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ABSTRACT: Conformational changes in the substrate access channel have been observed for several forms of
cytochrome P450, but the extent of conformational plasticity exhibited by a given isozyme has not been com-
pletely characterized. Here we present crystal structures of P450cam bound to a library of 12 active site probes
containing a substrate analogue tethered to a variable linker. The structures provide a unique view of the
range of protein conformations accessible during substrate binding. Principal component analysis of a total of
30 structures reveals three discrete clusters of conformations: closed (P450cam-C), intermediate (P450cam-I),
and fully open (P450cam-O). Relative to P450cam-C, the P450cam-I state results predominantly from a
retraction of helix F, while both helices F and G move in concert to reach the fully open P450cam-O state.
Both P450cam-C and P450cam-I are well-defined states, while P450cam-O shows evidence of a somewhat
broader distribution of conformations and includes the open form recently seen in the absence of substrate.
The observed clustering of protein conformations over a wide range of ligand variants suggests a multistep
closure of the enzyme around the substrate that begins by conformational selection from an ensemble of open
conformations and proceeds through a well-defined intermediate, P450cam-I, before full closure to the
P450cam-C state in the presence of small substrates. This multistep pathway may have significant implications
for a full understanding of substrate specificity, kinetics, and coupling of substrate binding to P450 function.
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Substrate recognition by cytochrome P450s has been inten-
sively studied for many decades, and while much is known about
how structural variations of these enzymes result in their wide
ranging specificity, less is understood about the role played by
protein dynamics and active site motion in this process. P450s are
an important family of monooxygenases with more than 10000
members widely distributed in living systems from bacteria to
humans (/). They use O, and a cysteine-coordinated heme to
catalyze the oxidation of a vast array of substrates in reactions as
diverse as steroid biosynthesis and xenobiotic metabolism (2).
Even distantly related P450s share an overall conserved protein
fold, first described for P450cam, CYP101A1, a camphor meta-
bolizing P450 from Pseudomonas putida (3, 4). Despite this overall
similarity, significant differences in the sequence, structure, of the
substrate access channel and membrane location of individual P450s
have been characterized. In addition, exactly how these differences
allow some P450s to catalyze the stereospecific hydroxylation of
a single well-defined substrate while others are able to oxidize a
wide range of compounds remains incompletely understood (3, 6).

The diversity of substrate specificities of P450s is believed to
result largely from differences in the structure, flexibility, and/or
dynamics of the substrate binding channel that connects the
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protein surface to the deeply buried heme center. The substrate
binding channel is defined by antiparallel helices F and G, the
intervening F—G loop, and segments of helix B, which fold over
and around the heme and helix I to enclose the substrate and
position it for attack by the reactive Compound I center of the
heme (4, 7). There are significant differences in the sequence of
these structural elements between various forms of P450 (8), and
as a consequence, the structure of the substrate binding channel
varies considerably from one form to another (9). Thus, the
small, closed substrate access channels seen in many prokaryotic
P450s (4, 10— 12) are in marked contrast to the larger, more open
channels seen for mammalian microsomal enzymes involved in
drug metabolism (3, 13, 14).

Conformational change clearly plays an important role in
substrate recognition for many if not all P450s, but only recently
have specific details become available about the conformational
space sampled by a given enzyme (/5—18). For a number of
P450s, most notably P450cam, the closed conformation observed
for the camphor-bound state must undergo significant confor-
mational change to allow binding of substrate and release of
product (3, 4, 11). Importantly, reports have shown several
examples of bacterial P450s that exist both in an open conforma-
tion in the absence of substrate and in a closed conformation in
the presence of substrate or ligand (13, 16, 19—24). This now
includes P450cam, which was previously observed in the closed
conformation even in the absence of substrate (25), as we have
recently reported an open conformation of P450cam when it is
crystallized in the absence of substrate that is essentially identical
to that observed in the presence of large tethered substrates (18).
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This suggests that the open conformation does not result from
being held open by the tethered substrate but is instead dynami-
cally sampled in the substrate-free form. While channel closure
is likely to influence regio- and/or stereospecificity of oxidation in
these enzymes, it is unclear at present whether or how the functional
activity of the enzyme is coupled to conformational state.

The role of active site flexibility in P450 substrate recognition
is of considerable importance for mammalian P450s. Among
the diverse and promiscuous drug-metabolizing microsomal en-
zymes, evidence both supporting and refuting conformational
change associated with substrate binding exists. For example,
CYP2B4 has been observed to undergo significant conforma-
tional change upon binding substrates or inhibitors (13, 14, 17),
while CYP3A4 has been observed in both the substrate-bound
and -free forms with relatively small changes in structure (26).
For the highly specific mitochondrial CYP24A1, which is re-
sponsible for the specific hydroxylation of 1a,25-dihydroxyvita-
min D3, an open conformation was observed without bound sub-
strate, and the importance of channel closure upon substrate bin-
ding remains unknown (27). Thus, a general concept that highly
specific biosynthetic P450s may require a more closed and tight fit
around the substrate has emerged, while the more promiscuous
drug-metabolizing enzymes make use of a larger, more open,
nonspecific active site channel.

Substrate recognition by P450s could be realized in a number
of ways, ranging from a rigid lock-and-key interaction that matches
a particular substrate to a complementary but static binding site to
induced-fit models, in which substrate binding induces a protein
conformational change that exists only upon interaction with
substrate. Alternatively, conformational selection implies that
substrate binds a subset of conformations from a preexisting
ensemble of states, causing a shift in the equilibrium of populated
states as the energy landscape changes upon substrate bind-
ing (28). Recent results for P450cam (/8), EryK (15), PikC (16),
and CYP119 (29), showing population of both open and closed
conformations in the absence of substrates, strongly suggest that
these enzymes make use of conformational selection by dynami-
cally visiting alternate conformations. While these results show
how substrates can gain access to the buried active sites, the full
range of conformational states sampled by a given P450 or the
details about the specific trajectories or conformational inter-
mediates remain undefined. As these features are likely to be criti-
cally important for substrate recognition and specificity in this
broad class of enzymes, it would be important to characterize the
range of conformational states available to a given structure.

In this study, we report the structural characterization of
P450cam bound to a family of related tethered substrates and
describe the extent to which the protein responds to variations in
the probe. The results described here provide direct observation
of at least three distinct clusters of conformational substates termed
P450cam-C' (closed), P450cam-I (intermediate), and P450cam-O
(open) and suggest a stepwise pathway for the interconversion from
the closed to the open state through a well-defined intermediate.

EXPERIMENTAL PROCEDURES

Protein Preparation. The full-length P450cam containing
the C334A mutation was purified as described previously (18).

!Abbreviations: rmsd, root-mean-square deviation; PCA, principal
component analysis; P450cam-C, P450cam in the closed conformation;
P450cam-I, P450cam in the intermediate open conformation; P450cam-
O, P450cam in the open conformation; Pdx, putidaredoxin.
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C334A has been shown to prevent intermolecular dimeriza-
tion and increase protein stability but does not affect protein activ-
ity (30). Purified protein (A417/A»g0 > 1.45) was exchanged into
50 mM KP; (pH 6.0), I mM camphor, and 30 mM f-mercapto-
ethanol and frozen at —80 °C for further experiments.

Synthesis of Substrate Analogues. Reagents and solvents
were purchased from commercial sources and used without fur-
ther purification. Anhydrous N,N-diisopropylethylamine and DMF
were purchased from Acros Organics. NMR spectra were recorded
ona Varian Mercury 400 MHz spectrometer. The 'H chemical shifts
are expressed relative to the residual solvent signal. Mass spectra
were recorded at the Scripps Research Institute Mass Spectrometry
Facility. fert-Butyl 6-aminohexylcarbamate, zerz-butyl 8-aminoocty-
Icarbamate, and tert-butyl N-{2-[2-(2-aminoethoxy)ethoxyJethyl}-
carbamate were synthesized according to the procedure of Jaramillo
et al. (31). The synthesis of AdaCl-C8-Dans was reported pre-
viously (32).

All Boc-protected adamantane-tethered substrate analogues
were synthesized by the following general procedure (zert-butyl
8-aminooctylcarbamate and adamantyl carbonyl chloride are
used as an illustrative example). fert-Butyl 8-aminooctylcarbamate
(0.200 g, 0.822 mmol), adamantane 1-carbonyl chloride (0.196 g,
0.989 mmol), and 1 mL of N,N-diisopropylethylamine were dis-
solved in dry DMF (10 mL) under argon and stirred at room tem-
perature overnight. The solvent was removed under reduced pres-
sure, and the crude product was purified via flash chromatography
(Si0,) using a solvent gradient from 100% CH,Cl, to a 9:1
CH,Cl,/MeOH mixture to give the product as a white solid. For
the other adamantyl derivatives, the procedure was modified
as follows: HOBt (hydroxybenzotriazole) (1.1 equiv) and EDC
[1-ethyl-3-(3'-dimethylaminopropyl)carbodiimide)] (1.1 equiv)
were added to the reaction mixture.

The dansyl group was added to the adamantyl-tethered sub-
strate analogues following deprotection of the Boc group using
the following general procedure [1-(8-fert-butyl-8-aminooctyl-
carbamate) amidoadamantane is used as an illustrative example].
1-(8-tert-Butyl-8-aminooctylcarbamate) amidoadamantane (0.100 g,
0.247 mmol) was dissolved in a 9:1 CH,Cl,/TFA mixture and
stirred for 1 h at room temperature. The solvents were removed
under reduced pressure, and the crude product was then dissolved
in dry DMF (5 mL). N,N-Diisopropylethylamine (0.5 mL) was
added, followed by dansyl chloride (0.100 g, 0.371 mmol). The
reaction mixture was stirred under argon at room temperature
overnight. The solvent was removed under reduced pressure, and
the crude product was purified via flash chromatography (SiO,)
using gradient elution from CH,Cl, (100%) to an 8:1:1 CH,Cl,/
MeOH/Et;N mixture as the eluent to give the product as a pale
yellow solid.

Crystallization, Data Collection, and Crystal Structure
Determination. Camphor was removed from protein stock
solutions by buffer exchange into 20 mM Hepes (pH 6.5) by
gel filtration through two sequential PD-10 columns (GE health-
care). P450cam (1 mM) was mixed with tethered substrate ana-
logues (Table 1) in a 1:1 ratio. Crystals of P450cam bound to tether-
ed substrates were grown by sitting-drop vapor diffusion at 6 °C
from 100 mM cacodylic acid (pH 6.5), 12—22% polyethylene glycol
8000, and 200 mM K. The crystals were transferred to cryoprotec-
tant buffer consisting of 100 mM cacodylic acid (pH 6.5), 16—18%
polyethylene glycol 8000, 25% polyethylene glycol 600, and 200
mM K", mounted on nylon loops, and flash-frozen at 77 K.

X-ray diffraction data were collected at 100 K using beamline 7-1,
9-1, or 11-1 at the Stanford Synchrotron Radiation Laboratory.
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Table 1: Structural Analysis of P450cam Conformers

Substrate® PDB  PCI® PC2® F helix shift® G helix shift® FG helix ~Axial  Missing B’ Ref
(A,deg) (A, deg) angle (deg) Water  helix
P450cam-C
Camphor 2CPP 257 29 — — -148.9 No — “)
IYRC 294 49 0.28,2.7 0.25,2.8 -1494 (42)
S 5CP4 248 3.7 0.22,2.7 0.40,1.8 -150.1 (43)
2ZAX 287 5.7 0.23,3.1 0.28,2.5 -148.7 (44)
1DZ4 267 6.5 0.11,1.2 0.55,0.9 -150.1 (45)
1S-camphor IAKD 239 6.1 041,27 048, 1.4 -149.0 No — (46)
Imidazole 2H7Q 24.1 49 026,22 0.54,1.5 -151.4 No — (47)
H@N
Nicotine IP2Y 259 5.6 0.08,5.2 0.36,0.5 -148.2 No — (48)
N: |
Metyrapone IPHG 256 32 0.07,1.4 0.12,0.5 -148.6 No — (49)
o ‘ \\‘
)
P450cam-I
AdaCl1-C8-Dans IRE9 64 -99 330,178 1.00, 5.9 -156.6 No - (66)
; O ( ILWL 44 -11.5 3.59,174 1.33,54 -156.5 (32)
@Y\/\/\MN_E ) 3P6M 2.7 -11.2 3.77,15.5 1.52,54 -156.7 This study
© 8 3P6N 22 -11.1 3.75,16.0 1.50,6.2 -157.2 This study
AdaC1-C8EtgGlu-Bio 30I1A 3.0 ~-11.6 3.71,158 1.27,7.3 -153.2 No — Unpublished
n o
Y M{\/\/\/\/\Jw“ 4
@YE\/\/\/\AW
o 0
AdaCl-Etg-Dans 3P60 3.7 -10.6 3.73,16.7 1.42,6.0 -153.5 No — This study
7
" o O N
@Y\/\A/"wmgt
o R
AdaCl1-C6-Bio 3p6P 25 -103 391,152 1.37,6.6 -157.8 No — This study
0
; o g
N\/\/\/\N NH
B frnndand
30H-AdaC1-C8-Dans 30L5 1.1 -10.5 3.88,149 1.96, 5.1 -155.8 Yes — Unpublished
n Rags
\/\/\/\/:W_% O
P450cam-O ‘
AdaCl-C4-Dans IRF9 -99 0.7 3.94,159 3.68,10.8 -149.7 Yes — (66)
<
H N
Dy &
b aY,
AdaC2-Etg-Boc 3P6Q -15.6 3.2 451,172 3.95,15.2 — Yes 92-95 This study
o
NAAAN
eV Y'Y
30H-AdaCl-Etg-Boc 3P6R -16.3 4.1 4.84,16.6 457,152 -151.1 No 90-96 This study
OH
o
H
@\HN\/\N\/\N"M
AdaC2-C8-Dans® 3P6S  -17.3 23 459,171 446,149  -1502  No - This study
. o( 3P6T -15.5 0.7 4.24,16.8 4.28,15.7 -150.6 This study
AdaC3-C6-Dans 3P6U -21.0 3.8 4.95,17.8 483,174 -150.6 Yes 93-94 This study
7
oA \
HN—g O
3Et-AdaCl-Etg-Boc 3P6V  -204 4.6 5.06,17.4 5.02,16.0 -150.7 No 90-96 This study
o
H
'\/\o/\/’\/\,,HJLOX
AdaC3-Etg-Boc 3P6W -20.5 3.8 5.04,17.1 485,174 -151.0 No 91-95 This study
o
H
N,
Y \/\N\/\HJKX
AdaC3-C8-Dans 3P6X -22.2 39 5.07,18.7 4.86, 18.1 -1504 Yes 90-94 This study
. O
"\/\/\/v\,m_§ Q
o o
AdaCl-perfluorobiphenyl-Ru(bipy); 1K20 -22.7 3.8 5.54,21.0 5.14,18.8 -151.6 Yes — (65)
D
BT
AdaCl1-C8-Ru(bipy); 1QMQ -16.0 3.3 4.43,16.0 4.28,14.7 -149.0 Yes — (64)
o
@\NJ\/\/\N—RWW\,
Substrate-free 3L61  -249 43 527,193  5.09,17.9 -150.2 Yes 90-97 (18)
3L62 -21.5 3.6 4.93,18.2 4.73,16.9 -150.2 91-94 (18)

“Well-ordered electron density included for portions of the models colored red. “PCI and PC2 are first two principal components in the PCA of crystal
structures described in this table. “Helix shift is calculated relative to the camphor-bound closed conformation [Protein Data Bank (PDB) entry 2CPP] at the
center of helix F (Lys178) and helix G (Lys197). “The entire substrate was resolved only in the structure of PDB entry 3P6T.
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Data were processed using Scala (33). Molecular replacement
was conducted using Molrep (34) using the previously determined
tethered substrate-bound P450cam structures (PDB entries 1RE9
and IRF9). Model fitting and refinement were conducted with
Coot (35) and Refmac5 (36), respectively. The final models were
validated using Procheck (37), Sfcheck (38), Molprobity (39), and
the PDB validation server. Statistics for data collection and
refinement are listed in Table S1 of the Supporting Information.
All structural graphics were generated using the Pymol Molec-
ular Graphics System (40).

Structure Analysis. Structural superposition and principal
component analysis were conducted with bio3d (47). A total of 30
crystal structures of P450cam bound to small substrates or tethered
substrate analogues were aligned, and the coordinates of the Cy
atoms were used as input for principal component analysis.
Bound small substrates include camphor [PDB entries 2CPP (4),
1YRC (42), 5CP4 (43), 2ZAX (44), and 1DZ4 (45)], 1S-camphor
[PDB entry 1AKD (46)], imidazole [PDB entry 2H7Q (47)],
(S)-(—)-nicotine [PDB entry 1P2Y (48)], and metyrapone [PDB
entry 1IPHG (49)]. Chemical structures of all tethered substrate
analogues used in this study and previously reported are sum-
marized in Table 1. Helical displacement relative to the closed
conformation (PDB entry 2CPP) was calculated on the basis of
the coordinate difference in the C, atoms at the helix center:
Lys178 (helix F) and Lys197 (helix G). The rotation of the helix
axes relative to the closed conformation (PDB entry 2CPP) was
determined by calculation of the angle between the helix axes in
the superimposed structures either at Lys178 or at Lys197. Helix
axis parameters were determined using the algorithm implemen-
ted in HELO (50). The helix packing angle and the distance be-
tween helices F and G were determined using C-HELIX (57).

RESULTS

Structures of P450cam Bound to Tethered Substrates.
The use of tethered substrate analogues allowed the trapping of a
range of conformational states of the P450cam substrate access
channel. X-ray crystal structures were determined for P450cam
crystallized in the presence of each member of the library of
tethered substrates listed in Table 1. These molecules contain
adamantane substrate analogues tethered to surface-exposed
groups by linkers of variable length and composition. In each
case, the substrate binding channel was observed in an open con-
formation, in contrast to the closed camphor-bound state. For six
of the new structures, the electron density was very well-defined
for the complete length of the tethered substrate, and the well-
ordered portions are colored red in Table 1. In other cases, addi-
tional electron density was apparent within the substrate channel
compared with the solvent-filled open state of the substrate-free
enzyme (/8), and in addition, the axial water was absent from the
distal heme face (Table 1). This suggests partial occupancy of the
channel by these tethered substrates. In only two cases, AdaC2-
Etg-Boc and AdaC3-C6-Dans, in which the axial water was pres-
ent and the electron density was not well-resolved, was it not pos-
sible to verify occupation of the channel by the ligand. The most
significant specific interaction observed between the tethered
substrates and the protein is a hydrogen bond between Tyr96 and
the carbonyl oxygen for those analogues containing the AdaCl
and AdaC2 linkage. The loss of this hydrogen bond appears to be
related to the disorder of helix B', as residues in helix B’ were not
found in the electron density map of the most fully open structures
(Table 1). Further analysis of the tethered substrate conformation
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for these structures and its effects on the enzyme active site are
described in a separate work.

The axial heme-bound water is absent in some tethered
substrate-bound structures but is present in others (Table 1), and
this variation is attributed to differences in protein conformation
and the location and occupancy of substrates in the active site. For
example, electron density for the water was not evident in the struc-
tures of P450cam-I with the exception of 30H-AdaC1-C8-Dans, in
which the hydroxyl of the tethered substrate forms a hydrogen
bond with the axial water. On the other hand, the distal water was
observed for most of the P450cam-O structures where the electron
density for the substrates is less well-defined. This is consistent with
previous observations that the axial water is displaced by tight-
binding substrates (52). However, we cannot exclude the possibility
that variation of distal heme water occupation results from partial
X-ray-induced heme reduction for some structures. Such effects
are unlikely the source of changes in the conformational state for
the following reasons. While redox-dependent changes in backbone
dynamics (53) and hydrogen—deuterium exchange rates (54) have
been observed, these changes are most prevalent in helices B’ and
C rather than helices F and G. In addition, the camphor-bound
ferrous P450cam structure has been shown to be very similar to the
ferric form (45), and our structures of substrate-bound ferric enzyme
are in good agreement with these closed conformations (18). Finally,
the structure at 2.0 A resolution for the dithionite-reduced P450cam
ina complex with AdaC1-C8-Dans is identical to that of the ferric
enzyme within an rmsd of 0.2 A (unpublished data).

To determine whether crystal packing influences the resultant
structures, protein—protein interfaces in the crystal were ana-
lyzed for all structures reported in this study. PISA analysis (55)
verifies that the protein exists as a monomer in solution and that
the largest packing interface in each conformational state varies
between 500 and 700 A?, suggesting no extensive interface is
present. The residues around the substrate channel involved in
packing interactions with the neighboring molecules do not differ
significantly (Figure S1 of the Supporting Information). In addi-
tion, the same unit cell (P212121) accommodates both P450cam-I
and P450cam-O structures (Table S2 of the Supporting Informa-
tion), and the exception to this unit cell (P21, PDB entry 1K20)
indicates that the P450cam-O conformation is not determined by
the P212121 crystal form. Finally, the P450cam-C form exists in a
variety of crystal forms (Table S2 of the Supporting Informa-
tion), but the alternative lattices do not affect the protein con-
formation. All of these observations suggest the different struc-
tures in P450cam-O, -1, and -C do not result from differences in
packing interactions.

Clusters of Protein Conformational States. The family of
protein structures described above and determined previously
displayed a distribution of conformations that range between the
completely closed camphor-bound state (3) and the fully open
form recently reported for P450cam crystallized in the absence of
camphor (18). Overlaid in Figure 1A are 30 structures, including
the 12 structures reported here (Table SI of the Supporting In-
formation) and 18 previously reported complexes. A range of
protein conformational states are evident, with the most promi-
nent rms fluctuations from the average structure occurring in
helices B, F, and G and the F—G loop and to a lesser degree in
helices C, H, and I (Figure 1B). It is also apparent that the varia-
tions in the substrate access channel appear to cluster into distinct
families of conformations as indicated by the color scheme of
Figure 1. As also indicated in Figure 1B, a number of regions
adjacent to or in contact with helices F and G appear to undergo
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FiGure 1: Crystal structures of P450cam bound to substrates listed in Table 1. (A) Stereoview of superimposed structures of the C, backbone.
(B) Average pairwise rmsd per residue (rmsf) along the sequence for these structures.

minimal fluctuations within this family of structures, suggesting
that the conformational variations are highly localized to the ele-
ments defining the substrate binding channel. One exception is
helix C, which is a part of the proposed putidaredoxin (Pdx) bind-
ing site (36).

Principal component analysis (PCA) of the combined set of
structures shown in Figure 1 was used to characterize the range of
observed conformational substates. PCA has been used to char-
acterize differences within sets of both experimentally derived
structures (57, 58) and those traversed in simulated molecular
dynamics trajectories (59, 60). By reducing the number of cor-
related variables in multiple sets of structural coordinates to those
that contribute most to the covariance, PCA has been useful in
identifying the number and nature of the primary modes of pro-
tein dynamics. PCA of the combined set of P450cam structures
described above shows that the first two principal components
account for 93% of the covariance (Figure S2 of the Supporting
Information) and thus provide a useful description of the con-
formational space sampled by the structural data. Figure 2A
shows a plot of each of these structures projected onto the plane
of the first two principal components (PCI and PC2). The data
are clearly clustered into three distinct groups, which we hereafter
term P450cam-C (closed), P450cam-I (intermediate), and P450cam-
O (open). The lack of additional clustering along the third principal
component axis (Figure S2 of the Supporting Information) also
indicates that the range of structural differences is described well
by only the first two principal components. The P450cam-C clus-
ter includes the previously well characterized closed conforma-
tion of the enzyme as typified by complexes with small molecule

inhibitors and substrates such as camphor (3, 46—49). At the
other end of the range, at the left end of the P450cam-O cluster of
Figure 2A, is the recently described open conformation seen in
the absence of any substrate (/8). It is particularly striking that
the conformations for the library of tethered substrates are not
evenly distributed across these extremes but instead fall into three
distinct clusters of states.

PCA also provides insight into the nature of the structural
differences among these three conformational substates. Shown
in Figure 2B are the per-residue contributions to the structural
changes for the first two principal components. Principal com-
ponent 1 (PC1) and principal component 2 (PC2) involve similar
contributions across several regions of the protein. The F—G
loop and helix F make the largest contribution to both PC1 and
PC2, indicating a highly covariational movement of these struc-
tural elements for either of these components. However, Figure 2B
also shows distinct differences between PC1 and PC2, in which
helix G makes a larger contribution to PC1 than it does to PC2. In
addition, PC2 contains a larger contribution than PC1 for the H—1
surface loop centered near Gly230 and a narrow region near
Asp251 at the position of the bulge in the center of helix I. As seen
in Figure 2A, the differences between the P450cam-C and P450cam-
O conformational groups occur almost entirely with a change in
PC1, while the P450cam-I states involve contributions from both
PCI1 and PC2. Thus, the difference between the fully closed
P450cam-C and partially open P450cam-I conformations can be
seen as arising from a complex coordinated movement involving
helix F, the F—G and H—1 surface loops, and helix I bulge, while
helix G remains relatively unchanged. In contrast, the largest
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FIGURE 2: Principal component analysis of P450cam crystal structures. (A) Two-dimensional plot of the first two principal components for each
structure. Data points representing repeat structures are colored differently: camphor (purple), AdaC1-C8-Dans (red), AdaC2-C8-Dans (orange),
and substrate-free open (green) conformations. (B) Contribution of each residue in the sequence to the first (black) and second (red) principal
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FiGURE 3: Geometric analysis of the movements of helices F and G of P450cam structures relative to that of the camphor-bound state (PDB entry
2CPP). Data points from repeat structures are colored as described in the legend of Figure 2. (A) Translational movement of helices F and G.

(B) Rotation of the axis of helices F and G.

differences between P450cam-C and the fully open P450cam-O
conformations involve a change in both helices F and G and the
intervening F—G loop.

Specific displacements and relative orientations for helices F
and G were examined for these structures to obtain a physical
picture of the changes associated with the interconversion of the
P450cam-C, P450cam-I, and P450cam-O states (graphical de-
scriptions of these parameters are shown in Figure S3 of the Sup-
porting Information). The mean helix displacement and orienta-
tion, measured at the helix midpoint, were calculated relative to the
closed camphor-bound state (PDB entry 2CPP) and are plotted in
Figure 3. As with PCA, the structures appear to be distributed into
three clusters of conformations. Relative to the P450cam-C con-
formation, the P450cam-I intermediate results from an average re-
traction of helix F by 3.7 A, while helix G moves in the same direc-
tion by only 1.5 A. However, the difference between P450cam-C
and P450cam-O results from larger and almost equal displace-
ments of helices F and G of 4.8 and 4.9 A, respectively. As shown
in Figure 3B, a similar pattern is observed for the relative helix
orientations. Because of distinct movements of helices F and G in
the transition from the P450cam-C state to the P450cam-I and
P450cam-O states, the F—G loop arrangement is different in the
two open conformations. In P450cam-C, the F—G loop is bent
toward the solvent accessible surface of helices F and G and
hydrophilic interactions between residues in helix F and the F—G
loop appear to stabilize this conformation (Figure S4 of the
Supporting Information). However, in the P450cam-I state,
movement of helix F leaves the F—G loop behind (Figure 1),
and hydrophilic contacts are lost (Figure S4 of the Supporting In-
formation). Despite significant changes in local contacts, backbone
¢ and 1 angles around the F—G loop are very similar in the three
conformational states (Figure S5 of the Supporting Information).

Additional movement of helix G in the P450cam-O state eventually
accompanies movement of the F—G loop with recovery of contacts
between helix F and the F—G loop (Figure S4 of the Supporting
Information). These observations indicate that the F—G loop
moves as a unit and as part of helix G.

The scatter of structural coordinates for each cluster suggests
that both P450cam-C and P450cam-I are well-defined states with
a small distribution from the average, while P450cam-O represents
a more widely distributed set of open conformations. In several
cases, redundant structures were determined from separate crystals
of the same protein—ligand combination, and these redundant
structures are shown in the same color in Figures 2 and 3. The
observed average standard deviations for displacement of helices
F and G within the P450cam-C, P450cam-I, and P450cam-O clu-
sters were 0.16, 0.24, and 0.46 A, respectively, while that for the
redundant structures was 0.18 A. This suggests that P450cam-C
and P450cam-I represent well-defined conformations in which
individual structures do not vary by more than that seen for
crystal-to-crystal variation, while the P450cam-O cluster is more
broadly distributed over a range of open conformations. One pre-
viously reported ligand, AdaC1-C4-Dans, appeared at the boun-
dary between P450cam-I and P450cam-O in the plot of rotations
of helices F and G (Figure 3B).

Changes in Intraprotein Interactions. The distinct confor-
mational states seen for P450cam result in a range of altered
interactions between protein secondary structural elements. As
the structure moves from the closed conformation to either of the
open forms, a critical interaction between helix F and the bulge of
helix I is disrupted. As shown in Figure 4, P450cam-C contains a
bifurcated salt bridge between Lys178 and Arg186 in helix F and
Asp251 in helix I. This salt bridge is lost in both the P450cam-I
and P450cam-O conformations, resulting in the retraction of
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FIGURE 4: Interhelical contacts among helices F (orange), G (cyan), and I (magenta) shown for P450cam bound to camphor (P450cam-C),
AdaCl1-C8-Dans (P450cam-I), AdaC1-C4-Dans (P450cam-O), and AdaC3-C8-Dans (P450cam-O). Salt bridge and hydrogen bonding interac-
tions are shown as blue dashes, while hydrophobic contacts are shown as dotted spheres.

helix F for both of these open conformations. Additional hydro-
phobic interactions among Leul77, Leu200, and Leu246 of helices
F, G, and I are maintained in all three conformations, as they are
near the point at which helix F pivots over helix I.

The loss of the salt bridge between helices F and I also accom-
panies changes in the bulge of helix I, which provides a pocket for
O, and allows its hydrogen bonding to the catalytically important
side chain of Thr252 (Figure 5) (61). In the P450cam-C state, the
bulge of helix I results from the loss of the normal hydrogen bond
acceptor (residues 249—251) and donor (residues 253—255) inter-
actions (Figure 5). Because the bulge is shorter than one turn of
the o-helix, helix I appears to be kinked in the middle (Figure S6
of the Supporting Information). When helix F retracts in the open
conformations, the a-helical bulge is shifted toward the N-terminus
of helix I and becomes distributed over almost two helical turns,
and the distance between a-helical hydrogen donors and accep-
tors becomes shorter, but not enough to form hydrogen bonds.
This shift results in a straightening of helix I (Figure S6 of the
Supporting Information). Interestingly, because of this bulge
shift, the distance between the normal Gly248 hydrogen bond ac-
ceptor and Thr252 donor increases from 3.7 A (PDB entry 2CPP;
P450cam-C) to 4.9 A (PDB entry 3L62; P450cam-O). This, in
turn, widens the o-helical groove near the active site and makes
room for a “catalytic water” that is seen in the ferrous dioxygen-
bound P450cam structure (45) (Figure S6 of the Supporting
Information). Irrespective of the wider a-helical groove around
Gly248 and Thr252, the unusual hydrogen bond between the
Gly248 backbone carboxyl and the Thr252 side chain hydroxyl,
which has been thought to be responsible for the bulge of helix I,
was still preserved in each of the P450cam-I and P450cam-O con-
formations.

Helix G is seen to make a distinct switch in its interactions with
other secondary structural elements in the protein as the channel

Helical H-bond distance (A)

240 245 250 255
Residue number of H-bond acceptor

FIGURE 5: Geometrical analysis of the bulge of helix I. Distance be-
tween the hydrogen bond acceptor (residue i) and donor (residue i + 4)
in helix I plotted for P450cam-C (black, PDB entry 2CPP), P450cam-1
(red, PDB entry 1RE9), P450cam-O (blue, PDB entry 3L62), and oxy-
ferrous P450cam (green, PDB entry 1DZS).

is converted from the closed P450cam-C state through the
P450cam-I intermediate to the fully open P450cam-O state. As
helix F initially retracts from P450cam-C to P450cam-I, helix G
remains anchored by contacts with helix B’ as shown in Figure 6.
These contacts include a bifurcated hydrogen bond between
Asp97 and two residues of helix G, Tyr201 and Lys197, and also
hydrophobic interactions between Ala95 and Phel93 (Figure 6).
These interactions appear to prevent helix G from following helix
F as it retracts during the P450cam-C to P450cam-I transition.
As the channel opens further during the P450cam-I to P450cam-
O conversion, helix G finally retracts. However, as shown in
Figure 6, for the interactions between helices G and B’ to be
maintained, helix B’ itself unwinds, loses its K™ binding site, and
becomes disordered, as recently described for the substrate-free
open conformation (/8). One structure, the complex with AdaC1-
C4-Dans, which appears at the boundary between the P450cam-I
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FIGURE 6: Interactions between helices B’ and G shown for P450cam bound to camphor (P450cam-C), AdaC1-C8-Dans (P450cam-I), AdaCl-
C4-Dans (P450cam-0), and AdaC3-C8-Dans (P450cam-O). Helices B, F, and G are colored red, orange, and cyan, respectively. Residues from
strand 33 are colored white. Electrostatic interactions are shown as blue dashes, while hydrophobic contacts are shown as dotted spheres.

and P450cam-O conformations, retains an ordered B’ helix as
helix G retracts, but it does this at the expense of breaking its
interactions with helix G. As a result of the separate movements
of helices F and G, the interhelical angle undergoes a small shift
as one proceeds from P450cam-C to P450cam-I, but this angle is
restored for the P450cam-O cluster (Figure S7 of the Supporting
Information). Figure S7 also shows that helices F and G for
P450cam-C and P450cam-O pack against each other in a classic
antiparallel ridge-into-groove interaction with an interhelical angle
of —150° (51). However, for the group of P450cam-I structures,
the interhelical angle is reduced slightly to approximately —158°.
As this interhelical angle changes during the P450cam-C to
P450cam-I transition, several hydrophobic interactions between
helices F and G are initially disrupted but are restored in P450cam-
O (Figure S8 of the Supporting Information).

DISCUSSION

Conformational Clusters in P450cam. The process by
which diverse P450s bind substrates and control the specificity
and functional coupling of catalysis has been extensively stu-
died (11, 62, 63). While some forms such as EryK (/5) and
PikC (/6) have been shown to exist in both closed and open states
in the absence of substrates, the extent of structural changes
traversed by a given enzyme during substrate binding is not well
understood for any P450. Such changes are clearly necessary for
some forms, most notably P450cam, which binds substrate in a
completely closed solvent inaccessible conformation (3, 4). The
open conformation observed for P450cam in the presence of
large tethered substrates has demonstrated its ability to exist in
open states (64—66), but only recently has this open conforma-
tion been observed in the absence of substrate (/8). The open
conformations of the substrate-free and the most open of the
tethered substrate-bound forms are very similar (rmsd of 0.5 A),

suggesting the open conformations observed for the tethered
substrate-bound forms are not induced by the tethered substrates
but are already preexisting in the conformational space of
P450cam. Thus, examination of the range of structures exhibited
while bound to a library of tethered substrate analogues may be
very useful in revealing the distribution of conformational states
sampled by the protein during substrate recognition and catalysis.

The 12 crystal structures presented here combined with ana-
lysis of 18 previously determined structures show how a wide
variety of compounds are accommodated at the active site of
P450cam. In response to the variation in the composition over
the length of the tethered substrate, the protein displays a signi-
ficant variation in the structure of the substrate access channel.
However, the structures are not evenly distributed within this
conformational space, as might be expected for a highly plastic
substrate binding site, but are instead highly clustered into three
families of states, P450cam-C, P450cam-I, and P450cam-O, indi-
cating closed, intermediate, and fully open conformations, respec-
tively. Both P450cam-C and P450cam-I appear to be well-defined
states that show a narrow structural distribution that is not larger
than that seen in repeat determinations of the same structure,
while P450cam-O states are spread over a broader distribution,
suggesting an ensemble of open conformations. The three con-
formations differ largely by movements of secondary structural
elements that surround the substrate access channel, including
helices B, F, G, and 1. One exception to this is the small move-
ment of helix C that forms part of the proposed Pdx binding site,
suggesting that the enigmatic role of Pdx as a functional effector
may be related to the conformational shifts involving the open to
closed transition. Recent studies have suggested that Pdx binding
forces selection of a closed conformational transition that pre-
vents escape of substrate (67).

Each of the P450cam-O, P450cam-I, and P450cam-C con-
formational states is observed in the presence of multiple ligands
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(Table 1). For example, the P450cam-O conformation, which is
observed for substrate-free P450cam, lies within a 0.4 A rmsd of
that bound to the Ada-C2-Etg-Dans probe. In another example,
the well-defined P450cam-I state is observed with a variety of
ligands that vary over the substrate, linker, and surface resident
positions (Table 1). Finally, a very narrow distribution is ob-
served for all of the reported P450cam-C conformations despite
accommodating a range of small substrates and inhibitors. On
the other hand, minor differences in the tethered substrate com-
position are observed to cause significant changes in protein
conformation. For example, AdaC1-C8-Dans and AdaC2-C8-
Dans differ by only a single bond shift in the position of the amide
linkage, yet this results in a significant shift from the P450cam-I
state to the P450cam-O state (Table 1). Finally, the axial water
ligand, associated with the spin state shift upon conversion to the
camphor-bound state, is absent from each of the P450cam-C
forms but is sometimes present and sometimes missing in both
P450cam-1 and P450cam-O (Table 1). These results show that
a particular protein—substrate interaction does not always lead
to a unique conformational outcome, and that each of the con-
formational states is able to accommodate a variety of probe mole-
cules. Our analysis suggests that the protein displays an innate
preference for a small number of preexisting conformational sub-
states, and each of these states can accommodate a range of ligands
without undergoing a continuous plastic response of the active site
structure. This suggests that substrate recognition by P450cam
occurs largely by conformational selection and is consistent with
the conclusions of a recent study of CYP119 (29) and EryK (15).

Multistep Pathway for Channel Closure. Analysis of the
library of structures presented here provides the basis for a pro-
posed multistep pathway for closure of the substrate access chan-
nel around substrate. When each of the structures is displayed in
a molecular animation ordered by the principal component dis-
placement, the resulting movie (Supporting Information) gives a
clear impression of a coordinated two-step trajectory involving a
distinct half-open intermediate. As shown in the cartoon model in
Figure 7, the P450cam-I state represents a distinct sequential in-
termediate in the stepwise closure of the channel (P450cam-O —
P450cam-1— P450cam-C). Conversion of P450cam-O to P450cam-
I occurs by closure of helix G over the active site, allowing the
ordering of helix B' and creation of the K™ binding site, which has
been shown to enhance camphor binding 10-fold (68). Final con-
version from P450cam-I to P450cam-C involves further closure
of helix F and formation of the salt bridge between Argl86 and
Asp251. This later interaction is crucial for the formation of the
well-known bulge of helix I that alters the positioning of Thr252
and a catalytic water at the active site (67). The fact that the bulge
of helix I is significantly localized around Asp251 upon final
closure from P450cam-I to P450cam-C may have significant
mechanistic implications that will be explored in a separate
publication.

Recent results have shown that the full range of conformations
observed in this study is also sampled by adaptive accelerated
molecular dynamics (69). Notably, beginning with P450cam-C,
the simulations visit both P450cam-I and P450cam-O as distinct
states during the molecular dynamics trajectory. This provides
strong support that the experimentally determined family of
structures described here represents snapshots of the conforma-
tional dynamics seen in this enzyme.

In conclusion, the structures presented here show that P450cam
samples at least three distinct conformational states and suggests
that substrate recognition occurs by a process involving an
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FIGURE 7: Model for the multistep closure of P450cam. Helices are re-
presented as cylinders. Tethered substrates are shown as a CPK model
colored blue: camphor (P450cam-C), AdaC1-C8-Dans (P450cam-I),
and AdaC1-C4-Dans (P450cam-O). Heme is colored magenta. A red
dashed line was drawn to help track changes between conformational
states.

ordered multistep closure of the P450cam-O conformation
around the substrate by way of a well-defined intermediate
structure, P450cam-I. At present, it is not clear if the
P450cam-I or P450cam-O conformations are catalytically com-
petent. However, the discrete conformational states observed for
the 30 P450cam structures analyzed in this study suggest that the
initial interaction of camphor with P450cam-O results in a shift in
equilibrium from P450cam-O to P450cam-I by conformational
selection. Subsequent conversion to P450cam-C could also in-
volve selection of substrate orientation within the channel, which
may guide the protein over conformational barriers between
preexsiting conformations.
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X-ray crystallographic statistics for all structures reported in
this study (Table S1), crystal packing interface around the sub-
strate channel (Figure S1), two-dimensional plots of the first three
principal components and the magnitude of covariance from each
principal component (Figure S2), graphical description of geo-
metrical parameters analyzed in this study (Figure S3), analysis of
contacts around the F—G loop (Figure S4), backbone angles
around the F—G loop (Figure S5), geometry of the bulge of helix I
(Figure S6); analysis of packing angles and distances between
helices F and G in P450cam structures (Figure S7), analysis of
contacts between helices F and G for P450cam-C, P450cam-I, and
P450cam-O (Figure S8), and an animated video showing a
proposed model of the substrate channel opening. This material
is available free of charge via the Internet at http://pubs.acs.org.
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