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Abstract

Cytochrome P450cam is capable of reductively dehalogenating several chlorinated alkanes
at low, but measurable, rates. In previous investigations of structure-function relationships
in this enzyme using molecular dynamics simulations, we noticed that 1,1,1-trichloroethane
(TCA) exhibits a very high degree of mobility in the active site due to its smaller molecular
volume relative to the native substrate, camphor(1,2). Several amino acid sidechains lining
the active site also exhibit significant dynamic fluctuations, possibly as a result of poor steric
complementarity to TCA. Guided by these results, we modeled double (F87W, T185F) and
triple (F87W, T185F, V295I) mutants of P450cam, which provide additional bulk in the
active site and increase the frequency of heme-substrate collision. Molecular dynamics sim-
ulations (300 ps on each protein) indicate that these mutants do not significantly perturb the
three-dimensional fold of the enzyme, or local structure in the region of the active site. Both
mutants bind the substrate more stably near the heme than the wild-type. Interestingly, how-
ever, the bulkier triple mutant seems to actually inhibit heme-substrate interactions relative
to the double mutant. Over the final 200 ps of simulation, TCA is within 1 A of nonbond-
ed contact with the heme 25% more often in the double mutant versus the wild-type. The
triple mutant, on the other hand, binds TCA within 1 A of the heme only 15% as often as the
wild-type. These results indicate that the double mutant may reductively dehalogenate TCA,
a property not observed for the native protein. Implications for other experimentally mea-
surable parameters are discussed.

Introduction

1,1,1-trichloroethane (TCA) is one of the most frequently found contaminants in
groundwater (3) and in waste plumes at government (4) and industrial sites. Its
wide popularity stems from excellent solvent properties: high volatility, a large
dipole moment (1.78 debye), low chemical reactivity and low toxicity compared to
other halogenated organic solvents. However, recent concerns regarding the health
effects of TCA have been raised because it interacts with cytochromes P450 in the
mammalian liver, resulting in the production of other, sometimes more toxic, chlo-
rinated compounds (5) and hydrogen peroxide (6). Under anaerobic conditions,
which may exist in poorly perfused liver tissue, reductive dehalogenation by these
systems predominates (7). Because the oxygen tension in subsurface waste plumes
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is also low, the opportunity exists for the use of P450s in remediating the heavily
halogenated fraction with greater efficacy than other currently available methods.
A major thrust of research in our laboratory centers on the rational redesign of
cytochrome P450cam as part of a bioremediation system for faster removal of chlo-
rinated solvents from the environment (8,9).

Cytochrome P450cam (camphor monooxygenase from the soil bacterium
Pseudomonas putida G786 (10)) is the best characterized and most thoroughly
studied P450 isozyme (11). Active research, directed at characterizing the reduc-
tive chemistry of P450cam, has revealed that it catalyzes elimination of chloride
from several heavily halogenated methanes and ethanes (12-14). However,
P450cam does not dehalogenate TCA at a measurable rate (12). Molecular dynam-
ics (MD) simulations on P450cam have shown that TCA is highly mobile in the
enzyme’s active site, indicating that its residence time near the heme Fe may be
quite low (1,2). Thus, the simulations appear to correlate well with the experi-
mental findings. In this report we investigate the properties of TCA bound to two
variants of P450cam with double (F87W, T185F) and triple (F87W, T185F, V295I)
amino acid substitutions in the active site using 300 ps MD simulations. These
mutants were designed to add steric bulk to regions of the active site left void when
the native substrate, camphor, is replaced with the much smaller TCA molecule.
Comparison with the wild-type trajectory indicates that TCA interacts more fre-
quently with the heme Fe in the double mutant, whereas the triple mutant actually
inhibits contact between the heme-Fe and TCA. This effect is not apparent until far
into the simulation, emphasizing the necessity of long trajectories to model gradual
rearrangements that can occur in the enzyme.

Methods

Camphor-bound cytochrome P450cam coordinates (16—15), obtained from the
Brookhaven Protein Data Bank (17—16) (designation 2cpp), were used to construct
the models for simulation. Hydrogens were added using Insight II (Biosym
Technologies) and were oriented to maximize intramolecular hydrogen bonding with
NETWORK (18—17). Titratable amino acids (Asp, Glu, Arg and Lys) and the N- and
C-termini carried full charges; His 270 was doubly protonated (18—17). Mutants
were constructed by substituting the sidechains of target residues with the sidechain of
the appropriate amino acid in the crystallographic conformation. The non-native
sidechains modeled in this way protrude into the active site and occupy space left void
when the native substrate is replaced with the much smaller TCA. All 204 crystallo-
graphically resolved water molecules and an additional 3.0 A layer of 682 waters were
included in the calculation. Crystal water 515 was modeled as a sodium ion (15,18),
otherwise explicit counterions were excluded. TCA was docked in the active site by
assigning its carbons to the coordinates occupied by C5 and C6 of camphor in the crys-
tal structure, with the fully substituted carbon nearest the heme-Fe.

Previous MD simulations in this laboratory employing a 3.0 A water shell, with full
charges on titratable protein residues, yielded results that correlate well with exper-
imental data and led to experimentally confirmed predictions of the behavior of
camphor analogues in the P450cam active site (19-22). While inclusion of several
solvent layers would constitute a more physically accurate solvation model of the
protein, this past work indicates that the dynamics of the substrate, which is
sequestered from solvent in the deeply-buried P450cam active site, are relatively
insensitive to the solvation model employed. Similarly, including counterions in
the present simulations would greatly increase the amount of cpu time required to
equilibrate the solvent before data collection for the protein could begin, and it has
been indicated that their use may lead to unreliable results (23). The use of a non-
bonded cutoff may provide adequate long-range electrostatic screening.

Atom-centered partial charges for the heme cofactor were assigned based on ab
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initio potential-derived charges, and are described in detail elsewhere (24). Briefly,
the heme was modeled as a ferric, pentacoordinate, high-spin Fe-porphine.
Gaussian 92 (25) was used to calculate a UHF wavefunction at the 6-31g* level of
theory. Atoms ligated to Fe were augmented with diffuse functions, and an all-elec-
tron, double-{ quality basis was used on Fe (26). The CHELPG algorithm (27) was
used to fit charges to the electrostatic potential due to the wavefunction, and was
constrained to reproduce the calculated gas-phase dipole moment. Parameters for
the harmonic and van der Waals contributions of heme to the forcefield have been
described previously (19). Partial charges used for TCA reproduce its dipole
moment, and have also been described elsewhere (1).

Prior to molecular dynamics, hydrogen atoms were minimized for 100 steps of steep-
est descents and 500 steps of conjugate gradients. Solvent molecules were then sub-
jected to 500 steps of conjugate gradients minimization, 10,000 time-steps of dynam-
ics, and another 500 steps of conjugate gradients minimization. The simulation pro-
tocol for the wild-type enzyme has been described previously (2) and is identical to
that employed here with the exception that 5000 steps of dynamics, including protein
hydrogens, were performed in the previous relaxation phase. Waters were assigned
random velocities from a Maxwell-Boltzmann distribution at 50 K for 500 steps,
warmed to 150 K for 4500 steps, and to 300 K for the final 5000 steps. The entire
system was finally treated with 1000 steps of conjugate gradients minimization.

Molecular dynamics on the entire system commenced with the assignment of ran-
dom velocities at 50 K; the system was gradually warmed to 300 K over 10,000
time-steps. Production dynamics continued for a total of 300 ps, with the system
coupled to a thermal bath at 300 K (t = 0.1 ps) (28). A 1.0 fs timestep was used
throughout. Nonbonded interactions were evaluated using twin cutoffs of 12.0 and
15.0 A, with interactions in the outer cutoff region updated every 20 timesteps. All
molecular mechanics calculations were performed with a constant dielectric of 1.0,
using the consistent-valence forcefield (cvff) (29) and Discover 2.95 (Biosym
Technologies). At the cutoffs, nonbonded interactions were truncated without the
fifth-order polynomial switching function implemented by Biosym, as its use has
been shown to introduce artifacts (30,31). This combination of cutoffs and constant
dielectric has been shown to yield reasonable results, while making efficient use of
CPU time in conjunction with Discover and the cvff (31). Structures were sampled
at 0.5 ps intervals for analysis. Active site volumes reported were calculated from
active site molecular surfaces generated with GRASP (32), using a probe radius of
1.4 A and Biosym radii for the protein.

Results and Discussion

"To a hydrophobic substrate, the P450cam active site offers refuge from the aqueous
environment of bulk solvent. Camphor binds snugly near the heme in this pocket,
and under normal conditions a single product (C5-exo-hydroxy camphor) is formed
with complete coupling of reducing equivalents (33). But for TCA and other small
organics, the internal surface of this relatively large active site offers numerous,
equivalently suboptimal, hydrophobic contacts to the substrate—not all of which
are in proximity to the heme. Although the precise distance-dependence of elec-
tron transfer from the heme to TCA has not been determined, the probability may
fall off quite rapidly with distance, so that these donor and acceptor groups must be
nearly in nonbonded contact for electron transfer to occur (see, for example, ref.
(34)). Therefore, poor complementarity between active site and substrate manifests
itself not only in a large substrate dissociation constant (12); it contributes to the
inability of the wild-type enzyme to dehalogenate TCA. It follows that mutants
with active sites nestling TCA close to the heme are required if electron transfer,
and subsequent elimination of chloride, are to occur.

Details of the 300 ps MD simulation on TCA-bound wild-type P450cam are report-
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Figure 1: Molecular surfaces (gray dots) of the ener-
gy-minimized (a,b) wild-type P450cam active site
illustrates its high degree of complementarity to the
native substrate, camphor (a) (taken from ref. (1)).
Fewer nonbond contacts are satisfied by the small
TCA molecule (b) in this pocket. During the final
200 ps of simulation (represented by the time-aver-
aged coordinates (c)), the active site expands, result-
ing in even less steric complementarity (2). The
view on the right has been rotated by approximately
90°.

ed elsewhere (2), but several results are included here for comparison with the
mutants. Figure 1 shows molecular surfaces of the P450cam active site after min-
imization and for the time-averaged atom positions over the final 200 ps of simu-
lation. Compared to camphor, TCA exhibits poor steric complementarity to the
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binding pocket. This condition worsens as the trajectory proceeds, evident from the
time-averaged structure, primarily due to rearrangement in the sidechain of Phe 87.
Flexibility in active site residues, particularly in Phe 87 since it lies in the putative
substrate access channel (15), may play a cooperative role in substrate binding.
However, these fluctuations are diminished in the presence of camphor
(1,21,22,35,36). Greater mobility of active site residues may be a consequence of
the fact that smaller molecules, such as TCA, cannot simultaneously satisfy as
many stabilizing, nonbonded interactions in the wild-type active site as camphor.
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Clearly, additional bulk in the region of Phe 87 is one requirement of an active site
that confers a preference for TCA binding near the heme. We therefore chose to
substitute Phe 87 with Trp, and Thr 185 with Phe in a double mutant. Mutations at
these positions are not expected to interfere appreciably with TCA binding because
it is much smaller than the native substrate. In an attempt to further increase
hydrophobic contacts available to the substrate when bound near the heme, we also
examined a triple mutant in which Val 295 is replaced with Ile.

Initial® Final® Mean (0)¢
Rms Deviation from Crystal (A)
All Heavy Atoms 0.60 2.31 2.14 (0.16)
0.61 2.46 1.99 (0.15)
0.58 2.45 2.27 (0.08)
All Backbone Atoms 0.52 1.92 1.81(0.14)
. 0.54 2.12 1.64 (0.14)
0.51 2.09 1.92 (0.08)
Backbone Atoms in Helices 0.46 1.45 1.51 (0.09)
0.47 1.52 1.24 (0.09)
0.45 1.74 1.61 (0.08)
Active Site Heavy Atoms? 0.50 1.59 1.53 (0.10)
0.50 1.63 1.50 (0.12)
0.55 1.53 1.50 (0.08)
Intramolecular Hydrogen Bonds®
Backbone (total) 194 156 144 (7)
190 151 146 (7)
204 144 144 (7)
Sidechain (total) 153 120 121 (7)
152 129 127 (7)
148 131 123 (7)
Backbone (conserved)’ 180 113 111 (6)
174 107 113 (7)
189 117 112 (5)
Sidechain (conserved) 103 31 38 (5)
103 36 42 (6)
105 46 45 (4)
Radius of Gyration (A) 21.36 21.66 21.62 (0.06)
21.38 21.70 21.68 (0.06)
21.37 21.73 21.74 (0.05)
Rms Fluctuation in ¢ (°) — — 13.6 (5.6)
— — 13.7 (6.3)
— — 13.6 (7.0)
Rms Fluctuation in y (°) — — 13.8 (6.6)
— — 13.9 (8.2)
— — 13.6 (8.3)
Active Site Volume (A3) 206.2 4849 451.6
195.6 239.2 256.2
153.8 299.2 282.6
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As a gauge of the overall stability of the mutant enzymes, we monitored several
global properties of the simulations. These parameters are summarized in Table L.
The root-mean-square deviation (rmsd) of all heavy atoms from the crystallo-
graphic coordinates rises to approximately 1.5 A during thermalization (first 10 ps)
in each trajectory and essentially levels off between 2.0 and 2.5 A during the final
200 ps of simulation. Minimization alone results in an rmsd of about 0.6 A for all
three enzymes. Deviation from the crystal structure is approximately 0.4 A small-
er when only backbone atoms are considered, and about 0.6 A smaller when this
analysis is confined to o-helices. The rmsd for residues that contact camphor in the
crystal structure rises to an average value of 1.5 A in all three trajectories, indicat-

Table I

Global dynamics properties of the wild-
type (upper number), double- (middle)
and triple- (lower) mutant enzymes.

a Energy-minimized structure, starting
from crystallographic coordinates. b Last
structure sampled. ¢ Over the final 200 ps
of simulation. ¢ Residues within 5.0 A of
camphor in the crystal structure. € The
number of backbone-backbone hydrogen
bonds in the crystal conformation is 213;
there are 125 hydrogen bonds involving
sidechains. f That is, hydrogen bonds also
present in the crystal structure.
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Figure 2: Molecular surfaces for time-averaged coordi-
nates from the double (F87W, T185F) (a) and triple
(F87W, T185F, V295I) (b) mutant trajectories show that
much void space in the active site is filled, and steric com-
plementarity to the substrate is improved in both P450cam
variants. The volume of the time-averaged active site (see
Methods) in the double mutant is only 57% of its value in
the wild-type; for the triple mutant this value is, unexpect-
edly, slightly larger (63% of the wild-type value). The
active site expands as a result of flexibility in helix I in the
triple mutant. As in Figure 1, views are approximately
orthogonal.

ing that the active site is flexible, but that its behavior is similar in both mutants and
the wild-type enzyme. Intramolecular hydrogen bonding patterns are also similar
in all three simulations: the number of conserved hydrogen bonds (that is, those
also present in the starting structure) involving the backbone drops by 35% to 40%
of its initial value for each enzyme. A major contribution to this decrease arises
from rearrangement of the hydrogen bonding pattern within the proteins: the total
number of intramolecular hydrogen bonds (for both backbone and sidechains)
drops by less than 25% in each enzyme. The remaining decrease in conserved
hydrogen bonds is attributable to interaction with water as the proteins relax into a
solvent environment. Finally, the radius of gyration increases by roughly 3%, and
the rmsd in backbone torsion angles is approximately 14°. Trends in these global
dynamic properties are consistent with those observed in previous MD simulations
on P450cam from this laboratory (1,19).

Overall, the patterns of flexibility in the enzymes are nearly identical, confined to
surface loops and turns between secondary structural elements. In both mutants,
the F-G loop is more mobile than it is in the wild-type enzyme. Flexibility in this
region may be enhanced by the addition of the indole N of Trp 87 as a hydrogen
bond donor. For example, the carbonyl group of Met 184 interacts intermittently
with Trp 87 in both mutants, whereas in the wild-type it participates mainly in
hydrogen bonds with water. The integrity of the F and G helices, however, remains
intact, as do the B’ and I helices, although the kink in the I helix is somewhat more
pronounced in the triple mutant. In both mutants Trp 87 undergoes a rearrange-
ment, similar to Phe 87 in the wild-type, during the equilibration phase of dynam-
ics. Even in the alternate conformation, however, the bulkier Trp sidechain is effec-

Trp 87
Phe 185 Trp 87
Phe 87
Val 295 &

a

Val 295
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tive in reducing the size of the substrate binding pocket (Fig. 2). Fluctuations of Phe 419
185 are much smaller, and it remains in its initial conformation in both mutants. Ile

295 in the triple mutant also remains close to its initial conformation, although its
“extra” methyl group, relative to Val, visits alternate configurations as torsion angle

%’ samples both gauche (+/-) and trans conformations.

The volume of the wild-type active site (Table I) nearly doubles over
the course of the trajectory, primarily due to the rearrangement of Phe
87 (2). The furthest extent of this pocket, in the vicinity of Phe 87, is
large enough for TCA to explore. Indeed, between 175 and 250 ps
(Fig. 3(a)) TCA resides in this region. That TCA returns to interact
with the heme near the end of the simulation is a graphic illustration of
the high degree of mobility permitted for small molecules in the wild-
type binding pocket. In the double mutant, however, much of the
active site void volume has been eliminated so that TCA remains in
proximity to Fe during the entire simulation, and within 1 A of Fe
about 25% more often than in the wild-type trajectory. Quite the oppo-
site is true of the triple mutant: the number of configurations sampled
with TCA within 1 A of Fe drops to only 15% of that in the wild-type.
This intriguing result is a consequence of flexibility in the center of
helix I: interaction with Ile 295 pushes the substrate towards Val 247
and Thr 252 on the opposite site of the active site. But flexibility in
this region is not apparent from minimization alone—in fact, helix I
exhibits an rmsd from the crystal structure of approximately 1.0 A dur-
ing the first 100 ps of simulation. Rather, it is a gradual rearrangement
in the kink in helix I, partially accommodated by the C-terminal end of
helix J, that results in this additional substrate binding surface.
Although flexibility in these regions of the native protein has been
observed in simulations from this (19,22) and other (37) laboratories,
substitution for a bulkier amino acid at position 295 appears to exploit
this pliability in the presence of substrate. The result is that the active
site, during the final 200 ps of simulation, is actually about 10% larg-
er in the triple mutant than it is in the double mutant.

The primary deviation among these simulations arises in the dynamic
behavior of TCA within the active site of P450cam. Greater configu-
rational freedom of camphor analogues in this active site has been
implicated to explain deviations from the native system in experimen-
tally observable parameters (discussed in more detail below) such as
Kp, spin conversion of the heme Fe, and coupling of NADH to prod-
uct formation; these factors are known to influence the catalytic effi-
ciency of the oxidative system (11,21,22,38,39). For reductive dehalo-
genation, however, it appears that the rate-determining step is the first
electron transfer event between the heme to the substrate, so that K;
and spin conversion do not have such a pronounced effect on the rate
of reductive dehalogenation. This hypothesis is supported by the
observation that calculated vertical electron affinities (VEA) for the
halomethanes, which can be taken as estimates of their one-electron
reduction potentials, correlate well with the rates of reductive dehalo-
genation observed for these molecules in the presence of P450 (40,41).
We recently conducted similar calculations for the chloroethanes
(manuscript in preparation) and found that the correlation holds for
compounds in this class, as well. Therefore, monitoring the frequency
of heme-substrate interaction in a simulation should provide informa-
tion about the formation of a precursor complex between these donor
and acceptor groups in vitro or in vive, within which substrate reduc-
tion most likely occurs.
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Figure 3: Heme-substrate distances, adjusted for van der Waals radii,
indicate substrate mobility and have implications for the probability of
electron transfer from the heme to TCA. The wild-type active site (a)
permits a high degree of mobility, whereas both the double (b) and triple
(c) mutants improve binding near the heme. The slow rearrangement in
the region of helix I, however, allows TCA to bind farther than 1 A from
the heme over the final 200 ps of simulation in the triple mutant.
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Figure 3 shows the distance between the heme-Fe and the closest substrate atom for
each simulation. These distances have been corrected for the van der Waals radii
of the respective atoms; a distance of 0.0 A means the substrate is in contact with
the heme-Fe. The insets in Fig. 3 show the distribution of Fe-substrate distances
sampled over the final 200 ps (at 0.5 ps intervals). Ab initio molecular orbital stud-
ies on chlorinated alkanes suggest that the these compounds possess delocalized,
highly diffuse LUMOs (42). Therefore, in this analysis we disregard substrate ori-
entation and focus on the distance between the heme-Fe and any substrate atom in
interpreting differences in substrate dynamics, and the expected affects on the rate
of dehalogenation. The rates of dehalogenation for several chlorinated hydrocar-
bons have been experimentally measured, but TCA is one of several chloroethanes
which falls below the detection limit in these determinations (14). According to the
VEA calculations, TCA has the most favorable reduction potential of the “non-
reactive” chloroethanes, indicating that only minor perturbations to factors con-
trolling electron transfer may result in a measurable dehalogenation rate. The mod-
est increase in Fe-TCA close contacts observed for the double mutant in the pre-
sent study indicates that it may push the rate into the experimentally detectable
range.

Improved substrate-active site complementarity, and more frequent heme-TCA
interactions, may influence experimentally measurable quantities other than
dehalogenation rate. In the resting state, P450cam has several water molecules in
the active site, one of which is axially ligated to the heme-Fe (43). In this envi-
ronment Fe exists in the low-spin (S=1/2) state (39). When substrate binds in this
pocket, it sterically expels water, resulting in conversion of the heme-Fe to the
high-spin (S=5/2) state. At saturating substrate conditions, maximal spin conver-
sion is measured as the fraction of high spin (%HS) heme present. Camphor caus-
es effectively 100% spin conversion, while TCA causes only 30% to 50% (12,44),
indicating that complementarity between active site and substrate is necessary for
efficient spin conversion. Indeed, in the crystal structure of camphor-bound
P450cam, no water is crystallographically resolved between the heme and the sub-
strate, nor is there room for water (15). Because both mutants proposed here
appear to bind the substrate closer to the heme, we can infer that a larger %2HS will
be observed in the presence of TCA, and that the substrate dissociation constant
(Kp), measured as substrate concentration at half-maximal %HS, will decrease.

Based on results from the triple mutant, we expect that it will be less effective than
the double mutant at binding substrate near the heme, in causing spin conversion,
and at dehalogenating TCA. That flexibility in the triple mutant, leading to a
broader distribution of Fe-TCA distances, becomes apparent only after more than
100 ps of simulation indicates that longer simulations may be required for bulky
substitutions in the vicinity of this flexible part of the active site. We are currently
evaluating additional mutant enzymes, designed to confer enhanced substrate bind-
ing and electrostatic stabilization of developing anionic character during substrate
reduction, using longer trajectories.
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