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Conformational States of Cytochrome P450cam
Revealed by Trapping of Synthetic Molecular Wires
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Members of the ubiquitous cytochrome P450 family catalyze a vast range of
biologically significant reactions in mammals, plants, fungi, and bacteria.
Some P450s display a remarkable promiscuity in substrate recognition,
while others are very specific with respect to substrate binding or regio and
stereo-selective catalysis. Recent results have suggested that conformational
flexibility in the substrate access channel of many P450s may play an
important role in controlling these effects. Here, we report the X-ray crystal
structures at 1.8 Å and 1.5 Å of cytochrome P450cam complexed with
two synthetic molecular wires, D-4-Ad and D-8-Ad, consisting of a dansyl
fluorophore linked to an adamantyl substrate analog via an a,u-
diaminoalkane chain of varying length. Both wires bind with the
adamantyl moiety in similar positions at the camphor-binding site.
However, each wire induces a distinct conformational response in the
protein that differs from the camphor-bound structure. The changes
involve significant movements of the F, G, and I helices, allowing the
substrate access channel to adapt to the variable length of the probe.
Wire-induced opening of the substrate channel also alters the I helix bulge
and Thr252 at the active site with binding of water that has been proposed
to assist in peroxy bond cleavage. The structures suggest that the coupling
of substrate-induced conformational changes to active-site residues may be
different in P450cam and recently described mammalian P450 structures.
The wire-induced changes may be representative of the conformational
intermediates that must exist transiently during substrate entry and
product egress, providing a view of how substrates enter the deeply buried
active site. They also support observed examples of conformational
plasticity that are believed be responsible for the promiscuity of drug
metabolizing P450s. Observation of such large changes in P450cam
suggests that substrate channel plasticity is a general property inherent
to all P450 structures.
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Introduction

Molecular recognition and catalysis involve
varying degrees of protein structural plasticity
and movement.1 Identification of examples of
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such movement and their characterization will
significantly aid our understanding of how proteins
adopt either specific or promiscuous binding
behavior. The ubiquitous cytochrome P450 family
exhibits these features, catalyzing a vast range of
biologically significant reactions in mammals,
plants, fungi, and bacteria.2 Examples of P450s are
well known to detoxify xenobiotics, catabolize
substrates as a carbon source, or synthesize bio-
logically active compounds such as steroids, prosta-
glandins, and other metabolites of arachidonic
acid.2–4 Elucidating the structural and biochemical
mechanisms governing P450 functional diversity is
d.



Figure 1. Structures of the synthetic molecular wires
used here.
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crucial due to the potential application of these
enzymes in many areas of biotechnology, bio-
transformation, bio-sensing, and pharmacology.5–7

Interestingly, P450s can exhibit a remarkable
flexibility at the substrate-binding site. This permits
significant substrate motility within the substrate-
binding cavity, and can result in a mixture of
products.8 Some P450s are even able to accommo-
date multiple ligands simultaneously.9–16 Because
different members of the P450 family utilize such a
diverse group of substrates, and because an
individual P450 can display remarkable substrate
promiscuity, it has been proposed that many
P450s possess a significant degree of structural
plasticity.2,17,18

Despite the low level of sequence identity among
P450s,2,3,19 recent crystallographic structures of
mammalian P450s15,16,20,21 demonstrate that the
overall structural fold of eukaryotic membrane-
bound P450s is conserved and clearly resembles
that of soluble bacterial P450s.19,22 Consequently,
the well-characterized camphor-metabolizing
cytochrome P450cam remains a useful model
system for P450 structure and function.2 The
structure of P450cam from Pseudomonas putida
consists of an asymmetrical triangular fold of 12
a-helices and five antiparallel b-sheets which
deeply buries the thiol-coordinated heme in the
hydrophobic core of the protein.2,23,24 The
substrate-binding site is enclosed within the core
of the protein on the distal side of the heme.
Recognition of camphor by P450cam is governed by
a hydrogen bond between the carbonyl group of
camphor and the hydroxyl group of Tyr96, along
with steric/hydrophobic interactions between the
substrate and aromatic side-chains lining the
binding site.23,24 P450cam is also able to bind
numerous other ligands, including derivatives of
camphor, styrene, and adamantane.17,25–32 Raag
et al.29 observed significant rearrangements of
aromatic side-chains in the substrate-binding
region of P450cam upon binding of an inhibitor
more than twice the size of camphor.2,29 Studies of
P450cam utilizing photoacoustic calorimetry
identified large enthalpic and volumetric changes
upon substrate release, strongly suggesting signifi-
cant structural reorganization of the enzyme.33,34

Further experimental and computational analyses
provide evidence that P450cam controls substrate
entry and product egress by protein fluctuations
and ligand-dependent molecular associations.35–37

These studies with P450cam,36–38 and with
P450BM3 and P450eryF39 CYP5140 and
CYP154C1,41 suggest that significant motion of the
substrate recognition regions is necessary for sub-
strate binding, and that these regions must adjust
their overall shape to accommodate the substrate.3

Finally, recent crystal structures of P450cam
complexed with synthetic sensitizer-linked sub-
strates (molecular wires), consisting of a substrate
analog linked to a redox active [Ru(bpy)3]

2C

sensitizer via a covalent tether,42,43 directly revealed
an altered conformational state in which the active
site is forced open by the wire. These probes bind to
P450cam with high affinity and reveal a channel
approximately 22 Å deep and 11 Å wide, leading
from the protein surface to the deeply buried active
site above the heme.44

Here, we present crystal structures of P450cam
complexed with two new wires, D-4-Ad and
D-8-Ad (Figure 1), which incorporate a dansyl
fluorophore linked to an adamantyl group via an
a,u-diaminoalkane chain varying in length. The
variation in length of the hydrocarbon tether, either
four or eight carbon atoms (D-4-Ad and D-8-Ad,
respectively), dramatically changes the binding
affinity (D-4-Ad KdZ0.83 mM and D-8-Ad
Kdz0.02 mM), although both exhibit higher affinity
than the natural substrate camphor (KdZ1.6 mM).25,45

The structures described here show that binding of
these two wires induces a range of protein
conformational changes that are distinct from
those induced by camphor or previously studied
wires. They demonstrate that the high complemen-
tarity between the wire and the protein is primarily
due to conformational flexibility of the enzyme.
Detailed analysis of the structures allows the
identification of key protein–ligand interactions
that contribute to binding affinity and specificity,
and thus provide insight into the differing affinities
of each of the probes for the enzyme.

The D-4-Ad and D-8-Ad bound structures
represent intermediate conformations between
the extreme open form, found with the bulky
[RuII(bpy)3]

2C sensitizer, and the closed camphor-
bound form of P450cam. We propose that this range
of active site conformations mimics the confor-
mational conversions that exist transiently in
solution during substrate entry and product egress.
In addition, these intermediate conformations
provide evidence for the complementary nature
and pliability of the P450cam active site in response
to the introduction of a substrate. Detailed com-
parisons of these intermediate states demonstrate
that specific features of the protein architecture
mediate the structural plasticity exhibited by this
enzyme family. Finally, we observe that the opening
of the substrate access channel in response to wire
binding induces changes at the active site that are
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similar to those that are induced upon O2 binding
46

and have been implicated in proton delivery upon
cleavage of the peroxy bond.47
Results

Crystal structures of P450cam with bound
D-4-Ad and D-8-Ad were solved at 1.8 and 1.5 Å
resolution, respectively, by molecular replacement
utilizing the camphor-bound P450cam structure as
an initial model (Table 1). Electron density for both
wires is clear, particularly in the region near the
adamantyl groups in the active site on the distal
side of the heme (Figure 2B). The aliphatic tethers
are held between the helix-rich domain and the
mostly anti-parallel b-sheet domain, with the
dansyl groups placed either within the protein
channel or at the protein surface, depending on the
length of the linker (Figure 2). Although both wires
bind at similar positions within the protein, they
induce protein conformations that are distinct from
each other and from the camphor-bound structure.
These global conformational changes propagate
from the periphery into the protein active site,
revealing the remarkable flexibility of the P450cam
substrate-binding region.

Recognition of D-4-Ad and D-8-Ad by
cytochrome P450cam

The adamantyl moiety makes hydrophobic inter-
actions with several substrate-binding site residues
that are similar to those observed between camphor
and P450cam. A key interaction is also formed
between the carbonyl group of the adamantyl and
the Tyr96 side-chain. This hydrogen bond is
virtually identical in length with that observed
with camphor (2.7 Å), and participates in a
Table 1. Crystallographic statistics

Diffraction data D-8-A

PDB code 1RE9
Space group P21212
Unit cell (Å) aZ64.57, bZ75.
Resolution (Å) 20–1.45 (1.51
No. reflections (total/unique) 214,985/7
Multiplicity 2.97
Completeness (%) 94.1 (92
Rsym 0.077 (0.
I/s(I) 12.4 (1.
Wilson B factor (Å2) 12.6
Refinement statistics CNS/Sh
Rfactor

c (Rfree
d) 15.8 (21

No. protein atoms, avg. B (Å2) 3200, 16
No. water molecules, avg. B (Å2) 274, 26
No. heme atoms, avg. B (Å2) 43, 7.8
No. ligand atoms, avg. B (Å2) 38, 37.
rms bond lengths (Å), angles (deg.)e 0.010, 0

a Outer shell statistics.
b Due to anisotropy in the diffraction, reflections in the shell 1
!IO/!s(I)O in the shell 1.58–1.51 Å is 1.9 (RsymZ0.459).

c RZSjjFobsjK jFcalcjj=SjFobsj for all reflections (no s cutoff).
d Free R calculated using 4.8% as test set.
e rms deviations from ideal bond and angle restraints.
hydrogen-bonding network with Tyr96 and
Thr101 that is similar to that found in the
camphor-bound structure (Figure 2B). The adaman-
tyl groups of each probe are located 4.5 Å from the
heme (based on closest approach), very similar to
the distance observed for camphor (4.3 Å). Binding
of D-4-Ad to P450cam induces shifts in the positions
of Tyr96 and Phe193. The side-chain of Tyr96 rotates
somewhat to allow hydrogen bonding to the
carbonyl group of the adamantyl. In addition,
Phe193 reorients to accommodate the linker and
dansyl group. D-8-Ad binding induces very similar
changes at Tyr96, but the perturbation at Phe193 is
not as large, requiring smaller shifts in the
surrounding hydrophobic residues. As observed
with camphor, numerous hydrophobic interactions
are formed between the adamantyl and Thr252,
Val295, Asp297, and Val396. In addition, the protein
interactions with the adamantyl of D-4-Ad resemble
those seen with camphor somewhat more closely
than for D-8-Ad due to additional van der Waals
contact with Thr101.
The aliphatic linkers of D-4-Ad and D-8-Ad

assume similar positions as they thread through
the region above the substrate-binding site. In
addition, each of the structures displays similar
side-chain rotamers for the hydrophobic side-chains
lining the substrate access channel. Additional
hydrophobic interactions are formed between the
linker of D-8-Ad and Phe87, Val247, and Ile395 that
are not observed for the shorter linker of D-4-Ad.
Thus, the numerous hydrophobic interactions
between the wires and the enzyme can be expected
to contribute significantly to the stabilization of the
respective protein conformations.
The largest differences in the binding of D-4-Ad

and D-8-Ad to P450cam are seen at the dansyl
group (Figure 2C and D). The sulfonamide of the
d D-4-Ad

1RF9

1 P212121
94, cZ92.40 aZ65.13, bZ75.11, cZ93.17
–1.45)a,b 20–1.8 (1.86–1.8)a

2,960 122,587/38,960
3.15

.2)a 90.7 (88.6)a

60)a 0.063 (0.34)a

3)a 17.9 (2.0)a

19.83
elX CNS
.5) 19.6 (22.7)
.98 3200, 23.43
.78 237, 30.67
5 43, 10.87
06 34, 39.62
.03 0.006, 1.275

.51–1.45 Å with jFjO2.0 s(F) were included in the refinement;



Figure 2. Structures of D-8-Ad and D-4-Ad probes bound to P450cam. Overall structural fold (with D-8-Ad bound) is
shown in A, highlighting elements that are involved in substrate recognition, binding, and catalysis. The sA-weighted
2FoKFc electron density map for D-8-Ad is shown in B contoured at 1.5s and superimposed on the final model. The
hydrogen bond between Tyr96 and the carbonyl group of D-8-Ad is indicated. In C and D, the D-8-Ad and D-4-Ad
probes are colored by increasing temperature factor from blue to red.
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dansyl group in D-4-Ad is sequestered between the
side-chains of Phe193 on the G helix and Phe87 of
the B 0 helix, and forms a hydrogen bond with a
solvent molecule (Wat4223). The naphthyl and
dimethylamino groups form extensive hydrophobic
interactions with side-chains of the B 0 helix (Tyr29,
Ile88, Ala92, and Ile395). The dansyl in this position
is sterically compatible with the protein only after
the substantial retraction of the F/G helix-loop
region (Figure 3). This includes residues 173–185 on
the F helix, residues 192–214 on the G helix, and
residues 186–191 in the F/G loop. Conversely, the
extended aliphatic linker of D-8-Ad allows the
fluorophore to lie at the solvent-accessible surface.
As a result, the F/G region can adopt a more closed
conformation with D-8-Ad than for D-4-Ad. The
D-8-Ad sulfonamide group is not solvated; rather,
van der Waals contacts are formed with side-chains
originating from the B 0 helix. The dansyl fluoro-
phore of D-8-Ad, located at the surface of the
protein, was observed in different conformations in
each of two independently solved structures, while
the protein structure near this group was the
same in both structures. In the 2.2 Å resolution
structure,45 the naphthyl portion of the dansyl
interacts with Pro89 of the B 0 helix, whereas it
interacts with Pro187 of the F/G loop in the 1.5 Å
resolution structure.

The above observations are consistent with the
degree of disorder seen in the wires as indicated by
the observed B values. The adamantyl segments of
the wires, deeply buried in the protein cleft, are
highly ordered. As depicted in Figure 2C and D, the
average B values for the adamantyl groups are
23.94 Å2 and 13.71 Å2 for D-4-Ad and D-8-Ad,
respectively, similar to the average overall B values
of the protein (23.34 Å2 and 16.9 Å2 for D-4-Ad and
D-8-Ad, respectively). In contrast, the average B
values of the dansyl groups are 51.58 Å2 and
55.29 Å2 for D-4-Ad and D-8-Ad, respectively. This
suggests that the interactions between the dansyl
group and the surrounding protein are weak,
consistent with considerable static and/or dynamic
disorder in the outer segment of the bound wire. In
addition, there is a smooth transition from low to
high B value as the length of the linker of either
probe traverses from the interior to the surface of
the protein.



Figure 3. Superposition of the structures of P450cam
bound to camphor (white) pdb code 2CPP,24 D-8-Ad
(blue), and D-4-Ad (yellow).
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F/G domain changes associated with SLS
binding

Upon D-4-Ad or D-8-Ad binding, the F/G region
retracts from the heme-containing protein core by
rotating about an axis nearly parallel with the I helix
(Figure 4). This hinge motion opens a 22 Å deep
channel from the protein surface to the buried
active site above the heme (Figure 5). This general
movement is observed with both wires, but is more
pronounced in the D-4-Ad structure (148 rotation
for D-4-Ad as compared to the 118 rotation for
D-8-Ad as measured by DynDom.48,49).

The retraction of the F/G region in response to
the binding of the wires is accompanied by
displacement of Pro187 (F/G loop) from its position
in the closed camphor-bound form by 6.5 Å and
3.4 Å for D-4-Ad and D-8-Ad, respectively. Two
distinct movements are observed as one progresses
from the fully closed (camphor) conformation,
through the partially open (D-8-Ad) form, to the
fully open (D-4-Ad) state. The first change, from
closed to intermediate, involves primarily a shift in
position of the F helix along with part of the F/G
loop. In the second transition, from intermediate to
fully open, the F helix remains in the intermediate
conformation, while the G helix undergoes a
retraction across the I helix. Several residues within
the F/G region accompany the domain movement
by undergoing large changes in f/j of O208.
In addition, residues 299–231 of the 5-1 and 5-2
b-sheets undergo significant backbone confor-
mational changes upon opening of the substrate
access channel. In comparison, Pro157 and Ala167
of the E helix along with Thr185 of the F helix
undergo substantial f/j rearrangements in the
D-8-Ad structure as the F helix moves backward. As
the G helix maintains a position similar to the closed
camphor-bound form, residues of the F/G loop
undergo a considerable twisting motion.

Changes in the interaction of the F/G domain
with the remainder of the protein

As shown in Figure 2A, the I helix spans the
width of the molecule, and lies directly between
the heme and the F/G helices as they fold over the
substrate-binding site. Not surprisingly, the retrac-
tion of the F/G region observed upon binding of the
wires alters its interactions with the I helix. In the
closed, camphor-bound structure, a salt-bridge and
hydrogen bonding network exist between the F and
I helices that includes the side-chains of Asp251 and
Asn255 of the I helix and Lys178, Asp182, Thr185,
Arg186 of the F helix (Figure 6). In the D-4-Ad
complex (Figure 6C), these residues readjust to form
contacts with the neighboring E helix, b-sheet 4-1,
and newly introduced solvent molecules. However,
in the D-8-Ad complex (Figure 6B), the diminished
movement of the F helix permits the hydrogen bond
between Asp251 and Thr185 to be maintained.
Additional interactions between the F and I helix
are disrupted by the upward and backmovement of
the F helix, resulting in the reorientation of F helix
residues toward nearby E helix residues or solvent
molecules.
A second key salt-bridge in the camphor-bound

structure is observed between Asp97 of the B 0 helix
and Lys197 of the G helix. This interaction is
completely disrupted upon the retraction of the G
helix away from the B 0 helix to accommodate the
D-4-Ad wire. In the D-4-Ad bound state, the Lys197
side-chain readjusts to form a hydrogen bond with
the side-chain of Glu198, while the side-chain of
Asp97 is not able to re-establish any interactions
with nearby residues or solvent molecules. In
contrast, the more limited movement of the F
helix in the D-8-Ad structure allows the salt-bridge
between the G and B 0 helices to be maintained.
Also noteworthy is a significant shift of the E helix

in both the D-4-Ad and D-8-Ad structures. Two E
helix residues, Ile160 and Phe163, which form a
hydrophobic pocket for the I helix Leu250 side-chain
in the camphor-boundstructure, shift approximately
1.6 Å along the helical axis upon binding of thewires
and necessitate the rearrangement of inter and
intra-residue interactions. Consequently, this region
is highly sensitive to the retraction of the F helix.

Protein B factors

Most, but not all, of the regions undergoing
significant movement also display significantly
higher average B values in comparison to the



Figure 4. Decomposition analysis
of domain movements induced by
D-8-Ad or D-4-Ad binding to
P450cam. The specific domains
undergoing significant movement
upon probe binding are colored in
blue, whereas hinge residues mod-
ulating these movements by under-
going large f/j changes are
colored in red. The black arrows
depict the rotational axis of the F/G
region as it retracts from the heme-
containing protein core by
rotational motion (148 rotation for
D-4-Ad as compared to the 118
rotation for D-8-Ad) as measured
by DynDom.48
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protein core (Figure 7). In the D-4-Ad structure, the
F and G helices along with the F/G loop have
substantially higher B values (33.0, 41.9, and
60.7 Å2, respectively) compared with the overall
average B value of the enzyme (18.8 Å2). In contrast,
the average B value of the I helix, which also
undergoes conformational change upon binding, is
only 17.8 Å2 for the D-4-Ad structure. Comparable
values are obtained for the D-8-Ad structure with
the exception that the G helix displays a lower
average B value than the F helix (Figure 7).

Wire-induced changes in hydration of the
substrate-binding channel

The conformational changes induced by wire
binding to P450cam also provide increased solvent
access within the occupied substrate access channel.
The largest channel is induced by D-4-Ad binding,
and in addition to the wire, nine solvent molecules
are observed in the electron density map that were
not observed in the closed camphor-bound struc-
ture (Figure 5). Wat4010 and Wat4249 may stabilize
the conformational change in the I helix by forming
hydrogen bonds with both main-chain and side-
chain atoms of I helix residues. Wat4031 mediates
interaction between an amide nitrogen atom on
D-4-Ad and the Asp251 side-chain. The remaining
solvent molecules in the channel are positioned to
replace hydrogen bonds that were disrupted during
the opening of the channel. These new solvent
molecules form bridging interactions between the I,
F, and E helices, and mediate interactions between
the I helix and b-sheets 4-1 and 4-2. One solvent
peak, labeled Wat4223, is observed in the channel
opening near the solvent-accessible surface, and is
unusual, in that it makes no readily identifiable
hydrogen bonds. This position is occupied by the
main chain of Phe193 of the G helix in the closed
camphor-bound structure.

The more constricted channel of the D-8-Ad
bound structure is also significantly hydrated,



Figure 5. Cross-sections of the solvent-accessible sur-
face for camphor-bound (A), D-8-Ad-bound (B), and D-4-
Ad-bound P450cam (C). Positions of ordered solvent are
shown in cyan.
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with eight observed solvent peaks (Figure 5).
Wat4156 interacts with residues of the F/G loop
that have moved as the F helix recedes to
accommodate D-8-Ad. The remaining solvent
molecules are observed in positions that are
roughly analogous to those seen in the D-4-Ad
structure. Both structures also contain two highly
ordered solvent molecules that bridge a gap
between the B 0 helix and the 1–4 b-sheet, as
interactions between the two structural elements
are disrupted by a small wire-induced readjustment
of the B 0 helix. In both structures, approximately 20
highly ordered solvent molecules bind P450cam,
hydrating newly exposed surfaces and bridging
interactions disrupted upon wire binding.

Changes at the active site

Movements in the F/G helix induced by wire
binding are observed to propagate to residues that
serve catalytically important roles at the active site.
In native P450cam, the I helix is broken into N and
C-terminal halves by a central bulge (Figure 8).
Thr252 is at the position of the helical bulge and
forms hydrogen bonds with main-chain atoms
exposed by disruption of the helix. This residue,
along with the adjacent Asp251, have been long
implicated in proton delivery during the cleavage
of the peroxy bond in catalysis.2,46,47 In response to
wire-induced movements of the F/G domain, the I
helix bulge shifts and rotates to maintain packing
interactions with Leu236 and Leu240 (Figure 9A). In
both wire-bound structures, the a-helical hydrogen-
bonding pattern is extended through residues
Leu250, Asp251 and Thr252, resulting in a shift of
the helix bulge toward the N terminus by three
residues. This helical realignment is accompanied
by large f/j changes (DfZ46.48, DjZ63.88 for D-
4-Ad, and DfZ46.48, DjZ63.88 for D-8-Ad). In
addition, the shift in the helix bulge results in the
release of carbonyl groups on Val247, Leu246, and
Leu245 from canonical helical hydrogen bonds and
the formation of new interactions with solvent
(Figure 8). The change in the I helix bulge is
essentially the same for the D-4-Ad and D-8-Ad
bound forms. As a result of this shift, the positions
of the functionally important Thr252 and Asp251
are significantly displaced upon opening of the
substrate access channel. These changes are analo-
gous to those induced by O2 binding to ferrous
P450cam,46 including the binding of a water
molecule, Wat47, that is analogous to the one
proposed to participate in proton delivery to the
bound O2 (Figure 9B).

Effects on heme coordination

Camphor binding is known to alter the
coordination of water to the heme at the active
site of P450cam, and this change in coordination is
believed to be a critical trigger in the activation of
the enzyme.50,51 It is thus of interest that we observe
a difference in heme coordination in the D-8-Ad and
D-4-Ad bound forms. An ordered solvent peak,
Wat4170, is observed at 2.5 Å from the heme iron in
the D-4-Ad bound state, while no evidence of such a
peak is seen in the D-8-Ad structure. As noted
above, the position of the adamantyl group with
respect to the heme is essentially identical in both
structures, yet wire binding introduces a significant



Figure 6. Stereoviews of salt-bridge and hydrogen-bonding interactions observed between the F and I helices for
camphor-bound (A), D-8-Ad-bound (B), and D-4-Ad-bound P450cam (C).
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change in the I helix. This shift brings the carbonyl
group of Gly248 significantly closer to the heme
(w4.2 Å) than is seen in the camphor-bound state
(6.3 Å). However, this movement, and the changes
observed in Asp251 and Thr252, are very similar for
both D-8-Ad and D-4-Ad. Thus, the structural cause
of the difference in water occupancy on the distal
heme face between the two wire probes is not
understood at present.
Discussion

The crystal structures of P450cam in complex
with D-4-Ad and D-8-Ad provide insights into
substrate-induced structural plasticity in P450s, and
allow distinctions to be made between the response
of P450cam to opening of the substrate channel and
similar observations in other P450s. The retraction
of the F and G helices and F/G loop from the



Figure 7. Variation in protein temperature factors.
Ribbon diagrams of the protein models are shown for
P450cam camphor-bound form (A), D-8-Ad (B), and D-4-
Ad (C). Ribbons are colored blue to red by increasing
protein B factors, while hemes are in red, irrespective of
their temperature factors.
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heme-containing protein core in response to wire
binding has been observed previously.42–45,52 The
additional conformations observed here arise from
variation in the length of the linker between the
dansyl group and the substrate analog of the wire
probe. One of the important insights of this study is
that shorter linkers are accommodated within the
P450cam structure by the ability of the F/G helical
region to adopt a range of alternate conformations
rather than introducing changes at the more buried
substrate end of the wire. This suggests that
hydrogen bonding, shape complementarity, and
hydrophobic interactions with the substrate analog
portion of the wire dominate the binding energetics
in these systems. To accommodate these changes,
the protein responds with a remarkable degree of
conformational plasticity that has been previously
suggested from studies of substrate specificity.2,29–38

The active site of P450cam has even been observed
to accommodate a ferrocene derivative covalently
linked to a cysteine residue,52 although the changes
seen are quite different from those observed with
the D-4-Ad and D-8-Adwires. These new structures
provide a wealth of direct information about the
conformational alternatives available in the P450
active site. In addition, the variation in the surface
exposure of the wire fluorophore suggests that
these molecules may be useful probes of confor-
mation and dynamics of the substrate-binding
channel.
Structural plasticity of P450cam induced by wire
binding

There appears to be a correlation between the
extent of movement in the F/G loop region, binding
affinity, and the degree of disorder in the structure
in response to wire binding. For D-8-Ad, the linker
is long enough to allow the dansyl group to extend
to the solvent-accessible surface. As a result, the
F/G loop can partially re-close to a conformation
that is intermediate between the fully closed
camphor bound form and that seen for wires
containing more bulky Ru(bpy) sensitizers.42–44

For the shorter D-4-Ad, steric interactions between
the dansyl group on the wire and the protein evoke
a larger conformational change, as the F/G region is
unable to re-close even to the extent seen for
D-8-Ad. These observations are reflected in the B
values of the F/G region. The larger temperature
factors observed for D-4-Ad relative to D-8-Ad
suggest a larger static disorder or dynamic
movement in the more open D-4-Ad bound form.
This, in turn, is consistent with the weaker affinity
displayed by D-4-Ad. Similar correlations of
increased protein temperature factors with
diminished binding affinity were observed in
complexes of P450cam with camphor analogs.23,29,50

Interestingly, the temperature factors in the F/G
region of P450cam bound to a wire containing a
[RuII(bpy)3]

2C sensitizer were only slightly higher
than those of the camphor-bound form despite the
more open conformation of the F/G helix loop. This
implies that the fully open conformation is
stabilized by interactions between the bulky
ruthenium complex and the surrounding protein.
Previous comparisons of dynamic regions of a
protein structure with observed temperature factors
suggest that ligand-induced conformational
changes reflect an intrinsic motion of the ligand-
free protein.48 Thus, conformational plasticity and
dynamic motion of the F/G loop are likely to play
important roles in the ability of P450 enzymes to
adapt their binding sites to various substrates.
The coordinated movements in response to the

opening of the F/G helix can be described by a
shear mechanism that is common in proteins.53–55

The E, F, G, H, and I helices pack together by
numerous interdigitated hydrophobic side-chains.
Movement of the F/G segment induces a sliding
motion in other regions that is a concatenation of
many small readjustments of the hydrophobic



Figure 8. Comparison of observed hydrogen bonding patterns within the I helix showing the shift in the helical kink
upon wire binding.
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residues. These coordinated movements permit the
densely packed hydrophobic interfaces to be
maintained. Unlike many of the hydrophobic
interactions, many salt-bridges and hydrogen
bonds between the F and I helices as well as
between the B 0 and G helices are disrupted in the
more open D-4-Ad structure. On the other hand,
only interactions between the F and I helices are
broken in the more closed D-8-Ad conformation.
These interactions have been proposed to act as a
tether to prevent opening of the P450cam active
site.34–38,56,57

As illustrated by these structures, it is clear that
substrate recognition in P450s is not solely deter-
mined by active-site residues near the binding site;
substrate entry may be controlled significantly by
protein motions of the substrate access channel. For
example, a hydrophobic patch on the surface,
including Phe193, has been proposed to control
substrate entry and guide substrates to the active
site.29,58 Conformational heterogeneity at a similar
surface hydrophobic patch involving the B 0, F, and
G helices is thought to play a critical role in
substrate access and product egress.3,22,58 Substrate
recognition in other P450s, including P450-BM3,
CYP119, P450 2C5, and P450 2B4, is correlated with
large movements of the F/G region.16,21,59–61 These
regions also possess higher temperature factors
in P450terp, P450BM3, and P4502C5.20,56 Thus,
many investigators have proposed an important
role for protein dynamics and conformational
heterogeneity in substrate recognition by
P450s,33–35,57,58,62 and the conformations trapped
by binding to D-4-Ad and D-8-Ad provide detailed
suggestions of the specific intermediates that may
be involved. In addition, the wire-induced changes
in P450cam structure suggest that the promiscuity
of substrate recognition due to F/G helix plasticity
is an inherent, general property of the P450 fold.
Movement of the F/G domain influences the
active site of P450cam

Coupling of the movements of the F/G loop with
the shift in the I helix bulge may provide a
mechanism for transmitting binding signals to the
protein active site. The intimate interactions among
the E, F, G, H, and I helices allow the I helix to
respond to movements of the F/G region. The shift
in the I helix bulge as the F/G helix retracts appears
to be controlled by the protrusion of the I helix
Leu250 side-chain into a hydrophobic pocket



Figure 9. Stereoview showing changes in the active site residues of the I helix in response to wire binding. In A, the
camphor-bound structure (pdb code 2CPP24) is shown in atom colors, while the D-8-Ad-bound form is overlaid in blue.
In B, the changes around Thr252 are shown in detail for camphor-bound ferric P450cam24 (yellow), ferrous-O2 P450cam
(pdb code 1DZ846) (cyan), and the D-8-Ad-bound form (atom colors). No water is seen in the camphor-bound ferric
P450cam, while Wat901 was observed in the ferrous-O2 form. Wat47 is seen at a similar position in the D-8-Ad structure.
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formed by Ile160 and Phe163 of the E helix. This
protrusion changes upon movement of the E helix
in response to the retraction of the F helix. In both
the D-4-Ad and D-8-Ad structures, the E helix shifts
approximately 1.6 Å along the helical axis, resulting
in a shift in the side-chain of Ile160. This shift is
compatible with movement of the Leu250 side-
chain as the I helix bulge shifts. Thus, it appears that
the shift in the E helix, which is induced by wire
binding, results in a shift in the helix I bulge as a
result of a cog-and-groove-type interaction between
these two helices. The I helix lies directly over the
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heme distal face, and thus, the heme environment is
likely affected by movements in the distal F/G
helices. The highly conserved I helix contains
Gly248, Asp251 and Thr252, which have been
shown to be involved in proton delivery and
stabilization of the dioxygen adduct at the heme
active site.2 The observed shift of the bulge in the I
helix, directly above the heme, upon binding of
either D-4-Ad or D-8-Ad, results in significant
displacements of each of these important active-
site residues. This suggests that the opening of the
F/G region during substrate entry may trigger a
molecular switch, brought about by the reorienta-
tion of the I helix that repositions these critical
active site residues. Haines et al.63 identified a
similar movement of active-site residues induced
by substrate binding to P450 BM3. P450 BM3
contains a residue analogous to Gly248, Ala264,
which moves away from the active site upon
substrate binding. In addition, a recent NMR
study of P450cam64 has demonstrated movements
of the Thr252 side-chain upon binding of putidare-
doxin. Most importantly, Schlichting et al. observed
a clear reorientation of the Thr252 main-chain
and side-chain upon O2 binding to ferrous
P450cam.46 This movement allowed binding of a
water molecule that was proposed to participate in
proton delivery upon peroxy bond cleavage. These
results suggest that O2 or redox partner binding
may trigger a functionally important structural
switch allowing a critical step in dioxygen bond
activation. As shown in Figure 9B, the retraction of
the F/G helix across the I helix that is induced by
wire binding results in changes at Thr252 and water
binding that are very similar to these effects. Finally,
recent structures of mammalian P450 2C516 and
2B421,62 indicate only small changes in the confor-
mation of the analogous Thr residues, have little or
no I helix bulge, and have (2B4) or do not have (2C5)
the bound water analogous to Wat902 of ferrous O2

or wire-bound P450cam. Thus, it is possible that
changes in the active site may not be coupled
substrate channel movements in the same way in
P450cam and mammalian P450s.
Solvation changes associated with SLS binding
to P450cam

The conformational changes associated with wire
probe binding are accompanied by changes in
protein solvation.44,65 A number of ordered solvent
molecules are observed in newly formed cavities of
the substrate channel, where they replace hydrogen
bonds that were disrupted by binding of the wire
probes. Notably, the positions of many of the
solvent molecules observed in the channel are
very similar in the D-4-Ad and D-8-Ad structures
and in a previously characterized wire-bound
structure.44 Previous studies have shown that
substrate analogs that do not optimally fit into the
active-site channel of P450cam facilitate solvent
access and disrupt the tight structural coupling for
proton transfer.32 DiPrimo et al.66 have identified as
many as 28 solvent molecules that are involved in
P450cam substrate binding and catalysis. Changes
in solvent access to the heme active site can be
expected to have dramatic effects on heme
reduction potential and electron transfer,65,67 and
may thus provide another mechanism by which
substrate-mediated conformational changes alter
the functional behavior of P450s.

The difference in water coordination to the heme
of P450cam in the D-8-Ad and D-4-Ad structures
deserves comment. Substrate-free P450cam is
low-spin due to coordination of a water molecule
or hydroxyl group to the distal side of the heme.23

This heme-bound water is displaced upon binding
camphor, resulting in a shift in spin state and redox
potential of the heme.50 Adamantanone mimics the
effects of camphor by displacing the heme-coordi-
nated water, while smaller analogs, such as nor-
camphor, bind slightly further from the heme and
thus do not displace the water ligand.50 In the
structures of D-8-Ad and D-4-Ad-bound forms of
P450cam, the adamantyl substrate analogs are
positioned at essentially the same location, and
the distance of closest approach to the heme (4.5 Å)
is very similar to that of camphor (4.3 Å). While the
opening of the channel by the wire substrates
induces changes in several active-site residues as
discussed above, there is little difference at the active
sitebetween theD-8-AdandD-4-Adstructures.Thus,
it is puzzling that the distal heme water is fully
displaced byD-8-Adwhile it remains in the case ofD-
4-Ad. This may be the result of a very finely balanced
set of structural and steric parameters that have not
been fully revealed in the current structures.
Conclusions

The D-4-AD and D-8-Ad structures presented
here provide insight into the conformational
transitions that occur as substrates bind to the
diverse class of P450 enzymes. The various confor-
mational states that have been trapped by the
bound synthetic wire probes of this study may thus
provide a model for such intermediates. Transient
opening of the putative substrate access channel is
required for exchange of substrates and products.
As a result of the plasticity of the structure
surrounding the F/G helix, these wire-induced
conformational changes produce a capacious cavity
above the substrate-binding site of P450cam,
providing a view of the ability of these enzymes
to recognize a wide variety of substrates and
ligands. The results also suggest that movements
in the F/G region induced by the wire probes are
coupled to changes at the active site similar in
nature to those seen on O2 or redox partner binding.
The nature or existence of this coupling may be
different in mammalian P450s. Overall, these results
support the view that dynamic motions are an
important feature of P450 substrate recognition, and
that global architectural features that accommodate
these structural changes are as finely tuned as the
heme active site.
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Material and Methods
Crystallization and data collection

Purification procedures for P450cam (C334A) were
similar to those described by Dunn.44 The complexes of
P450cam bound to dansyloctyladamantane (D-8-Ad) and
dansylbutyladamantane (D-4-Ad) were formed at amolar
ratio of 1 : 1 at room temperature.45 Diffraction-quality
crystals were grown from 0.1 M citrate (pH 5.5),
200 mM KCl, 11–13% (w/v) polyethylene glycol (PEG;
molecular mass 8000) using the hanging-drop, vapor-
diffusion technique at 4 8C. The 1.5 Å and 1.8 Å datasets
were collected at the Stanford Synchrotron Radiation
Laboratory (SSRL) beamline 11-1 using an MAR image
plate (lZ1.00 Å) from crystals soaked in mother liquor
containing 30% ethylene glycol and flash-frozen in liquid
nitrogen. Crystals were in the space group P212121 with a
single complex in the asymmetric unit (Matthews
coefficient (VM), 2.50; solvent content, 50%, v/v). Data
were processed using DENZO and SCALEPACK.68
Structure determination

Structures were solved by molecular replacement using
the program AMoRE using the camphor-bound P450cam
structure (PDB code 2CPP)24 as an initial model from
which all solvent molecules were removed. After initial
rigid body refinement in CNS (Crystallography andNMR
System),69 iterative cycles of simulated annealing and B
factor refinement using CNS and manual fitting using
Xfit70 were performed. The heme and wire probes were
located in FoKFc electron density difference maps and
further refined by simulated annealing (CNS) andmanual
fitting (Xfit). For the 1.5 Å D-8-Ad dataset, CNS refine-
ment was followed by refinement in SHELX-97.71

Distance, planarity, chiral volume, and anti-bumping
restraints were applied from the onset of SHELX
refinement, and after several rounds of refinement,
anisotropic B factors were introduced. During the final
round of refinement, Riding hydrogen atomswere added.
All models include residues 11–414 of P450cam, wire

probe, heme, and water. The stereochemical parameters
of the protein models were evaluated using
PROCHECK,72 revealing that 98.8%, 100%, and 99.4% of
the residues were in the most favored and generously
favored regions of f, f space for the 2.2 Å and 1.5 Å
D-8-Ad and 1.8 Å D-4-Ad complexes, respectively.
Refinement statistics for the 1.8 Å D-4-Ad and 1.5 Å
D-8-Ad structures are shown in Table 1 (refinement
statistics for the 2.2 Å D-8-Ad structure are shown for
comparison purposes). Overall Ca RMSD for camphor-
bound P450cam versus D-8-Ad is 0.86 Å, for camphor-
bound P450cam versus D-4-Ad is 1.44 Å.
Structure analysis

The P450cam structures were superimposed using
LSQKAB (CCP4) matching relatively invariant regions
of the core protein (residues 59–75, 295–302, 315–326, 347–
357). These residue ranges were determined iteratively by
demanding that hydrophobic cores superimposed well
without being influenced by changes of the F/G region.
Conformational changes were analyzed using f, f
differences and domain movement analyzed using
DynDom.49 Figures were generated either by PMV
(TSRI) or Ribbons.73
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the bound substrate on reduction. Nature Struct. Biol.
3, 414–417.

60. Li, H. & Poulos, T. L. (1997). The structure of the
cytochrome p450BM-3 hemedomain complexed with
the fatty acid substrate, palmitoleic acid. Nature
Struct. Biol. 4, 140–146.

61. Yano, J. K., Koo, L. S., Schuller, D. J., Li, H., De
Montellano, P. R. O. & Poulos, T. L. (2000). Crystal
structure of a thermophilic cytochrome P450 from the
archaeon Sulfolobus solfataricus. J. Biol. Chem. 275,
31086–31092.
62. Scott, E. E., White, M. A., He, Y. A., Johnson, E. F.,
Stout, C. D. & Halpert, J. R. (2004). Structure of
mammalian cytochrome P450 2B4 complexed with
4-4-chlorophenyl imidazole at 1.9 Å resolution:
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