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Abstract

The broad and variable substrate specificity of cytochrome P450 enzymes makes them a model
system for studying the determinants of protein molecular recognition. The archetypal cytochrome
P450cam (P450cam) is a relatively specific P450, a feature once attributed to the high rigidity of
its active site. However, increasingly studies have provided evidence of the importance of
conformational changes to P450cam activity. Here we used infrared (IR) spectroscopy to
investigate the molecular recognition of P450cam. Toward this goal, and to assess the influence of
a hydrogen bond (H-bond) between active site residue Y96 and substrates, two variants in which
Y96 is replaced by a cyanophenyl (Y96CNF) or phenyl (Y96F) group were characterized in
complexes with the substrates camphor, isoborneol, and camphane. These combinations allow for
a comparison of complexes in which the moieties on both the protein and substrate can serve as a
H-bond donor, acceptor, or neither. The IR spectra of heme-bound CO and the site-specifically
incorporated CN of YO96CNF were analyzed to characterize the number and nature of
environments in each protein, both in the free and bound states. Although the IR spectra do not
support the idea that protein—substrate H-bonding is central to P450cam recognition, the data
altogether suggest that the differing conformational heterogeneity in the active site of the P450cam
variants and changes in heterogeneity upon binding of different substrates likely contribute to their
variable affinities via a conformational selection mechanism. This study further extends our
understanding of the molecular recognition of archetypal P450cam and demonstrates the
application of IR spectroscopy combined with selective protein modification to delineate protein—
ligand interactions.
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Cytochrome P450 enzymes make up a superfamily of heme enzymes that perform numerous
critical metabolic functions, including steroid synthesis! and drug metabolism,23 and they
have received considerable attention for biotechnological applications.* They are also
notable for their ability to hydroxylate unactivated hydrocarbons on a wide variety of
substrates,>® making them attractive models for the study of the determinants of biological
molecular recognition.

The archetypal cytochrome P450cam (P450cam) catalyzes the stereo- and regioselective
hydroxylation of g-camphor. P450cam shows relatively high substrate specificity in
comparison to the specificities of many members of the P450 superfamily, which has been
attributed to its relatively small, rigid active site that showed few binding-induced changes in
early crystal structures.”~2 However, recently P450cam has been captured in a second
conformation by X-ray crystallography in which the active site adopts a more open structure
in the absence of a substrate.19 Studies of the enzyme in solution by double electron—
electron resonance (DEER) also provide evidence of a conformational change upon binding
to camphor,1 and recent nuclear magnetic resonance (NMR) studies suggest that P450cam
populates an ensemble of conformations.2:13 Thus, as is recognized for the more flexible
P450 homologues,14-18 conformational changes might be important to substrate recognition
by P450cam.

Although P450cam is relatively specific for camphor, it also recognizes a number of small,
camphor-like substrates, albeit with variable affinity. Early investigations by
crystallography® and site-directed mutagenesis!® implicated a hydrogen bond (H-bond)
between residue Y96 and the ketone moiety of camphor in P450cam molecular recognition
(Figure 1). Other studies found camphor binding to be largely entropically driven,
suggesting the enthalpic contribution from the protein—substrate H-bond to the overall
thermodynamics is minor, but not precluding its importance to selectivity for other
substrates.20-21 Moreover, removal of this H-bond was reported to lead to some loss of
regioselective conversion of a-camphor to 5-exohydroxycamphor, suggesting that the
substrate—protein H-bond might restrict the substrate in a conformation conducive to
selective catalysis.1® However, our recent studies of the CO/camphor complexes of wild-
type (WT) and Y96F P450cam by two-dimensional infrared (2D IR) spectroscopy found the
active site dynamics to be independent of the potential for protein—substrate H-bonding,
questioning its importance to the conformational landscape of P450cam.22

To improve our understanding of the molecular mechanisms underlying P450cam—substrate
recognition, we explored the role of perturbation of the H-bonding between the substrate and
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Y96 by investigating a series of proteins differing at residue 96 and their complexes with
select substrates. We analyzed three P450cam variants: WT, Y96CNF (where CNF is p-
cyano-L-phenylalanine), and Y96F (Figure 2), which place a native hydroxyl, a cyano (CN)
group, or no functional group, respectively, on the side chain. We then investigated the
complexes of the three variants with the substrates camphor, isoborneol, and camphane,
which bear a native ketone, a hydroxyl, or no functional group on the substrate. Altogether,
these protein and substrate combinations allow for a comparison of complexes in which the
moieties that mediate the H-bond are replaced with a donor or an acceptor or are eliminated.
We characterized each protein in its free and substrate-bound state by visible spectroscopy
and determined the binding affinities. We then characterized each complex by IR
spectroscopy with heme-bound CO, and with the CN group in the case of Y96CNF, to
elucidate the nature and population of states accessed by the active site.

MATERIALS AND METHODS

P450cam Expression and Purification

WT, Y96CNF, and Y96F P450cam were expressed using plasmid pDNC334A23 generously
provided by T. Pochapsky (Brandeis University, Waltham, MA),24 and each protein was
purified as previously described with a few modifications (see the Supporting Information).
22 For incorporation of CNF by 7 vivo amber codon suppression, the plasmid with a TAG
codon introduced at position 96 was co-expressed with plasmid pUltraCNF,25:26 generously
provided by P. Schultz (Scripps Research Institute, La Jolla, CA), and cultures were
supplemented with 1 mM CNF prior to induction. Protein samples with Asgp/Azgp >1.3 for
WT, Asgal Aogo >1.0 for YO6F, and Ag14/ Aogp >1.1 for YO6CNF were used in spectroscopic
experiments. Purified protein was flash-frozen and stored at —80 °C with 50% (w/v)
glycerol. Typical yields were ~10 and ~5 mg of protein/L of cell culture for the WT and for
the Y96F and Y96CNF variants, respectively.

Binding Assays

Enantiopure d-camphor was purchased from Sigma-Aldrich, camphane from Apollo
Scientific, and racemic isoborneol from Santa Cruz Biotechnology. We note that isoborneol
is racemic, but a pure diastereomer, and that the racemic nature is not expected to
significantly affect the binding results as previously reported with other camphor analogues.
21,28 Dissociation constants were determined by spectrophotometric titrations as described in
previous studies,1%-2% with modifications as described in the Supporting Information. Briefly,
for isoborneol and camphane, visible difference spectra were generated by exchanging a
substrate-bound solution of protein into a substrate-free solution (both with the same
concentration of protein) to perform a constant-volume spectrophotometric titration. The
data were analyzed according to a single-site binding model to determine the Kp.

Fourier Transform Infrared (FT IR) Spectroscopy

FT IR spectra were acquired as previously described on an Agilent Cary 670 FT IR
spectrometer and a Np(j-cooled MCT detector.29 For characterization of the CN stretch of
Y96CNF, a 4500 £+ 500 nm bandpass filter was placed in the beam path after the sample. The
instrument was purged with dry Np(g) for 40 min before data were collected. Background
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transmission spectra were collected with WT P450cam at the same concentration that was
used for the samples (0.5-2 mM) in the same buffer (100 mM potassium phosphate, 50 mM
KCI, and 20% glycerol). Additional details are provided in the Supporting Information. All
spectra shown are representative of at least three independent trials.

Data Processing and Evaluation of Fits to IR Spectra

RESULTS

IR absorption spectra of the CO probe were generated from transmission spectra of the CO-
bound complexes and oxidized WT P450cam, while spectra for the CN probe were
generated from transmission spectra of YO96CNF and WT protein. The spectra were
corrected for a residual slowly varying background absorbance by fitting a region of ~100 or
60 cm~1 around the CO or CN bands, respectively, excluding the band itself, to a polynomial
function (nonperiodic residuals that had £1.5% of the intensity of the band were tolerated).
Parameters without fitting (average frequencies at the maximal and half-maximal absorbance
and full width at half-maximum) were determined for each of the CN absorptions (Table
S3). Each spectrum then was fit to one or a sum of up to three Gaussian functions (Tables 2
and 3 and Tables S4, S5, S7, and S9), as in previous studies.?39-33 F-tests were performed to
determine if inclusion of an additional Gaussian component significantly improved the fit in
each case (Tables S6 and S10).

Visible Spectroscopy

WT, Y96F, and Y96CNF P450cam in complexes with camphor, isoborneol, and camphane,
as well as substrate-free, were characterized by visible spectroscopy (Figure S1). The visible
spectra for the variants in the substrate-free form are virtually identical, showing the Soret
band at 417 nm that is reflective of the low-spin state of the heme. Upon binding ¢-camphor,
the Soret band for WT P450cam shifts to 390 nm, which is reflective of the high-spin state
of the heme, in agreement with the literature.2? The visible spectra of the other protein—
substrate complexes reflect variable low/high-spin heme content (Table S1). The spin state
populations do not show any clear relationship with the affinities of the proteins for the
substrates. Although coupling among the spin state, reduction potential, and binding of
camphor is found for P450cam,2! a number of studies of wild-type and mutant P450cam and
other P450 homologues with a wide variety of substrates show no correlation between spin
state and substrate affinity or activity, indicating that their relationship, if any, is complex.
9.34-38 \When CO is bound, all variants exhibit the expected peak at 446 nm (Figure S2),

regardless of the presence or absence of substrate, and none showed >5% of the P420 state.
39

Substrate Binding

Binding assays were performed to investigate the differences in affinities of WT, Y96CNF,
and Y96F P450cam for camphor, isoborneol, and camphane (Table 1). For WT, the affinity
for the different substrates is most variable, with the native substrate camphor binding most
tightly and camphane showing much lower affinity, as reported previously,1928 and the
isoborneol showing intermediate affinity. For Y96CNF, the affinity for camphor is also
highest, but the affinities for isoborneol and camphane are higher than those of WT. In
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contrast, for Y96F, the affinity for isoborneol is highest, but like for Y96CNF, the affinities
for camphor and camphane are lower and higher, respectively, than those of the WT. Overall,
despite the large difference in the nature of the change to Y96, removal of the hydroxyl or
replacement with the larger cyano moiety, both modifications to this residue engendered
similar changes to the specificity of substrate recognition, decreasing the affinity for
camphor and increasing the affinity for both isoborneol and camphane.

Heme-Bound CO Vibrations

CO has long been used as an intense IR probe of heme protein active sites,? including WT
and mutated P450cam-CO when substrate-free and bound to a variety of substrates.
9.22,30,31.3341 Typjcally, variation in the frequency of heme-bound CO is described well by
the influence of the protein electric field via a linear Stark shift model and ascribed to the
influence of the distal active site environment on the local electrostatics, with positive or
negative electrostatic fields leading to lower or higher frequencies, respectively.42-44 To
characterize the changes in the environment at the active site among the three proteins as
well as in their complexes with camphor, isoborneol, and camphane, we performed an
exhaustive characterization by IR spectroscopy of heme-bound CO in all proteins in the
absence and presence of each substrate (Figure 3).

The spectra show large variation among the protein samples in the number and frequencies
of the CO absorptions. They were fit to one or more Gaussian functions to deconvolute the
contributions of multiple populated states (Table 2). As observed in previous studies, 1416 for
the substrate-free WT protein, the CO spectrum is well fit by a superposition of three bands,
indicating that the CO experiences three distinct environments, suggestive of three active site
conformations. When the WT protein is bound to any of the three substrates, the CO
absorption is well fit as a single band, with a center frequency dependent on the particular
substrate. In P450cam, the heme-bound CO is next to the | helix and packs within a groove
formed by disrupton of the H-bonding within the a-helical structure (Figure 1).1245 An
electrostatic interaction between CO with the | helix has been proposed to account for the
lower frequency of the absorption of the camphor complex.2:3% Higher frequencies are found
for the CO absorptions of the complexes with isoborneol and camphane, which indicate
differences in the electrostatics of the CO environment when bound to the alternate
substrates, potentially resulting from differences in the structures that modulate the
interaction of CO with the | helix.

Alteration of residue Y96, either by removal of the hydroxyl group or by its replacement by
CN, leads to significant, but similar, changes in the CO spectra. The spectra for the
substrate-free states of both YO6CNF and Y96F P450cam are well fit by two bands, unlike
that of the WT, which clearly shows three. All show a component at ~1963 cm~1 with a
relatively narrow line width of <10 cm™2, indicative of a state in which the CO environment
is relatively homogeneous. Whereas this is a minor species for the WT, the band is dominant
for the modified proteins. In addition, the spectra for neither Y96CNF nor Y96F P450cam
show the band at ~1939 cm™1 similar to that found for the WT substrate-free protein and
camphor complex. The spectra for the substrate complexes of YO6CNF and Y96F P450cam
are similar but show large differences from those of the WT. Specifically, for the camphor
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and isoborneol complexes, the frequencies of absorptions for the modified proteins are
higher than for the WT, whereas for the camphane complex, the frequencies of the bands are
lower than for the WT.

CN Absorptions of Y96CNF

The CN group of YO6CNF provides a spectroscopic handle to probe the interactions of the
side chain in both the substrate-free and bound states. The CN vibrational frequency is
sensitive to the local electric field via a Stark effect, with higher-frequency bands typically
found in more polar solvents.#647 Additionally, the CN vibration is known to be sensitive to
local interactions like H-bonding and electron-repulsive interactions due to packing with
heteroatoms.2%:48-50 These interactions also lead to shifts in the bands to higher frequencies.
The multiple contributions to CN frequency shifts mean that knowledge of the exact
mechanism underlying specific frequency shifts requires additional investigation. However,
if the CN experiences more than one distinct environment, the high sensitivity of the CN to
its environment makes it an excellent reporter of conformational heterogeneity. In addition,
the relative areas of component bands inform on the relative populations of the
corresponding states, and their center frequencies provide information for comparing the
nature of the environments within the populated states.

The spectra of the substrate-free and camphor complexes of YO6CNF have been previously
reported?® and are reproduced with the spectra obtained for the camphane and isoborneol
complexes in Figure 4. All exhibit CN absorption bands with center frequencies within the
range of 2227-2236 cm™1, consistent with previous values for CNF incorporated into
proteins.26:51-54 Although the spectra for both substrate-free Y96CNF and the camphor
complex are adequately fit by single Gaussian functions, the spectra for the isoborneol and
camphane complexes clearly require two components (Supporting Information). The two
bands of the isoborneol and camphane complexes are relatively narrow and similar in
frequency, but their relative areas indicate that the state associated with the higher-frequency
band is more highly populated in the camphane complex than in the isoborneol complex.
Similarly fitting the spectra for the substrate-free protein and camphor complex with two
components yields bands of roughly equal area that are relatively broad (Supporting
Information). For the camphor complex, one of these component bands corresponds in
frequency (2233.8 cm™1) with the higher-frequency bands found for the isoborneol and
camphane complexes, which supports the two-component fit. The other component band
occurs relatively high in frequency (2232.4 cm™1) in comparison to those for the isoborneol
and camphane complexes. Thus, the camphor complex differs from the isoborneol and
camphane complexes in at least one populated state.

CN Vibrations of CO-Bound Y96CNF

For CO-bound Y96CNF, the CO and CN vibrations may be simultaneously used to
characterize the binding pocket. The CNF is on the opposite side of the substrate binding
site as CO, so the two probes report on distinct local environments of the active site. As
before, the CN spectra were fit to a superposition of Gaussian functions to determine the
number and nature of the populated states. The best fits to all spectra include two
components, indicating population of two distinct states.
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Comparison of the CN spectra in the presence and absence of CO (Figure 5) reveals that CO
binding at the heme is sensed by the CNF96 probe, despite it being on the opposite side of
the binding pocket. For the camphane and isoborneol complexes, the frequencies of the
bands in the presence and absence of CO are approximately the same, but the relative band
areas depend on CO, with the presence of CO shifting population of the states toward the
state associated with the higher-frequency band. For the substrate-free protein and camphor
complex, the spectra clearly show two bands when CO is bound, and analysis of the spectra
in the absence and presence of CO yields bands of different frequencies. Therefore,
compared to those of the isoborneol and camphane complexes, the spectra for the substrate-
free protein and camphor complex are more significantly perturbed by CO binding.

Despite probing the same protein active sites, the CN and CO spectra do not always require
the same number of components for fitting, which means that either the probes experience
different levels of conformational heterogeneity or the conformations do not differentiate the
environments identically and generate spectrally distinct absorptions for all states. Under the
latter assumption, we could rationalize both the CO and CN spectral data for the free and
bound states assuming variable population of three conformations (see the Supporting
Information for details). The assignments of the CO and CN bands to the individual states
are provided in Tables 2 and 3, respectively, and the results of our analysis for their relative
populations in the absence or presence of the different substrates are listed in Tables S11-
S13.

DISCUSSION

Although P450cam is a highly substrate-specific member of the P450 family with a
relatively rigid active site, the IR spectra provide evidence of conformational heterogeneity
in both substrate-bound and free proteins. The substrate-free protein appears to be highly
heterogeneous, with the CO spectra indicating that its active site populates at least three
distinct conformations. Although the CO probe generally shows a single absorption in the
substrate complexes, the CN probe of Y96CNF P450cam, which reports on a different
location of the active site, shows evidence that multiple distinct environments also are
populated in all substrate complexes. One state appears dominant; however, a second shows
significant (minimally ~10%) population for all substrates. In the substrate-free protein, two
states appear to be populated approximately equally.

The presence of conformational heterogeneity and its dependence on substrate binding
bolster the recently developing appreciation for the role of conformational dynamics in
substrate recognition by P450cam. Although early crystal structures showed no changes
induced by substrate binding,®® a second, more open, state was observed in a crystal
structure with large tethered substrates,>6 and a similarly open conformation was captured in
the substrate-free protein.1% A recent analysis of all P450cam structures finds that they can
be clustered into three distinct states: open, closed, and intermediate.> It is possible that the
three CO absorptions observed in the substrate-free protein reflect population of these three
states. A major difference among the structures involves a change in the H-bonding within
the I helix, which alters the size of the groove into which CO binds. Such a conformational
change between an open and closed state in solution was also confirmed by DEER

Biochemistry. Author manuscript; available in PMC 2018 June 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Basom et al.

Page 8

spectroscopy.1! Additionally, a number of NMR studies of the CO-bound protein have
indicated that both substrate-free and camphor-bound P450cam are a heterogeneous
ensemble of states.1213:38 |n agreement, the CO and CN probes employed here show
evidence of conformational heterogeneity at two distinct locations in the active site in the
absence and presence of substrates, as well as for the substrate binding-induced population
shift among conformations. The conformational change from the open to closed states
involves displacement of the F and G helices and intervening loop that covers the active site.
Our previous investigation of CNF-labeled P450cam by molecular dynamics simulations
found the CN absorptions to be sensitive to changes in the side chain packing that
accompany a conformational change in these structural elements.2® Alternately, although
most structures of P450cam show the same orientation of the Y96 side chain pointing
toward the active site, the multiple bands observed for the CNF probe could reflect co-
population of a second side chain orientation wherein the Y96 side chain is flipped out
toward the protein surface that is observed in a structure of a closely related P450
homologue.®® A structure of P450cam tethered to its electron transfer partner putidaredoxin
showed a similarly large change in the side chain orientation of Y96.5 In addition, a recent
structure of P450cam in the open state with camphor bound showed the Y96 side chain was
disordered,59 suggestive of high conformational heterogeneity, which agrees with the
heterogeneity observed for Y96CNF in solution by IR spectroscopy.

The CN probe of Y96CNF reveals that CO binding induces conformational dynamics, which
are also substrate-dependent. Because the CO does not directly contact the CN, the spectral
changes are likely modulated via structural changes of the protein and/or substrate.
Consistent with this possibility, a recent study by DEER showed that binding of CO to the
P450cam—putidaredoxin complex induces a conformational change in P450cam from the
open to the closed state.®0 For both the isoborneol and camphane complexes, the changes in
the relative areas of the CN absorptions suggest a decrease in conformational heterogeneity
upon binding of CO. Although the substrate-free protein and camphor complex show single
CN bands in the absence of CO, as opposed to clearly showing two in the CO complex, the
bands in the absence of CO are much broader. Binding of CO to the substrate-free protein
and camphor complex also results in significant changes in the CN frequencies, unlike those
of the isoborneol and camphane complexes, and the spectral changes overall reflect more
substantial conformational changes upon CO binding.

The changes in the population and nature of the conformations upon binding to different
substrates shown by the IR data suggest a conformational selection aspect to substrate
molecular recognition, wherein one of the substrate-free states is selectively stabilized by
substrate binding. The variation in absorption frequencies found among the substrate
complexes implies that the environment at the active site depends on the substrate, which
could result from population of distinct conformations in the different substrate complexes.
Our previous studies find that multiple distinct conformations are populated for the
complexes with the substrates camphor, norcamphor, and thiocamphor.22 Characterization of
the camphor and camphane complexes by 2D IR spectroscopy also revealed differences in
the dynamics of the active sites,33 which suggests that they also might populate distinct
states of the enzyme and thus that the stabilization of different states by substrates within a
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conformational selection mechanism might underlie the specificity of PA50cam molecular
recognition.

This possibility, that conformational changes contribute to variable substrate recognition by
P450cam, is supported by the combined IR and affinity data. For WT P450cam, the
substrate-free protein most highly populates a state that appears to correspond most closely
to that of the camphor complex, where the closed state is dominantly populated. In contrast,
the higher-frequency bands found for the isoborneol and camphane complexes are more
similar to those bands associated with the less populated states of the substrate-free protein.
Thus, the spectral data indicate that formation of the camphor complex involves a less
extensive shift of population among the conformations than does binding of isoborneol or
camphane, which is consistent with the observed variation in binding affinities.

This possibility is further supported by the experiments with Y96CNF and Y96F, which
show corresponding differences from WT in both the affinities for each substrate and
conformational heterogeneity reflected by their CO spectra. In particular, for the substrate-
free states of both variants, the CO spectra show loss of the low-frequency band that is
similar to that found in the camphor complex and a greater contribution from higher-
frequency bands that are more similar to those found for the isoborneol and camphane
complexes. Within a conformational selection model of binding, the substrate-free states of
Y96CNF and Y96F are more primed than the WT to bind isoborneol and camphane, which
would account for the lower affinity of Y96F and Y96CNF for camphor and higher affinities
for isoborneol and camphane.

The set of proteins and substrates selected for study include combinations of H-bond donors
and acceptors that modulate the potential for substrate—protein H-bonding, which has been
suggested to lock the substrate within the active site.8:3%:55 For example, Y96F P450cam has
previously been shown to have a lower affinity for camphor and a slight loss of
regioselectivity of camphor hydroxylation.1® We, however, found by 2D IR spectroscopy
that the dynamics of the active site of the camphor complex were unchanged by Y96F,22
calling into question the importance of the interaction to the conformational landscape. The
contribution of the H-bond to the overall thermodynamics of camphor recognition also has
been called into question, as the binding was shown by previous temperature-dependent
kinetic studies to be entropically driven.20 However, this could be the case either because the
H-bonding interaction does not occur or because both the substrate and Y96 are also
engaged in H-bonding in their free states, such that the net change in H-bonding is neutral.
In either case, the potential of the protein to H-bond could influence the relative interaction
of P450cam with different substrates, influencing the specificity of molecular recognition.
Thermodynamic “double-mutant” cycles were calculated for the variants to help assess the
energetic contribution of the interaction between the polar moiety on residue 96 and that on
the substrate (Figures S3-S6). It is noted that such a treatment is valid only if the free energy
changes for the individual steps are completely uncorrelated.61 Nevertheless, the
thermodynamic cycle analysis yields interaction free energies that are favorable only by —0.7
kcal/mol for the WT and camphor, which is small relative to those typically ascribed to H-
bonding interactions,52 and gives interaction free energies that are unfavorable by 1.2
kcal/mol for the side chain—substrate interactions of the Y96CNF and WT with isoborneol.
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The IR data also do not support the possibility that H-bond formation is important to
recognition specificity. The CN frequencies of Y96CNF for the different substrate
complexes do not show large differences. In particular, the similarity in the frequencies
between the isoborneol and both the camphor and camphane complexes is not consistent
with engagement of the isoborneol hydroxyl group and CN in a H-bond, as such an
interaction is expected to lead to a significantly higher CN frequency.?0:62 It is noted that the
data cannot rule out the possibility that a H-bond occurs between camphor and Y96 of the
WT protein. However, if H-bonds do form between the substrate and proteins, the spectral
and binding analysis indicates that their contribution to the specificity of molecular
recognition, and in particular to the active site conformational landscape, appears to be
minor.

CONCLUSIONS

We performed a thorough spectroscopic analysis of three P450cam variants and three
substrates to investigate the mechanism of molecular recognition. The IR spectral data
provide evidence of conformational heterogeneity in all states, as well as its restriction upon
binding to substrates, supporting a conformational selection aspect to the binding
mechanism. In addition, the correspondence of the number and frequencies of IR bands to
the affinity data supports the idea that conformational entropy changes upon binding likely
play a substantial role in the specificity of P450cam recognition. Although previous
structural studies show a H-bond occurring between the ketone of the camphor substrate and
Y96, the interaction does not appear to be critical in stabilizing particular conformational
states of the substrate complexes. This study further advances our continually evolving
understanding of substrate molecular recognition by the archetypal P450cam and
demonstrates the application of FT IR spectroscopy with selectively incorporated CN probes
for assessment of possible hydrogen bonding interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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| K I helix

camphor

Figure 1.
Structural model of the active site of CO-bound P450cam (Protein Data Bank entry 1T87).

Shown are the camphor substrate, the side chain of residue Y96, the CO, and the F, G, and |
helices.
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0,1,

Structures of side chains of residue 96 in WT (left), YO6CNF (center), and Y96F (right)
P450cam (top row). Structures of camphor (left), isoborneol (center), and camphane (right)
(bottom row).
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Figure 3.
FT IR spectra of CO for (A) WT, (B) Y96CNF, and (C) Y96F, in complexes with camphor

(blue), isoborneol (green), and camphane (red), as well as substrate-free (black).
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Figure 4.
FT IR spectra of CN for substrate-free Y96CNF (black) and complexes with camphor (blue),

isoborneol (green), and camphane (red), both (A) without CO and (B) with CO. All spectra
are averages of at least three unique trials, and spectra in both panels are normalized by
integrated area.

Biochemistry. Author manuscript; available in PMC 2018 June 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Basom et al.

0.75)

0.5

0.25

bt

0.75

0.5

0.25

0.75)

Normalized Absorbance
[=]

0.5

0.25]

-

0.75

0.5

0.25

0

22

Figure 5.

L L
10 2220 2230 2240 2250
Wavenumber (cm'1)

Page 18

FT IR spectra of CN for (A) substrate-free Y96CNF and complexes with (B) camphor, (C)
isoborneol, and (D) camphane in the presence (red) and absence (black) of CO. All spectra

are normalized by integrat

ed area.
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Dissociation Constants for P450cam Complexes

variant

substrate Kp (UM)

AG (kcal/mol)

WT

WT

WT
Y96CNF
Y96CNF
Y96CNF
Y96F
Y96F
Y96F

camphor 1.8+0.8
isoborneol  10.9 +3.4
camphane  18.7+25
camphor 35+1.0
isoborneol 57+17
camphane 6.4+18
camphor 35+0.6
isoborneol 1.2+0.3

camphane  10.7 £3.3

-78+03
-6.8+0.2
-6.4+0.1
-74+02
-7.1+0.2
-7.1+02
-74+0.1
-8.1+0.2
-6.8+0.2
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Table 2

Parameters from Fits of CO Spectra

substrate  vco (cm™) full width at half-maximum (cm™)  relative area (%) state@
WT
free 1939.4+0.4 17.0+0.1 50+ 4
1951.5+0.1 13.4+04 33+4
1962.7 £ 0.1 9.8+0.1 171
camphor 1939.4+0.2 129+05
isoborneol  1946.0 + 0.06 124+0.2
camphane  1952.3+0.5 11.4+0.2
Y96CNF
free 19535+ 0.6 220+03 42+1 S2
1964.2 0.1 9.4+0.1 58+1 S3
camphor 1945.6 + 0.04 14.4 +0.03 82+1 S1
1948.9 + 0.03 7.7+0.2 9+1 S2
1964.0+0.1 95+0.1 9+1 S3
isoborneol  1949.8 + 0.07 144+0.8 S1/S2
camphane  1951.6 + 0.08 11.0+0.2 S1/S2
Y96F
free 1956.8 + 0.4 14410 421
1962.9 + 0.07 9.0+0.2 58+1
camphor 1945.7 £ 0.6 13.6+0.1
isoborneol  1949.5 +0.2 129+0.1
camphane  1950.7 £ 0.03 11.1+0.1

aAssigned state based on our model (see the Supporting Information).
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Table 3

Parameters from Fits of CN Spectra

ligand/substrate  ven (6m™)

full width at half-maximum (cm™)

relative area (%) state®

free 22325+0.2
camphor 22329+0.2
isoborneol 2228.9+0.2
2234.2+0.2
camphane 2229.6+0.3
2234.0+0.2
CcO 2227.2+0.1
22326 +0.4
CO/camphor 22278+0.1
2235.3+0.05
COlisoborneol 2228.0+04
22340+0.3
CO/camphane 2228.0+0.1
2233.9+0.2

11.2+0.7
12.1+05
6.6+0.7
88+0.5
50+04
6.8+0.4
57+0.2
84+0.7
6.2+0.1
89+0.1
83+1.0
11.3+0.3
6.1+0.2
95+0.3

32+8

68 £ 8

15+2

85+2

427 S2
58 £7 S3
12+1 S2
881 S1/S3
9+4 S2
91+4 S1
10+£0.5 S2
90+£0.5 S1

a, . . .
Assigned state based on our model. See the Supporting Information.
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