UC Irvine
UC Irvine Previously Published Works

Title
Effect of Redox Partner Binding on Cytochrome P450 Conformational Dynamics.

Permalink
btt_ps://escholarship.orq/uc/item/3mv8v7rkl

Journal
Journal of the American Chemical Society, 139(37)

Authors

Batabyal, Dipanwita
Richards, Logan
Poulos, Thomas

Publication Date
2017-09-20

DOI
10.1021/jacs.7b07656

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3mv8v7rk
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JAm Chem Soc. Author manuscript; available in PMC 2017 October 13.

Published in final edited form as:
JAm Chem Soc. 2017 September 20; 139(37): 13193-13199. doi:10.1021/jacs.7b07656.

-, HHS Public Access
«

Effect of Redox Partner Binding on Cytochrome P450
Conformational Dynamics

Dipanwita Batabyal, Logan S. Richards, and Thomas L. Poulos”
Departments of Molecular Biology and Biochemistry, Pharmaceutical Sciences, and Chemistry,
University of California, Irvine, California 92697-3900, United States

Abstract

Previous crystal structures of cytochrome P450cam complexed with its redox partner,
putidaredoxin (Pdx), shows that P450cam adopts the open conformation. It has been hypothesized
that the Pdx-induced shift toward the open state frees the essential Asp251 from salt bridges with
Arg186 and Lys178 so that Asp251 can participate in a proton relay network required for O,
activation. This in part explains why P450cam has such a strict requirement for Pdx. One problem
with this view is that looser substrate-protein interactions in the open state may not be compatible
with the observed regio- and stereoselective hydroxylation. In the present study, molecular
dynamics simulations show that Pdx binding favors a conformation that stabilizes the active site
and decreases camphor mobility yet retains a partially open conformation compatible with the
required proton relay network. The R186A mutant which frees Asp251 in the absence of Pdx
retains good enzyme activity, and the crystal structure shows that product, 5-exo-hydroxycamphor,
is bound. This indicates that rupture of the Asp251-Arg186 relaxes selectivity with respect to
source of electrons and enables X-ray generated reducing equivalents to support substrate
hydroxylation. These combined computational and experimental results are consistent with the
proposed role of Pdx in assisting the release of Asp251 from ion pairs so that it can participate in
proton-coupled electron transfer.
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INTRODUCTION

Cytochromes P450 are best known for catalyzing mono-oxygenation reactions, wherein a
single O,-derived oxygen atom is inserted into an unactivated C-H bond. Being one of
Nature’s largest enzyme families, P450s often are found wherever oxidation reactions are
required for the biosynthesis of important biomolecules or in the detoxification of various
xenobiotics. Although there is a bewilderingly large number of P450s, they all share a
common catalytic cycle (Figure 1).

This cycle requires two electron transfer steps, wherein NAD(P)H reducing equivalents are
delivered to the P450 heme via a flavin or iron-sulfur protein redox partner. Many P450s are
promiscuous with respect to redox partner, and very often catalysis can be supported by non-
native redox partners. An important exception is P450cam, the camphor mono-oxygenase
from Pseudomonas putida. With P450cam, the first electron transfer step (2 in Figure 1) can
be supported by various low potential reductants, but the second step (3 in Figure 1) requires
the A, putida Fe,S, ferredoxin, putidaredoxin (Pdx).1 It has long been postulated that Pdx
must play some type of effector role in addition to serving as a source of electrons.
P450cam-Pdx crystal structures®3 showed that the binding of Pdx favors the so-called open
form of P450cam (Figure 2).

That Pdx favors binding to the open P450cam conformer is well supported by
spectroscopic*® and direct binding assays.® These long-range effects of Pdx binding on
P450cam structural dynamics were first documented in pioneering NMR studies.’” These
results raise the possibility that the second electron transfer step resulting in O-O bond
cleavage requires P450cam to adopt the open conformer. A structural basis for this
possibility has led to the “Asp switch hypothesis”, wherein Pdx binding promotes a
structural change that triggers formation of the proton relay network involving Asp251.3 We
know Asp251 is essential because the D251N mutant exhibits at least a 100-fold decrease in
activity.8 What little activity is left at lower pH exhibits a kinetic solvent isotope effect of
about 10 compared to 1.8 for wild-type P450cam.® These results indicate that Asp251 is part
of an essential proton relay network required for protonation of the iron-linked O, molecule,
which ensures proper protonation of the distal O atom, thereby resulting in heterolytic
cleavage of the O-O bond and formation of Compound I. Although it traditionally has been
thought that the closed state must be the active conformer, in the closed state, Asp251 is tied
up with salt bridges to Lys178 and Arg186 and thus is not free to shuttle protons to the iron-
linked O, molecule (Figure 2). However, when Pdx binds, these salt bridges are broken
(Figure 2), which frees Asp251 to participate in the required proton relay network: hence,
the “Asp switch hypothesis”. Supporting this idea is the unexpected observation that in the
P450cam-Pdx crystal structure, the product, 5-exo-hydroxycamphor, and not camphor is in
the active site,3 whereas in crystal structures of P450cam in the closed form, product has
never been observed. This indicates that X-ray generated reducing equivalents can drive
camphor hydroxylation in the open state but not the closed state. One problem with this view
is that protein-substrate interactions generally thought to be critical for maintaining regio-
and stereoselective hydroxylation would be weakened in the open form. Preliminary
molecular dynamics studies comparing the open and closed states indeed show that the
camphor is much more mobile in the open state, which is incompatible with the strict regio-
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and stereoselectivity exhibited by P450cam. We therefore have carried out more extensive
MD simulations to determine the effect of Pdx on the conformational space sampled by
P450cam and on substrate mobility. In addition, we explore the importance of the Asp251
salt bridge with Arg186 using mutagenesis, steady-state Kinetics, product analysis, and
crystallography.

EXPERIMENTAL SECTION

Computational Method

Three structures were used for the simulations. The substrate-bound closed structure (5CP4),
the P450cam-Pdx structure (4JX1) where P450cam is in the open conformation, and the
same P450cam open structure in 4JX1, except Pdx was removed. The maleamide
interprotein cross-link used to stabilize the P450cam-Pdx complex was not included in the
simulations. In all three, crystallographic waters were retained. Details of the parameters and
force field including parameters for the ferric heme used were the same as previously
described.10 Briefly, each structure was solvated in a rectangular box of TIP3 waters with a
10 A cushion and Na* ions in order to maintain net neutrality. Asp297, which is buried in
the active site and H-bonds with a heme propionate, was protonated. Each structure was
energy minimized for 1000 cycles, allowing only H atoms and solvent molecules to move,
and then another 1000 cycles, where all atoms were allowed to move. Production runs were
made with Amber14 using the same input parameters as described earlier.1% The main
difference is that 0.002 ps steps were taken rather than 0.001 ps, frames were saved every 20
ps, and Amber 14 rather than Amber 12 was used. Several 100 ns simulations were carried
out that differed in the initial random starting velocity. Prior to production runs, backbone
CA and camphor atoms were restrained with a 1 kcal/mol force constant for 5 ns followed
by 100 ns production runs with no restraints. These simulations were used to compare
substrate mobility. Single, longer 500 ns runs also were carried out and used for principal
component analyses (PCA). Analyses were performed with ptraj and cpptraj in the
AmberTools as well as home-built shell scripts. PCA were similar to those previously
described.®11 The first step was to generate an average structure of the open and closed
conformers. To do this, we used the rigimol program in Pymol (Schrodinger), which is able
to morph structures between two conformational states. In our case, 100 structures were
generated between the known crystal structures of the open and closed states and a pseudo-
Amber MD trajectory file was generated using these 100 structures. The average of these
100 structures then was saved as an Amber coordinate file called average-structureto be
used as a reference for rms fits. Ptraj or cpptraj were used to generate a covariance matrix of
CA atoms by first carrying out an rms fit of the pseudo-MD trajectory to average-structure
followed by analyzing the resulting matrix and storing the vectors for the first two principal
components in a file called vector-file. Each 500 ns MD trajectory for the closed, open, and
complex then was first rms fit to average-file and projected on to vector-file. The results
were displayed by plotting principal component 1 (PC1) versus principal component 2
(PC2). Some postprocessing of MD trajectories was necessary because Amber requires
exactly the same number of atoms for all structures, and the open and closed structures differ
by one additional residue at the N-terminus that was not visible in the electron density for
the open structure. In addition to this modification and given that we are only interested in
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backbone motions, all side chains and H atoms were removed from the MD trajectories.
These smaller files contained exactly the same number of atoms and greatly improved the
speed of calculations. Production MD runs using Amber 1412 were carried out using the
GPU clusters at the UCSD San Diego Supercomputer Center, whereas analyses were carried
out on local linux computers. Active site volume calculations were carried out with
voidoo.13 The internal active site cavity centered on the camphor C5 carbon atom accessible
to a 1.4 A probe was calculated for 15 000 snapshots for P450cam in the closed, open, and
complex trajectories.

Protein Expression and Purification

The mutant P450cam, CYP101D1, and their redox partners were expressed and purified
from Escherichia coli as described previously.14-17 All UV-visible spectroscopy was
performed using a Cary 3 spectrophotometer. P450 content was measured by a reduced CO
difference spectrum using an extinction coefficient of 91 mM~1 cm=1 at 450 nm.18
Concentrations of Pdx and PdR were determined using extinction coefficient of 5.9 mM~1
cm™1 at 455 nm and 11.0 mM~1cm=1.19.20 Concentrations of the CYP101D1 redox proteins,
Arx and ArR, were calculated using extinction coefficients of 9.3 mM~1 cm™1 at 414 nm and
10.0 mM~1 cm™1 at 458 nm, respectively.1920 ArR is a flavoprotein that transfers NADH
derived electrons to the Fe,S, ferredoxin, Arx, which, in turn, reduces the CYP101D1 heme.

Enzyme Assays

Cytochrome P450 hydroxylation activity was determined in the complete system of three
proteins (CYP101D1, ArR, and Arx or P450cam, Pdx, and PdR) by measuring rates of
camphor-dependent NADH oxidation at 25 °C following previously established protocols.?!
The concentration of proteins and substrates used ensured that the rates measured were
under steady-state saturating conditions. Briefly, the reaction mixture of 1.2 mL contained
0.5 /M ArR/PdR, 5 uM Arx/Pdx, and 0.5 M P450 in 50 mM Tris (pH 7.4). The rate of
NADH oxidation was measured by monitoring the absorbance change at 340 nm using an
extinction coefficient of 6.22 mM~1 cm™1. The reaction was initiated by first adding NADH
(final concentration of 500 M) in the absence of camphor to obtain the background rate.
Substrate-dependent NADH oxidation was then assayed in the presence of 500 M camphor
and was calculated as the difference between the measured rate and the rate of nonspecific
NADH oxidation in the absence of camphor (background). After the completion of the
reaction (followed by UV/vis), the reaction mixture was subjected to organic extraction with
dichloromethylene for product formation analysis using GC-MS according to the previously
established protocol.22

Crystallography

Crystals of the ferric camphor-bound R186AP450cam mutants were grown at room
temperature using the hanging drop vapor diffusion method in 50 mM Tris-HCI buffer, pH
7.4, 400 mM KCI, 32% polyethylene glycol 4000, and 1.2 mM D-camphor as the reservoir
solution. The initial droplets containing 2 gL of protein solution at a concentration of 35
mg/mL and 2 gL of the reservoir solution were equilibrated against 500 z1 of the reservoir
solution. To generate the cyanide complex, the ferric camphor-bound crystals were soaked
for 10-15 min at room temperature in ~50 mM buffered potassium cyanide (in 100 mM
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Tris-HCI pH 7.4, 400 mM KCI, 32% polyethylene glycol 4000, and 1 mM D-camphor) and
then flash-cooled in liquid nitrogen. The brown ferric camphor-bound crystals turned red
upon cyanide binding. All data were collected remotely using the Stanford Synchrotron
Radiation Lightsource (SSRL) beamline 14-1. Data were indexed, integrated, and scaled
with either MOSFLM?23 or XDS.24 Molecular replacement calculations were conducted with
Phaser2 through the CCP4i26 graphic interface using ferric camphor-bound wild-type
P450cam [Protein Data Bank (PDB) entry 2CPP] as a search model. Further structure
refinements were performed using Phenix.refine.2” Table S1 lists data collection and
refinement statistics.

Isothermal Titration Calorimetry (ITC)

RESULTS

All experiments were performed with the MicroCal PEAQ-ITC instrument from Malvern.
Phosphate buffer (50 mM at pH 7.4) was used for all experiments. For experiments in the
presence of camphor, a final concentration of 1 mM D-camphor was used. DTT or any other
reducing agents were removed from both protein preparations before experiments. All
experiments were performed at 25 °C. For camphor and Pdx binding experiments, the
reaction cell contained either 300 £ of 30 to 60 M wild-type P450cam or R186A mutant,
and the injection syringe was filled with 1 mM D-camphor or 2.4 mM Pdx (for Pdx binding
experiment). Each titration experiment was performed by using 18 injections of 2 x4 with 4
s duration and a 150 s interval between injections. Reference power of 5, high-feedback
mode, and a stirring speed of 750 rpm were used for all experiments. All data were analyzed
by using the MicroCal PEAQ-ITC analysis software. To obtain the binding enthalpies, the
observed enthalpy values were corrected for the enthalpy of dilution obtained under identical
conditions with the sample cell containing buffer alone.

Principal Component Analysis

PCA was carried out for three 500 ns MD simulations of P450cam in the open and closed
states and in the P450cam-Pdx complex (Figure 3). As a reference, the location for the
closed and open crystal structures and the average of these structures are indicated in Figure
3. As might be expected, the 500 ns MD simulation for the closed structure clusters around
the closed crystal structure. The 500 ns MD simulation of the open structure, while centered
more toward the open crystal structure, is nevertheless more diffuse, which reflects greater
flexibility for the open structure. In sharp contrast, when complexed with Pdx, P450cam
clusters more toward the closed state even though both MD simulations of the open form
and in the complex start with exactly the same open P450cam conformer. Such clustering of
closed and open structures has been observed previously using adaptive molecular dynamics
simulations.1! In addition, it has been possible to crystallographically capture conformers
between the two open and closed extremes using tethered substrates that trap the access
channel in a partially open state.28 These results indicate that Pdx favors a conformer
between the open and closed extremes. A majority of the larger motions in the open MD
simulations are due to open/close motions experienced by the F/G loop. A PCA of the open
MD simulation after removing the F/G loop is shown in Figure 3B. Without the F/G loop,
the conformational space sampled by the remainder of the structure, while still quite diffuse,
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moves closer toward the closed state. Thus, while the F/G loop in the complex moves closer
to closed, the remainder of the structure more closely resembles the open form. This is
evidenced by an overall rms fit of Ca atoms from the average structures taken from the 500
ns simulations. The rms for closed versus open is 4.2 A, closed versus complex 4.1 A, and
open versus complex 2.3 A.

Effect of Pdx on Substrate and the Access Channel

These results indicate that Pdx binding on the proximal side of P450cam results in structural
perturbations on the opposite distal side of the molecule (F/G loop region in Figure 2). If so,
this could be reflected in less flexibility in the F/G loop region. Calculated thermal B factors
thus were compared for P450cam in the presence and absence of Pdx. For these calculations,
several MD simulations were merged. For open P450cam, MD simulations from a 456, 500,
and four 100 ns separate MD simulations were used for P450cam alone and for P450cam
complexed with Pdx 500, 509, 300, and three 100 ns separate MD simulations were used.
Figure 4 shows the difference in Ca atom B factors (complex-open). The segment between
residues 170-190 (the red segment in Figure 4B) experiences a large increase in thermal
motion in the absence of Pdx. The F and G helices and the F/G loop experience the largest
motion in the open/close transition and, in the open state, provide a channel for substrate
entry. Indeed, in the P450cam-Pdx crystal structure, a second camphor molecule is bound in
this access channel.3 It therefore appears that the binding of Pdx on the proximal surface of
P450cam results in a substantial decrease in flexibility in the F/G helical region on the
opposite side of the P450.

Effect of Pdx on P450cam and Substrate Dynamics

Figure 5 provides the results from several analyses to determine the effect of Pdx on
substrate mobility. The traditional parameter to follow is the distance between the camphor
atom that is oxidized, C5, and the heme iron. For these analyses, three 100 ns for the closed
state and six 100 ns MD simulations for the open state and in the P450cam-Pdx complex are
shown. In Figure 5B, the percent of the total number of snapshots where the C5-Fe distance
is <4.5 A relative to other camphor carbon atoms is shown. We note that in all these
simulations the substrate can flip over, placing C8 and C9 close to the iron. These poses are
incompatible with O, binding and thus cannot be considered potentially productive binding
modes. As a result, snapshots where C8 and C9 are both within 4.0 A of the iron were
excluded from the calculations. The results in Figure 5B shows that with Pdx bound the
camphor more frequently samples a productive orientation compatible with C5
hydroxylation. The calculated thermal motion (Figure 5E) is also lower when Pdx is bound,
but not as low as in the closed form.

Another important substrate-protein interaction is the H-bond between Tyr96 and the
camphor carbonyl oxygen. Whereas this H-bond does not contribute significantly to the free
energy of binding, it does contribute to regioselective hydroxylation.2? In the closed state,
this H-bond never breaks, whereas in the open state, the Tyr96-camphor H-bond rarely
forms. However, the presence of Pdx substantially increases the fraction of time the Tyr96-
camphor H-bond forms (Figure 5C). It also was important to follow the Asp251-Arg186 ion
pair central to the “Asp switch hypothesis” as this ion pair must break to enable the proton-
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coupled electron transfer machinery to operate. The Asp251-Arg186 ion pair is very stable
in the closed state but rarely forms in either the open state or the complex (Figure 5D).
Finally, we followed the distance between Asn59 and Gly189 as a measure of the open and
closed states. The distance between these two residues changes from 13 to ~21 A in the
closed to open transition. As shown in Figure 5F, this distance in the complex comes closer
to matching the open state than the closed state. Therefore, whereas Pdx stabilizes the F/G
helical region as well as camphor mobility, Pdx does not result in a complete closure of the
active site. Importantly, the Asp251-Arg186 ion pair does not re-form, thereby enabling
Asp251 to participate in the required proton relay network. One further indication that Pdx
binding favors sampling conformational states between the two open and closed extremes is
active site volume. A 1.4 A solvent probe was placed at the camphor C5 location and the
accessible volume calculated for 15 000 frames for the three 100 ns MD simulations for the
closed state and for the six 100 ns simulations for open P450cam and P450cam in the
complex with Pdx. The percent of the 15 000 frames with a volume accessible to the probe
<100 A3 is 99% (closed), 25.5% (open), and 48.9% (complex). Pdx thus promotes an active
site volume midway between the extremes of open and closed.

Analysis of the Asp251 Salt Bridge Mutants

Central to the Asp switch hypothesis is that the Asp251 salt bridge ion paired with Arg186
must break in order for Asp251 to serve its function in catalysis. If correct, then removal of
these salt bridges should not greatly effect activity. Our previous studies with K178G mutant
of P40cam showed that the Lys178 and Asp251 H-bond was not crucial for catalysis.3°
Here, we generated the Arg186Ala mutant in P450cam and CYP101D1. CYP101D1 is a
very close homologue to P450cam and catalyzes the oxidation of camphor to 5-exc-
hydroxycamphor at the same rate and with the same catalytic efficiency as P450cam.17:31
Unlike P450cam, however, CYP101D1 exhibits relaxed redox partner selectivity and can
utilize the P450cam redox partner, Pdx, to support catalysis, but P450cam cannot use the
CYP101D1 ferredoxin redox partner.32 The Asp251 homologue in CYP101D1, Asp259,
also is essential for activity.1” In CYP101D1, Asp259 salt bridges with Arg188 exactly the
same as the Asp251-Arg186 pair in P450cam, although the homology to Lys178 in
CYP101D1 is a Gly. The effect of these mutations on catalysis is summarized in Table 1.

Whereas the mutations do lower A4, the coupling efficiency remains quite high, indicating
that nearly all reducing equivalents derived from NADH are utilized for substrate
hydroxylation. The decrease in activity is possibly due to an incomplete low- to high-spin
conversion upon substrate binding in the R186A mutant (Figure S1). A higher fraction of
low-spin will decrease the redox potential of the heme, thus slowing down the first electron
transfer step which is rate-limiting.33 Compared to converting Asp251 to Asn, which
decreases activity 100-fold at low pH,® removing the Arg or Lys salt bridge partner has only
a modest effect on activity. We also characterized the binding of both substrate and Pdx to
the R186A mutant using ITC. The Kp for camphor binding to wild-type P450cam is 1.2

+ 0.4 and 32.2 + 4 M for the R186A mutant (Figure S2). Therefore, a “loosening” of the
substrate access channel ~10 A from the substrate binding site decreases the affinity for
camphor. However, the Kp = 22.07 + 1M for Pdx binding to substrate-free R186A mutant is
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similar to wild-type P450cam (Kp = 19.4 + 1.23 M), indicating that binding to Pdx was
not affected upon mutation.

Crystal Structures

We next solved the crystal structure of the P450cam Arg186Ala mutant including the
complex with CN~. CN™ has been shown to be a very close mimic of O, binding since both
induce local changes in protein and solvent structure considered important for the proton
relay network required to activate O,.34 This then provides a snapshot of an important
catalytic intermediate. The mutation causes little change in structure, but there is one
important and surprising difference. As shown in Figure 6A, product, 5-exc-hydroxy-
camphor, is bound at the active site.

There have been many crystal structures of P450cam, but only in the P450cam-Pdx crystal
structure was product observed.3 In addition, wild-type CYP101D1 exhibits about 50%
product formation.1” This means that X-ray generated reducing equivalents are able to drive
substrate hydroxylation in the R186A mutant, P450cam-Pdx complex, and CYP101D1. The
one feature these all have in common is weakened salt bridge pairing with Asp251. In the
P450cam-Pdx complex, there are no salt bridges, whereas in CYP101D1, Asp259 is paired
with only Arg188 as the homologue to Lys178 in P450cam is a Gly in CYP101D1. As might
be expected, the CN™ complex shows only substrate (Figure 6B) but no product as CN™
blocks the binding of O,, thereby preventing substrate hydroxylation. An interesting feature
of the CN™ complex is the change in local solvent structure relative to the unliganded
structure. The binding of O, or CN™ results in a widening of the | helix that contains
Thr252, which enables water to move into the active site to form a potential proton delivery
network required for O, activation. The CN™ complex of the Arg186Ala mutant shows
additional solvent between Asp251 and Asp182 that provides a continuous H-bonded
network to bulk solvent. This could thus represent a snapshot of the H-bonding network
required for O, activation after the Asp251-Arg186 ion pair is broken. For Asp251 to shuttle
protons toward the iron-linked O, molecule, Asp251 would need to rotate ~180°. Quite
interestingly, Thr252 occupies two orientations. In one of these orientations, there could
potentially be a continuous H-bonded link between the iron-linked O, molecule, Thr252,
and Asp251 if Asp251 is able to adopt another rotamer.

We also carried out five 100 ns MD simulations of the R186A mutant and analyzed the
trajectories similar to that shown in Figure 5. As shown in Figure S4, the camphor B factor
remains low and the Tyr96-camphor H-bond remains intact, similar to the wild-type closed
MD simulations. However, the C5-Fe distance variation more closely resembles the
P450cam-Pdx complex. This is consistent with the ITC result,s wherein the affinity for
camphor decreases, but apparently, this does not prevent regio- and stereoselective
hydroxylation.

CONCLUSIONS

The purpose of this study was to determine if Pdx binding to the open form of P450cam
helps to stabilize the active site pocket. This is important because, in the crystal structures of
the P450cam-Pdx complex, P450cam is in the open conformation, yet we observe highly
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ordered correct product, 5-exc-hydroxycamphor, in the active site,3 which indicates that the
substrate must be quite stable in the P450cam-Pdx complex. Because P450cam is open in
the P450cam-Pdx crystal structure, this raises the possibility that Pdx binding might be able
to help stabilize the active site even though P450cam is in the open conformation. Our
simulations indicate that, indeed, Pdx stabilizes the active site and favors conformational
states between the two extremes of open and closed. The F/G helical region moves closer to
the closed state, but the rms of Ca atoms shows that much of the rest of the structure
remains more open. These observations also are consistent with the available crystal
structures. There are two crystal structures of the P450cam-Pdx complex. As noted, our
structure3 shows highly ordered product in the active site, and all parts of the active site are
well-ordered. The P450cam-Pdx structure of Hiruma et al.2 also shows P450cam in the open
conformation, but glycerol, not camphor, is in the active site and part of the active site B’
helix that provides important substrate contacts is disordered. In the open form, crystal
structure of camphor-free P450cam without Pdx bound, the B” helix region also is
disordered.28 When camphor is bound to this open form, the camphor is not well-ordered
and does not bind in a productive orientation.3® These crystal structures are consistent with
our MD simulations: only when both camphor and Pdx are bound is the B” and F/G helical
regions ordered sufficiently to be observed in electron density maps.

The effects of Pdx binding are long-range as Pdx binding to the proximal face of P450cam
influences the dynamics on the opposite side of the protein. The open/close motion of the F/
G helical region is coupled to movement of the C helix, which directly contacts Pdx (Figure
2). Most importantly, Pdx-induced changes in the F/G helical region which frees Asp251 to
serve its role in the proton delivery network required for O, activation. Our MD simulations
also show that even though Pdx stabilizes the active site and F/G helical region, Asp251
rarely re-forms an ion pair with Arg186 and thus remains free to serve its catalytic role.
These results indicate that Arg186 may not be very important for catalysis. This view is
consistent with our finding that the R186A mutant retains substantial activity. Moreover, like
CYP101D1 and the P450cam-Pdx complex, X-ray generated reducing equivalents drive
substrate hydroxylation in the Arg186Ala mutant, further supporting the view that weakened
ion pairing interactions with Asp251 are important for O, activation.

Finally, we note that very similar open/close motions have been crystallographically
observed in other P450s, wherein movement of the F/G helical region is coupled to
movement of the C helix that contacts the redox partner.38 It therefore may be a general
property of P450s that structural changes at the redox partner binding site are coupled to
changes in the substrate access channel and, possibly, stabilization of the substrate binding
pocket. It remains to be seen, however, if the extreme selectivity of P450cam for its redox
partner and the effector role of Pdx is exhibited in other P450s.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
P450 catalytic cycle. After substrate binding (step 1), electron transfer from a redox partner

(step 2) reduces the heme iron, which enables O to bind. A second proton-coupled electron
transfer (step 3) forms the transient dihydroperoxy intermediate. After heterolytic cleavage
of the O-0O bond (step 4), Compound I is formed followed by substrate hydroxylation.
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Closed

Figure 2.
Comparison of the P450cam closed (5CP4) and the open state in complex with Pdx (4JX1).

The F and G helices are colored red. In the closed state, Asp251 is ion paired with Lys178
and Arg186. In the open state in the complex with Pdx, the F helix and F/G loop undergo a
large change that opens up the active site, resulting in a rupture of the Asp251 ion pairs.
Asp251 now is free to serve its role in proton transfer to the iron-linked dioxygen.
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Figure 3.

PCA of P450cam in the closed (blue) and open (red) conformers and P450cam in a complex
with Pdx (green). The only difference between the starting structures for the open form and
in the Pdx complex is the presence or absence of Pdx. Each simulation is for 500 ns. As
shown in panel A, the presence of Pdx shifts P4A50cam more toward the closed form even
though the simulations start closer to the open crystal structure. Panel B shows the effect of
removing the F/G loop Pdx-free open structure. The open form now clusters more toward
the closed crystal structure, which illustrates that the dynamics of the F/G loop and F helix
contribute most to the various conformational states.
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Figure 4.

AB factor plot (complex-open) as a function of residue number. For the open state MD
trajectories runs of 456, 500, and four 100 ns were merged, whereas for P450cam in the
complex runs of 500, 509, 300, and three 100 ns were merged. Merging several runs in this
way reduced the standard deviations, which are represented as solid lines in panel A. Pdx
binding substantially decreases the B factors of the F/G loop and F helix region (red segment
in panel B).
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Figure 5.

Results of distance and B factor analyses for three 100 ns runs for closed P450cam and six
100 ns runs each for open P450cam and P450cam complexed with Pdx. There are 0.02 ns
per snapshots, giving a total of 5000 snapshots per MD trajectory. (A) Models illustrating
the various distances used for the analyses. (B) Percent of snapshots where the camphor C5-
Fe distance is <4.5 A relative to other camphor C atoms; (C) percent of snapshots where the
Tyr96-camphor carbonyl O atom distance is <3.5 A; (D) percent of snapshots where the
Asp251 CG-Arg186 NZ distance is <4.5 A; (E) calculated B factor for camphor; (f) distance
between CA atoms of Asn59 and Gly189.
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Asp182 Ala186 Asp182 .}AIMBG

Figure 6.
2 Fo-F¢ electron density maps of the P450cam Arg186Ala mutant contoured at 1.0 o. (A)

With no ligand, 5-exo-hydroxycamphor is bound at the active site, indicating that X-ray
generated reducing equivalents drive substrate hydroxylation. (B) CN™ complex showing
substrate, but no product is bound. In both structures, Thr252 adopts two orientations.
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Enzyme Activity and Coupling Efficiency of Wild Type and Salt Bridge Mutants

Table 1

P450 type NADH turnover (min™)  coupling efficiency? (%)  "ef
WT P450cam 930 28 95 this work
K178G P450cam 395+ 20 91 27
R186AP450cam 28810 75 this work
WTCYP101D1 950 + 30 96 15
R188ACYP101D1 2108 74 this work

Page 18

aCoupIing efficiency is the % NADH used to produce one product molecule. In a 100% coupled P450, 1.0 product equivalents is produced per 1.0

NADH consumed.
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