdx and ferric P450cam was predominantly altered and that
the observed decreaseskig are due to improper orientation
in the Pdx-P450cam complex which slows but does not shut

complex, however, was the poorly refined 1PUT Pdx
structure used for modeling. To optimize the model, we
replaced 1PUT Pdx with the crystallographic molecule B of
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Table 1: Thermodynamic Parameters for Electron Transfer Reactions Involving Putidaredoxin

reduction by sodium dithionite oxidation by CeQ
AG° ¢ AG®
E:2 (kd/mol) [%] In AP (kI V"tmol™1) 24 (eV) Ea (kd/mol) [%] InA (kI V-tmol™) A (eV)

WT 93.8+ 1.5[100] 36.6+0.6 —42.2 2.30+£0.04 28.9+0.1[100] 16.3+0.3 —33.0 0.79+ 0.03
Y33A 89.2+ 1.5[95] 33.0+0.6 —40.7 2.19+0.04 26.8+0.8[93] 15.6+ 0.3 —-34.4 0.74+ 0.02
Y33F 82.9+ 0.4 [88] 34.2+0.2 —40.1 2.05£0.01 30.3+1.0[105] 17.2+0.4 —35.0 0.83+ 0.03
D38A 89.44 1.4 [95] 34.6+ 0.6 —40.0 219+ 0.03 14.0+0.3[63F 11.8+0.1 —35.1 0.49+ 0.01
D38N 86.5+ 1.9 [92] 34.8+0.8 —39.8 213+ 0.05 19.2+0.8[66] 142+ 0.3 —-35.4 0.49+ 0.02
R66A 90.8+ 1.3[97] 36.0+0.5 —41.5 2.23+0.03 29.2+0.5[101] 16.5+0.2 —-33.7 0.80+ 0.01
R66E 88.7+ 2.3 [95] 34.5+0.9 —415 2.18+0.06 30.2+0.6[104] 16.9+0.2 —33.7 0.83+ 0.02
W106F  81.5+ 1.0[87] 329+ 04 —41.8 2.03£0.02 19.3+0.4[67] 13.3+£ 0.2 —33.4 0.51+ 0.01
W106A  75.4+ 0.8 [80] 30.6+ 0.4 —39.6 1.88+0.02 19.1+ 0.7 [66] 13.6+ 0.3 —35.6 0.48+ 0.02
A106 78.6+ 0.9 [84] 31.1+ 04 —42.4 1.97+0.02 20.7+ 0.6 [72] 142+ 0.3 —32.8 0.56+ 0.02

a Activation energy was calculated from the Arrhenius plots (Figure 3). Standard deviations were derived from the linear fits to tHehglots.
logarithm of the preexponential coefficient was calculated from the Arrhenius plots (Figure 3). Standard deviations were derived from ttee linear fi
to the plots.® Free energy of the reaction was calculated fromAl® = —nFAE, equation, where is the number of electrons transferred during
the reactionF is the Faraday constant, andtr, is the difference between redox potentials of an electron donor and acéepmarent reorganization
energy was calculated from the Marcus equaigrr (A + AG®)%44. ¢ Measured under different conditions as described in Experimental Procedures.

Table 2: Redox Properties of the Wild-Type Pdx and Mutants of Pdx

first ET to P450cam second ET to P450cam

Pdx E12 (mV vs SHE) Keat(s™) (25°C) [%0] Ka (uM) keat(s™) (4 °C) [%0] Kg (uM)
WT —162 414+ 1[100] 7+£1 118+ 10[100] 23+ 4
Y33A =177 46+ 9 [112] 218+ 25 55+ 1 [47] 43+ 1
Y33F —183 33+ 2[80] 83+ 11 64+ 9 [54] 49+ 8
D38A —184 35+ 3[85] 198+ 20 0.33+ 0.05 [<1] 31+9
D38N —187 9+ 1[22] 117+9 21+ 1[18] 86+ 6
RG66A —169 53+ 4[129] 143+ 16 62+ 3 [53] 27+ 3
R66E —169 47+ 3[115] 41+ 7 42+ 4[36] 41+7
W106F —166 41+ 2 [100] 29+ 3 71+ 7[60] 23+5
W106A —189 6+ 1[15] 108+ 15 0.114 0.01 [<1] 2942
A106 —160 9+ 1[22] 163418 0.324+0.03 [<1] 4648

aDetermined previously by cyclic voltammetrg3).

reduced C73S Pdx (PDB code 1XLQ), pulled it 3.0 Aaway = Depending on whether single iron atoms or the entire
to eliminate clashing with P450cam, adjusted side chains of cofactor groups were chosen as an electron donor/acceptor,
the interface residues, and energy minimized the resultingtheoretical calculations predicted two different ET pathways
structure that will be referred to as model 1. Molecule B of (Figure 5B, Table 4): the Fe-to-Fe route included theiron
1XLQ Pdx was chosen because it undergoes the largestsulfur cluster ligand Cys45 and the Leu356-Cys357 peptide
conformational change upon [2Fe-2S] reductiBg) ( Struc- of P450cam, whereas the [2Fe-2S]-to-heme path proceeded
tural overlay of the original and optimized complexes is from Cys3%qx through the main and side chain atoms of
shown in Figure 5A. Owing to an increasedH¥ee distance,  Asp3&qxto a heme propionate via Arg1d2, Establishment
protein—protein interactions observed in model 1 were of the Asp384x—Argllzssse salt bridge in the P450cam
somewhat different from those in the original complex: Pdx ET complex has been widely anticipatdd, (66, 68,
Arg109%450-Trpl064—COOH and Argl12sse—Asp3&ax 69). Since shortening of the Asp38 side chain to Ala has a
salt bridges were preserved, Arghe9—Asp34q and moderate effect on ET1 and drastically diminished ET2
Arg7%s0cari Trpl064cCOOH pairs disrupted, and new (Table 2), we conclude that the optimized Pochapsky
Glu286450—Arg66pgx and Lys344,s¢—Glu654« charge- complex can be considered as a plausible model for the first
charge interactions formed (Table 3). This agrees well with but not the second ET process. Furthermore, since the L356A
the experimental data showing that Arg:@9is important replacement had no effect on P450cam activit®),( we

for P450cam-Pdx associationl(l, 68) while Arg79%4s0and suggest that the Cysg@—Asp3&a—Argll2-yso route is
Asp34g, are not b6, 60). A salt bridge between Glugg predominant during ET1 but not unique. Considerably higher
and Lys344,sq proven to be not essential for the activity of values of theoretically predicted ET rates relative to those
the redox couplel(3, 64), is situated at the edge of interface measured experimentally suggest that the conformation
and thus may not have a significant impact on a long-range observed in model 1 may not be easily achieved in solution
stirring of productive collisions between the proteins. and a dynamic motion between the proteins (conformational
Importantly, the indole ring of Trpl06 in model 1 is gating) may be required before the actual ET occurs.
sandwiched between the Cys4bhr47 part of the metal- Screening for Other Possible P450caidx Conforma-
binding loop of Pdx and the aliphatic side chain of tions In order to find an orientation between P450cam and
Leu356450 These hydrophobic interactions are more exten- Pdx that would be in agreement with the ET2 kinetics, we
sive than in the original model and better explain the utilized the program GRAMM that performs an exhaustive
important role of Trp106 in the P450cam binding and ET computational search of all possible configurations to find
mediation processe$,(54, 55, 67). complexes with the highest surface complementadti).(
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Ficure 4: Plots of the observed ET rate constants vs [Pdx] for the
transfer of an electron from Pdso ferric (A) and oxy-P450cam
(B). Reduction of 2«M ferric P450cam with various concentrations
of PdX was monitored at 446 nm and 2€& to follow formation

of the ferrous-CO form in carbon monoxide saturated 50 mM
phosphate buffer, pH 7.5, containing 100 mM KCI, 1 mM camphor,
and an oxygen-scrubbing system. ET from Paxoxy-P450cam
was measured at 390 nm an@@using a sequential double mixing
mode of the stopped-flow spectrophotometer to follow decomposi-
tion of oxy-P450cam into ferric enzyme and hydroxycamphor. The
keat and Ky values for the reactions were determined from the
hyperbolic fits shown in solid lines. Inset B is a zoomed in view at
theker, vs [Pdx] plots for the D38A (open diamond), W106A),

and A106 mutants (open circle).
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Ficure 5: Models of the P450camPdx ET complexes. (A)
Superposition of the original [IPUT P#lxn gold (15)] and
optimized Pochapsky models (model 1, molecule B of 1XLQ"Pdx
in blue). (B) Two Pd%to-P450cam ET pathways (highlighted in
bold lines) predicted for model 1 by HARLEM!) depending on
whether single iron atoms or the entire cofactor groups were chosen
as an electron donor/acceptor. The Fe-to-Fe route, shown in dark
blue and brick colors, follows from the irersulfur cluster to the
Cys45 ligand and via space jump to the Leu356-Cys357 peptide
of P450cam. The [2Fe-2S]-to-heme path, shown in light blue and
pink colors, proceeds from the [2Fe-2S] ligand Cys39 through the
main and side chain atoms of Asp38 and via the Asp3&)112-450

and Argl124s5—propionate hydrogen bonds to the heme group.
(C) An optimized oxy-P450camPdxX complex generated by
GRAMM (model 2, Pdx shown in blue). (D) The unique ET root
predicted for model 2 by HARLEM follows from the [2Fe-2S]
cluster through the Cys39-Asp3&gx and His361450GIN360450
peptides and the Aspa8—His3614s0and Glu36@456—Cys35%4s50
hydrogen bonds to the heme cofactor.

important water molecule in the oxygen-binding groove
(Wat234, Figure 6A), the Asp251-Thr252 peptide in the

The initial stage of interprotein ET reactions is a translational central | helix undergoes a conformational change. As a
and rotational diffusion of protein pairs to form associated result, the groove widens by ca. 0.7 A, Thr252 moves aside
complexes, a process influenced by electrostatic and staticand establishes hydrogen bonds with the ligand and water
forces communicated through the solvent electrolyte medium. molecules, and the | helix straightens (Figure 6B). Through

Owing to a small dipole moment and the mostly neutral
active site of the Pdx molecul84), it is likely that surface

the adjacent and neighboringH loop and helices E and J,
movement in the | helix transmits to helices C, D, H, and K

complementarity rather than electrostatic steering betweenthat constrict around the hydrophobic pocket and make it

P450cam and Pdx will guide the first recognition step. In
this regard, GRAMM was a suitable program for identifying
docking regions in the P450can®dx couple, and, as we

found, it detected a few “hot” spots on the surface of the
hemoprotein where Pdx could preferably bind. Importantly,
the docking pattern, shown in detail in the Supporting
Information (Figures S1S4), suggested that the P450cam

Pdx association in solution might be guided/controlled not

more pronounced (Figure 6C). These redox-linked changes
in surface properties of P450cam, that are likely to be more
dramatic in the soluble protein, could facilitate not only
recognition and selective binding of one redox form of Pdx
over another but also assist in Pdlssociation when ET is
completed.

Modeling the Second Electron-Transfer Stepur out of
50 top-ranked oxy-P450caniPdX complexes predicted by

only by the redox state of PdX'{, 72) but also by redox- = GRAMM had a plausible geometry with the +Ee distance
linked conformational changes in P450cam. less than 20 A (Figure 7), the limiting distance for the
Conformational Dynamics in P450canifo understand  interprotein ET to occur at physiologically relevant rafé3) (
how the redox state of P450cam could affect Pdx recognition, In one of these complexes, Pdx was docked in such a way
we compared crystal structures of ferric and oxy-P450cam that its C-terminal Trp106, proven to exhibit conformational
(35, 42) and found that binding of dioxygen to the heme freedom in both oxidized and reduced Pd&7) was
iron causes small but noticeable changes on the proximalpositioned above the proximal groove (solution 49, Figure
face of P450. To accommodate, @Qnd a catalytically 7). After optimization, the complex was energy minimized
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Table 3: Comparison of Model P450caiRdx Complexes

model 1 model 2
P450cam Pdx P450cam Pdx
Etotal (kcal/mol P 18736 18507
area of interface (A 143 284
salt bridge interactions Arg109 Trp106 carboxyl Glu76 Argl104
Argl12 Asp38 Arg109 Asp103
Glu286 Arg66 Arg364 Asp38
Lys344 Glu6s
hydrogen-bonding interactions Val345 (O) Arg6GjN Glull7 (&) Gly31 (O)
His361 (N:) Asp38 (0) His361 (W) Asp38 ()
Arg364 (NE) Serd2 (@) GIn117 (Q) Argl13 (Ng)P
Aspl25 () Ser29 (Q)°
Asn229 (N) Asp9 (O)°
van der Waals contacts His361 Cys39 Asnl116 Tyr33
(bond length 2.84.0 A) Met121 Val36, Gly37
Pro122 Val28
His361 Val28
His347, GIn360, Arg364 Trpl06
hydrophobic interactions Met121 Val28 Met121 Val28
Leu356 Trp106 Phe350, Leu356 Trpl06
Alal13 Tyr33

2 Total energy of the minimized modelsPotential water-bridged H-bonding interactions.

Table 4: Electronic Coupling, Pathways, and ET Rates Calculated for the ModelFa&dcam Complexes Using the Program HARLEM

model 1

model 2

[2Fe-2S}heme distance (&)

15.0

18.7

donor-acceptor Fedax—Feraso [2Fe-2St-heme Fedg—Feras0 [2Fe-2St-heme
electronic couplingiag)® 4.0x 10°° 1.34x 10°° 2.0x 10°® 2.0x 1078
atom packing densityp{° 0.77 0.68 0.74 0.67
av decay exponentiaBf (A-1)¢ 1.35 1.51 1.40 1.53
electron pathway Felpgx—C*%ax— Felpa—C3%ax—D%%g—  Felpgy— C3%gx—D38pgx— same

L 356450~ C3paso— Fepaso R%450-heme H3%p450— Q%% 456~ C®puso— Fepaso
max electron transfer rate §" 1.6 x 10° 1.8x 10 422 35

aDistance between the Fel atom of [2Fe-2S] and the hemeP"iidxs is the electronic tunneling coupling matrix element that describes the
degree of wave function overlap occurring between the donor and acceptarthe fraction of sampled space between atoms of redox cofactors
that fall inside the van der Waals radii of the protein atofifs.is a parameter in the ternT®& that represents the exponential falloff of the
electronic tunneling rate with distanceAtoms and residues predicted to provide the most efficient electron transfer path from the [2Fe-2S] cluster
to the hemef Maximum electron transfer rate predicted for this particular electron pathway.

and designated as model 2 (Figure 5C), structural andheme ligating Cys3%4sq and two hydrogen bonds, Asp38
electronic characteristics of which are given in Tables 3 and (00)—His361p45{NJ) and Glu36@s{N)—Cys35%4sdS) (Fig-

4. As seen from Figure 5A,C, switching between Pdx ure 5D, Table 4). Owing to a longer distance between the
positions in the complexes with ferric and oxy-P450cam redox groups (18.7 vs 15.0 A in model 1), maximum ET
(models 1 and 2, respectively) can be achieved by ca. 50 rates predicted for this route were-3 orders of magnitude
rotation around the axis perpendicular to the display. As a lower and close to those measured experimentally.
result, the side of the Pdx molecule rather than the active Comparison of the theoretical and experimental data shows
site area provides the majority of interactions with P450cam that model 2 explains the second ET step rather well. First,
in model 2. In addition, in this complex (i) the interface in agreement with our kinetic data (Table 2), model 2
becomes two times larger with more intermolecular contacts, suggests that a residue at position 38 must have a negatively
(i) Trp106 forms extensive hydrophobic and van der Waals charged side chain to optimally orient Pdx and, most
contacts with the residues comprising the heme-binding loop, importantly, provide media for a unique ET pathway. Second,
(i) the side chain of Tyr33 is buried at the interface in a according to the model, tryptophan is required at position
mainly nonpolar environment, and (iv) Asp38 establishes 106 because only the bulky, rigid indole ring can penetrate
ionic and H-bonding interactions with Arg364 and His361 into the proximal groove deep enough to push the heme-
of P450cam (Table 3). Involvement of His36din redox binding loop, Cys357#His361, and modulate the electronic
partner recognition has not yet been tested, whereas thestructure of the hemethiolate complex, shown to be
R364C replacement was shown to result in ca. 30% decreasaecessary for acceleration of the-O bond scission and
in monooxygenase activitysg). product formation 18, 19). The potential “pushing” ability

In contrast to model 1, Argl}2so did not form direct of Trp106 could explain in part the effector role of Pdx in
contacts with any Pdx residue and therefore was not predictedP450cam catalysis3( 5, 6). Third, model 2 explains why
to be a part of the ET route. According to the theoretical the Tyr33 variants have a lower capability to bind and reduce
calculations, the Fe-to-Fe and [2Fe-2S]-to-heme pathwaysoxy-P450cam. Extensive hydrophobic interactions estab-
predicted for model 2 were identical and included the lished by Trp106 need to be disrupted upon Pdx oxidation,
Cys3%axrAsp3&ax and His36k450GIN36Qb450 peptides, the  and redox-linked movements of the buried Tyr33 side chain
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Wat234 ‘
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FiGure 6: Structural changes in the active site (A), the | helix (B), and the proximal face (C) of P450cam induced by one-electron reduction
and dioxygen binding. Superposition of the crystal structures of ferric [gtd)] &nd oxy-P450cam [pink, marool%)] was performed

using the program LSQMANT7@8). The G and catalytically important water molecules are shown in blue. Rearrangements in the oxygen-
binding groove and the | helix transmit via adjacent and neighboring helices E and J andldaold to helices C, D, H, and K that
constrict around the hydrophobic pocket and make it more pronounced. Arrows show redox-linked movements of structural elements.

(60). In accord with these experimental data, Arg109 forms
electrostatic interactions with the C-terminal carboxyl and
Aspl03 of Pdx in models 1 and 2, respectively (Table 3),
and thus is predicted to be important for both ET1 and ET2
complex formations. On the basis of the theoretical predic-
tions and the proximity of Arg109 to Arg112, we postulate
that the latter residue might assist P450eddx interaction
indirectly by repulsing and directing the Arg109 side chain
into the solvent toward the redox partner.

Since Arg66 is not a part of the protetprotein interface
in model 2 and is ca. 12 A away from the nearest P450cam
residue, the inhibiting effect of Arg66 mutations on the ET2
rates (Table 2) can be due to changes in the overall
electrostatic properties of Pdx which could alter the initial
recognition step and prevent achieving an optimal orientation
FiGURE 7: Four plausible orientations between oxy-P450cam (gray) for ET2. Although the R66A/E replacements slightly increase
and Pdxcorresponding to solutions 4, 28, 46, and 49 generated by reorganization energy for the Pdx oxidation reaction (Table
GRAMM (blue, green, orange, and maroon, respectively) where 1y ‘e significant effect on the intrinsic properties of Pdx
the Fe-Fe distance is less than 20 A. The helix designation in ~”’ . .
P450cam is according to Poulos et a9 with the functionally ~ Can be ruled out because neither variant perturbs the ET1
important | helix highlighted in dark gray. The heme iron (red), Process.
camphor (beige), dioxygen (cyan), and the iron-ligating Cys357  The Effector Role of Pdin addition to the pushing ability
(vellow) in P450cam and the [2Fe-2S] cofactors in Pdx are in CPK of Trp106 derived from model 2, our modeling results reveal
representation. another possibility for the coupling effector action of Pdx.

Since there is physical evidence that aggregates with the 1:3

(32) could assist dissociation and ensure fast turnover. Fourth,and 1:6 P450cam:Pdx ratios can be formed in solutf@i (
the model complex helps to understand why substitutions and that complex formation with Pdx induces structural
of Arg112-454 Which do not form direct contacts with Pdx, changes in both the proximal sid&7 20) and the distal
inhibit ET2 (10, 60). A functionally important Argl1l2  pocket of P450camil({, 75, 76), it is possible that the redox-
provides hydrogen bonds to the heme propionate, definescontrolled selective binding between the redox partners
the conformation of the heme-binding loop, regulates the detected by GRAMM (Figures SiS4) is functionally
redox potential and the spin state of the heme iron, and important. The preferred docking of Ptxear the substrate
participates in redox partner recognitidrd( 14, 60, 66, 69). access channel and along the sides of P450cam could regulate
This arginine is situated 4.5 A away from another basic positioning of camphor, help to stabilize the | helix in an
surface residue, Arg109, that was demonstrated to be cruciaknergetically strained conformation essential for catalysis,
for both P450camPdxX and oxy-P450camPdxX association and increase Péxhances to find the ET site before it loses
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an electron. This suggestion agrees in part with the NMR REFERENCES

data @3, 24) showing that Pdxcauses structural perturbations
not only at the proximal side of ferrous CO-bound P450cam
but also in the remote areas, in particular, around two sites

predicted by GRAMM (Figures S$1S4). On the basis of

these observations it was concluded that the primary effector
role of Pdx is to enforce P450cam conformations that prevent
dissociation of substrate/intermediates from the active site
prior to turnover and to assist proton/electron coupling.
Notably, Rui et al. found that the binding sites for cyto-
chromebs, a nonphysiological effector of P450cam mo-
nooxygenase3; 6), overlapped with those detected for Pdx

but were less specific2d). As a control experiment, we

analyzed possible docking positions between the ferric and

oxy forms of P450cam and cytochrorbg In accord with

the magnetic resonance and the binding competition studies
(77), the docking patterns predicted for Pdx and cytochrome
bs had some degree of overlap (Figures S5 and S6). Unlike
the P450camPdx pair, however, none of the top-scored
P450cam-cytochromebs complexes had the effector mol-
ecule bound to the proximal groove. This implies that
cytochromebs does not have the correct structure to fit into

the active site and explains why cytochroimebinding has
only a minor effect on the P450cam heme environm2a (

and its considerably larger excess over Pdx is needed to
achieve a similar coupling effect on the camphor hydroxy-

lation reaction ).

ConclusionsThe results presented in this study show that
reduction of ferric (ET1) and oxy-P450cam (ET2) involves

formation of different complexes with Pdand/or different

electron transfer paths. Specific mutations introduced in Pdx
have different effects on the two reductive steps, indicating 1o
that Asp38 and Trp106 are much more important in ET2
than in ET1. Computer-generated models of the P456cam
Pdx and oxy-P450camPdX complexes are consistent with
the experimental results and allow to conclude that one of
the reasons that Pdx can act as an effector and couple ET2
to camphor hydroxylation is that its C-terminal Trp106 can
approach the heme-binding loop on the proximal surface of
P450cam closely enough to modulate the electronic structure
of the heme-thiolate complex. Computer modeling also
suggests that P450cafPdx interaction can be controlled

by the redox state of both proteins. This and the potential
ability of Pdx to bind in the areas remote from the proximal
side and regulate different steps of the monooxygenation
reaction explain why Pdx is the most potent effector in the

P450cam catalysis.
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