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ABSTRACT: A close orthologue to cytochrome P450cam
(CYP101A1) that catalyzes the same hydroxylation of
camphor to S-exo-hydroxycamphor is CYP101D1. There are
potentially important differences in and around the active site
that could contribute to subtle functional differences. Adjacent
to the heme iron ligand, Cys357, is Leu358 in P4S50cam,
whereas this residue is Ala in CYP101D1. Leu358 plays a role
in binding of the P450cam redox partner, putidaredoxin (Pdx).
On the opposite side of the heme, about 15—20 A away,
Asp251 in P450cam plays a critical role in a proton relay

network required for O, activation but forms strong ion pairs with Arg186 and Lys178. In CYP101D1 Gly replaces Lys178. Thus,
the local electrostatic environment and ion pairing are substantially different in CYP101D1. These sites have been systematically
mutated in P450cam to the corresponding residues in CYP101D1 and the mutants analyzed by crystallography, kinetics, and
UV—vis spectroscopy. Individually, the mutants have little effect on activity or structure, but in combination there is a major drop
in enzyme activity. This loss in activity is due to the mutants being locked in the low-spin state, which prevents electron transfer
from the P450cam redox partner, Pdx. These studies illustrate the strong synergistic effects on well-separated parts of the
structure in controlling the equilibrium between the open (low-spin) and closed (high-spin) conformational states.

ytochromes P450 represent the largest group of heme

monooxygenases in biology with over 18000 distinct
P450s identified to date.' The large number of P450 crystal
structures now known makes it clear that the overall P450 fold
is very conservative. It thus has been possible to use bacterial
P450s to establish basic structure—function relationships shared
by all P450s. P450cam (CYP101A1) from Pseudomonas putida
catalyzes the regio- and stereospecific hydroxylation of camphor
to S-exo-hydroxycamphor. It was the first P450 enzyme for
which the three-dimensional structure was determined,” and
much of what we currently know about the P450 superfamily
has been learned using this enzyme.” More recently, a close
orthologue to P450cam, CYP101D1, has been characterized
including crystal structures.*”® CYP101D1 catalyzes exactly the
same reaction as P450cam at about the same rate. A
comparative structural analysis reveals that there are subtle
but potentially important differences involving key residues
known to be critical for activity in P450cam. Therefore, nature
has provided a natural variant of P450cam to help further probe
the role of key active groups.

Here we focus on two important differences. Directly
adjacent to the thiolate ligand, P450cam has Leu358, whereas
CYP101D1 has Ala366 (Figure 1). This region is substantially
perturbed when the P450cam Fe,S, electron donor redox
partner, putidaredoxin or Pdx, binds and Leu358 moves closer
to the heme.” Changing Leu338 to Pro mimics the effects of
Pdx binding because the larger Pro side chain “pushes” on the
heme, similar to what happens when Pdx binds, helping to
promote structural changes in the distal pocket required for O,
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Figure 1. Active site models of P450cam (A) and CYP10D1 (B, PDB
code 31LXI).° In CYP101D1 Lys178 is replaced by a Gly, thus leaving
room for two water molecules (small red spheres) that H-bond with

Asp259.

activation.*” These changes are important for the well-known
“effector” role of Pdx. That is, P450cam strictly requires Pdx for
reduction of oxy-P450cam'® by promoting a structural switch
from the closed to the open conformational state.” This
proximal “push” effect is likely to be less important or at least
quite different in CYP101D1 owing to the smaller Ala366 at
this position. A second key region is Asp251. Asp251 plays a
critical role in the delivery of protons to dioxygen, which is
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Table 1. Crystallographic Data Collection and Refinement Statistics

L358A/ CNL358A/ L358A/K178G/ CN L358A/178G/ L358P/ CNL358P/

data set L3S8A CNL3S8A K178G K178G D182N DI182N K178G K178G
data collection
space group P2.2,2, P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2, P2,
resolution (A) 2.14 2.13 2.12 1.26 2.10 1.30 2.20 1.55
radiation source Rigaku Saturn  Rigaku Saturn  Rigaku Saturn ~ SSRL 9-2 Rigaku Saturn SSRL 9-2 Rigaku Saturn ~ SSRL 9-2
wavelength (A) 1.54 1.54 1.54 1.00 1.54 1.00 1.54 1.00
completeness (%) 90 (89) 95(85) 97 (86) 100 (100) 92 (80) 95 (94) 93(68) 100 (100)
no. of unique 18098 22593 23092 109438 22278 95488 37084 53044

reflections

redundancy 2.7 (2.2) 3.7 (2.9) 2.7 (1.8) 42 (3.8) 5.1 (2.6) 3.6 (34) 2.0 (14) 3.7 (3.6)
Ryym OF Riperge 0.054 (0.07) 0.038 (0.07) 0.045 (0.13) 0.048 (0.64) 0.065 (0.22) 0.057 (0.67) 0.054 (0.16) 0.076 (0.43)
1/6(I) 34 (12) 30 (12) 33 (14) 39 (2) 34 (12) 35 (2) 11 (3.4) 5.6 (2.1)
refinement
resolution (A) 2.12 2.10 2.10 126 2.09 129 2.20 1.55
B fzcztor (mean) 2191 19.18 24.60 21.69 2543 22.94 24.78 24.27
Rk 0.192 0.173 0.170 0.190 0.176 0.195 0.170 0.173
Rge 0.255 0.240 0.231 0.210 0.235 0.215 0.243 0.212
rmsd bonds (A) 0.008 0.010 0.008 0.008 0.008 0.008 0.008 0.008
rmsd angles (deg) 1217 1.16 114 121 1.155 1.196 123 123
no. of atoms
protein 3204 3204 3199 3199 3206 3199 6402 3201
ligand/ions 54 57 SS 57 SS 57 109 58
water 190 415 349 526 294 511 550 447
PDB ID 4149 414D 4L4A 4L4E 41L4B 4LA4F 41L4C 414G

required for heterolytic cleavage of the O—O bond.'"'* Asp251
is tied up in strong ion pairs with Argl86 and Lys178, which
initially presented problems with how Asp 251 could serve in a
proton relay network. To serve such a function, the Asp251 salt
bridges first must be broken, and the energetic barrier to
rupture these ion pairs is quite high."> However, it now has
been shown that Pdx favors binding the open form of P450cam
wherein these salt bridges are broken, thereby freeing Asp251
to serve its proposed catalytic function.” At least part of the
effector role of Pdx is to open up the active site to enable a
solvent and Asp251-mediated proton relay network to form.
The environment around the homologous Asp259 is quite
different in CYP101DI1. Lys178 in P450cam is replaced by
Gly180 in CYP101D1, whereas Asp182 is replaced by Asn184.
To probe the importance of these differences, we have
systematically converted these residues in P450cam to the
corresponding residues in CYP101D1 and have analyzed crystal
structures, enzyme activity, electron transfer, and kinetic
isotope effects.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Wild type and
mutant P450cam enzymes along with their redox partners
putidaredoxin reductase (Pdr) and putidaredoxin (Pdx) were
overexpressed in Escherichia coli and purified as described
previously."* ¢

Spectroscopic Studies. All UV—visible spectroscopy was
performed using a Cary 3 spectrophotometer. P450 content
was measured by a reduced CO-difference spectrum using an
extinction coefficient of 91 mM™ cm™ at 450 nm."
Concentrations of Pdx and Pdr were calculated using extinction
coefficients of 5.9 mM ™' cm™ at 455 nm and 11.0 mM ™" cm™"
at 454 nm, respectively.'®'?

Enzyme Assays. Cytochrome P450cam hydroxylation
activity was determined in the complete system of three
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proteins (P450cam, Pdr, Pdx) by measuring rates of camphor-
dependent NADH oxidation at 25 °C following previously
established protocols.”® Briefly, the reaction mixture of 1.2 mL
contained 0.5 yM Pdr, S uM Pdx, and 0.5 yM P450cam in 50
mM potassium phosphate buffer, pH 7.4. The rate of NADH
oxidation was measured by monitoring the absorbance change
at 340 nm using 6.22 mM ' cm™". The reaction was initiated by
first adding NADH (200 pM final concentration), following
which substrate-dependent NADH oxidation was assayed in the
presence of 200 uM camphor and was calculated as the
difference between the measured rate and the rate of
nonspecific NADH oxidation in the absence of camphor.
After the completion of the reaction (monitored by UV—vis),
the reaction mixture was removed, and organic extraction with
dichloromethylene was performed for product formation
analysis using GC-MS according to a previously established
protocol.”’ For the kinetic solvent isotope effects, all stock
solutions were prepared in 99.9% D,0O (Cambridge isotope
Laboratories, Inc.), and pH meter reading was adjusted by 0.4
unit for buffers in D,0. Stock solutions of the proteins were
equilibrated prior to each experiment in D,O buffer mixtures
before enzyme activities were measured.

Stopped Flow. Transfer of the first electron from reduced
Pdx to P450cam was measured in carbon monoxide saturated
50 mM phosphate buffer, pH 7.4, containing 3 mM camphor,
and a glucose oxidase oxygen-scrubbing system, using an
SX.18MV stopped-flow spectrophotometer (Applied Photo-
physics) according to previously published protocols.”” A
sample of 1.5 yuM wild type or mutant P450cam enzyme was
mixed with excess of Pdx to measure the maximum rate of
electron transfer. Reactions were performed with 50-, 70-, and
80-fold excess Pdx and did not show any significant difference
in rates, indicating maximum rates were measured. Formation
of the ferrous CO form of P450cam was monitored at 446 nm
at 25 °C.
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Figure 2. Structures of P450cam wild type (A) and the K178G/L358A (B) and L358A/K278G/D182N (C) mutants. Similar to CYP101D1,
replacing Lys178 with Gly leaves room for two water molecules that fill the space left by the missing Lys178 side chain. In the triple mutant where
Asp182 is replaced by Asn, there is little change other than one less ordered water molecule in the space left by the missing Lys178 side chain. The
Asp 251 side adopts a different orientation, weakening the H bond with R186.

Figure 3. (A) Omit F,—F, electron density map contoured at 3.0c showing the CN~ electron density. (B) Final refined 2F,—F, electron density map
contoured at 1.0 of triple-mutant L358A/K178G/D182N cyanide complex. (C) The same triple mutant highlighting the H-bonding network. CN~
induces the same change in the mutant as in the wild type. The Thr252—Gly248 H-bond breaks, which widens the I helix groove, enabling new
waters to enter the active site. Exactly the same change occurs when O, binds and is considered important to enabling the new waters to participate

in a proton relay network required for activity.

Crystallization of P450cam Mutants. Crystals of the
ferric camphor-bound P450cam mutants were grown at room
temperature using the hanging drop vapor diffusion method in
50 mM Tris-HCl buffer, pH 7.4, 400 mM KCl, 32%
polyethylene glycol 4000, and 1.2 mM p-camphor as the
reservoir solution. The initial droplets containing 2 uL of
protein solution at a concentration of 35 mg/mL and 2 uL of
the reservoir solution were equilibrated against 500 uL of the
reservoir solution. To generate the cyanide complex, the ferric
camphor-bound crystals were soaked for 10—15 min at room
temperature in ~50 mM potassium cyanide in the mother
liquor solution and then flash-cooled in liquid nitrogen. The
brown ferric camphor-bound crystals turned red upon cyanide
binding.

All data were collected either in-house using a Rigaku 007HF
rotating anode generator with a Saturn 944+ CCD detector or
remotely using the Stanford Synchrotron Radiation Lightsource
(SSRL) beamline 7-1 as indicated in Table 1. Data were
indexed, integrated, and scaled with HK12000.> Molecular
replacement calculations were carried out with Phaser™
through the CCP4i graphic interface® using ferric camphor-
bound wild type P450cam (PDB code 2CPP) as a search
model. Further structure refinement was performed by using
PHENIX refine.”® Table 1 lists data collection and refinement
statistics.

B RESULTS

Crystal Structures. The ferric camphor-bound structures of
P450cam are shown in Figure 2. The L358A mutant is very
similar to the wild type enzyme. In L358A/K178G two water
molecules replace the missing lysine side chain. Asp182 shifts
~1.3 A away from Asp251 and now H-bonds with one of the

5398

water molecules that also H-bonds with the side chain of
Asp251. When the D182N mutation is added on top of the
L358A/K178G mutation to generate the triple mutant, one H-
bond with Argl86 is lost and the side chain of Asn182 moves
back to its original position, where it forms an H-bond with one
of the new water molecules substituting for Lys178 and also
with the side chain of Asp251 that now adopts a slightly
different orientation compared to the WT enzyme. This
weakens the salt bridge interactions between the Asp251 with
Argl86. In none of the mutants does the peptide of Asp251
display a rotation as seen in CYP101DI, and the H-bond
between Gly248 and the side chain of Thr252 remains tight.
We next solved the structures of the cyanide complexes
because it has been shown that cyanide is an excellent mimic
for the O, complex. When O, binds, the I helix opens up,
enabling key water molecules to enter the active site that form
part of the proton relay network required for O,
activation.”” >* CN™~ coordination to the Fe(III) iron induces
the same structural changes in the I helix as does O, binding to
the Fe(II) iron but has the great advantage of being easier to
prepare for crystallography.”® In all of the mutants electron
density for bound cyanide is clearly observed (Figure 3).
Similar to the wild type cyanide complex, the cyanide molecule
points toward Thr252, which rotates to form a hydrogen bond
with the distal nitrogen atom of CN™. This further results in a
widening of the groove formed by the stretch of residues
encompassing Gly248—Thr252. Overall, the cyanide complex
of all the mutants shows the same conformational change that
is observed in the wild type enzyme. This involves (a) breaking
of the Thr252—Gly248 H-bond, (b) flipping of the Asp251
peptide, and (c) opening of the I helix to accommodate two
new water molecules, each H-bonded to either Thr252 or
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Table 2. NADH Turnover Rates and Kinetic Solvent Isotope Effects”

rate at 0 mM KCl

KSIE at 0 mM KCl

rate at 400 mM KCl KSIE at 400 mM KCl

(in H,0) (in D,0) (in H,0) (in D,0)

P450cam type (min™") (min") (min™") (min™")
WT 930 + 28 1.25 + 0.12 230 + 15 1.22 + 0.09
L358A 725 + 17 1.06 + 0.09 255 + 10 1.13 + 0.11
L358P 610 + 15 1.1 + 0.10 195 +9 1.29 + 0.09
K178G 39S +20 0.96 + 0.08 206 + 15 0.98 + 0.07
L358A/K178G 94 + 6 091 + 0.05 165 + 8 1.03 + 0.06
L358P/K178G 140 + 10 1.29 + 0.11 130 £ 9 1.04 + 0.09
L358A/K178G/D182N 150 + 8 0.97 + 0.09 180 + 9 1.02 + 0.11

“All rates were measured with 50 mM potassium phosphate buffer at pH 7.4 at room temperature. Rates were measured either in the absence or in
the presence of 400 mM KCl. Under the same conditions kinetic solvent isotope effects were also measured and are represented as the ratio of the

rates in H,0/D,0.
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Figure 4. Optical absorption spectra of the WT and mutant P450cam enzymes in SO mM potassium phosphate buffer, pH 7.4, with 3 mM -
camphor in the absence (A) or presence (B) of 400 mM KCl. WT P450cam is shown in orange; mutants L358A (green), K178G (black) L358A/
K178G (magenta), and L358A/K178G/D178N (cyan) are overlaid on the WT spectra.

Gly248. Because the number and position of the catalytic
waters in the active site are the same as in the wild type
enzyme, we conclude that none of the mutations alter the
structure of the proton delivery machinery in the active site.
The differences in the orientation of the side chain of Asp251
and Asp182 that were observed in the ferric camphor-bound
structure of the mutants as described earlier were maintained in
the cyanide structures as well.

Steady State Assays and Spectroscopy. NADH
oxidation assays were carried out with the wild type and the
mutant P450 enzymes as described under Experimental
Procedures. After the reaction was complete, dichloro-
methylene was added to extract the product, which was then
subjected to GC-MS to measure substrate hydroxylation or
actual product formation. All of the mutants showed >95%
coupling, indicating that electrons from NADH are used for
actual substrate hydroxylation and not for the wasteful
reduction of O, to peroxide and/or water. The results of the
activity assays are shown in Table 2. L358A did not have any
major effect on activity, whereas K178G shows a modest
decrease. However, when present together in L358A/K178G,
the mutant enzyme showed a significant decrease in activity
compared to the wild type enzyme, indicating some synergistic
effect of the two mutations. L358P/K178G exhibited a similar
decrease in activity. The mutant L358A/K178G/D182N also
showed significantly reduced activity compared to the wild type

enzyme.

5399

Normally, the binding of camphor shifts the spin state from
low (Soret maximum near 417 nm) to high (Soret maximum
near 392 nm), which also increases the redox potential*" This
change is required for electron transfer from Pdx, and thus the
low-spin form of P450cam is inactive. Spectroscopic character-
ization of the mutants in 50 mM potassium phosphate buffer
with high concentrations of p-camphor shows that mutants that
exhibit a significant decrease in activity are mostly low spin
(Figure 4). This is consistent with a previous study on the
K178Q mutant, which also did not give a complete spin shift.""
Therefore, the low activity of these mutants is most likely due
to a dramatic slowing of the first electron transfer step from
Pdx.

To further test if the first electron transfer was indeed slowed
in the mutant enzymes, stopped-flow studies were carried out
with the wild type and mutant L358A/K178G to measure the
rate of first electron transfer from reduced Pdx (70—80-fold in
excess) to ferric P450cam. The mutant L358/K178G was
chosen because it showed the most significant reduction in rate
in the steady state assays. The rate of reduction for the mutant
enzyme (1.9 s7') was 8—10-fold slower than that of the wild
type enzyme, thus confirming that reduction of the low-spin
mutants is very slow.

The presence of low-spin heme in the mutant enzymes could
be due either to the inability of camphor to bind or to the
possibility that camphor binds but the water molecule at the
sixth coordination site is not expelled. The crystal structures of
the mutant enzymes clearly show camphor density but not

dx.doi.org/10.1021/bi400676d | Biochemistry 2013, 52, 5396—5402
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water coordinated to the iron, so the crystals should be high-
spin, which is inconsistent with low-spin spectra in solution. A
major difference between the crystallization conditions and
steady state assay or UV—vis measurements was the presence of
high concentrations of KCl (400 mM) in the crystallization
reservoir solution, which was absent during enzyme assay or
spectral studies. Several previous studies on P450cam have
shown that K" ions promote camphor binding and active site
dehydration, driving the heme toward forming 100% high-spin
complex upon camphor binding.**”** Moreover, the crystal
structures show that P450cam, but not CYP101D1, has a K*
site very near the key substrate contact residue, Tyr96. K* thus
is important for stabilizing the active site and promotes
substrate binding. We therefore recorded spectra under
conditions similar to those used in crystallization (400 mM
KCl) and found that the mutants now are mostly high-spin
(Figure 4B, lower panel). Additional experiments clearly
showed that the mutants shift to high spin as the K' ion
concentration increases and that the effect was specific for K*
ions only. We next measured the activity at high ionic strength
(Table 2). Although the activity for P45S0cam decreases with
increasing ionic strength,’>** most likely due to poor Pdx
binding, the difference in activity between the mutants and wild
type at high ionic strength was very modest (Table 2). This
strongly suggests that the reason the mutants exhibit
diminished activity at lower ionic strengths (or lower K*
concentration) is that the fraction of low-spin heme is too
high. Because electron transfer to low-spin P450cam either is
very slow or does not occur, the loss in activity is due to the
inability of Pdx to reduce low-spin P450cam.

Kinetic Solvent Isotope Effects on NADH Oxidation.
Kinetic solvent isotope effects (KSIE) are useful probes for
determining the presence of proton transfer in the rate-limiting
step of enzymatic reactions. Previous studies on P450cam
showed that D251IN resulted in a drastic increase in the KSIE as
compared to the wild type enzyme, indicating that this
mutation severely affected proton transfer steps.’® This
hypothesis was supported by the structure of the oxy complex
of this mutant, which showed the absence of catalytic waters in
the active site and hence the lack of a proper proton delivery
mechanism.”” In the present study, NADH turnover assays for
wild type and mutant P450cam enzymes were performed in
D,0 in the presence of either 0 or 400 mM KCI. KSIE for the
wild type P450cam was in agreement with previous studies of
P450cam.>****° In our measurements (Table 2), none of the
mutants showed any significant increase in the KSIE. The
presence of 400 mM KCI did not alter the isotope effect
measurements. These data agree with the structural data on the
cyanide complex of the mutant P450 enzymes, which show that
the proton delivery machinery in the form of the catalytic
waters remains intact in the active site.

B DISCUSSION

In this study we have probed two regions of P450cam that
differ from its close orthologue, CYP101D1. Adjacent to the
proximal Cys ligand P450cam has Leu358, whereas this residue
is Ala in CYP101D1. Mutating Leu358 to either Ala or Pro has
little effect on activity or structure. On the opposite side of the
heme some 15 A away from Leu358, the critically important
Asp251 ion pairs with Argl86 and Lys178, but Lys178 is
replaced with Gly in CYP101D1. Conversion of Lys178 to Gly
also has little effect on activity or structure. However, mutating
both sites results in a large drop in activity owing to the
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mutants being locked in the low-spin state, and low-spin
P450cam is not efficiently reduced by Pdx; thus, activity
decreases. Importantly, the P450cam L358A/K178A mutant
mimics exactly the behavior of CYP101D1, with Ala and Gly at
the positions corresponding to Leu358 and Lysl78 in
P450cam, respectively, as being predominantly low-spin,>®
even in the presence of excess camphor. The mutants thus did,
indeed, convert P450cam into a more CYP101D1-like P450.
The main difference is that CYP101D1, which is about 70%
low-spin even in the presence of excess camphor, is about as
active as fully high-spin P450cam, whereas low-spin P450cam is
inactive. The additional complexity with P450cam is that excess
K* can shift the low-activity mutants to the high-spin form, and
this effect is only marginal in CYP101D1.° Crystal structures of
the CN~ complexes in high K" show the same structural
changes as in wild type P450cam, including positioning of the
key water molecules required for O, activation. These
structures together with our kinetic studies show that the
proton relay network is not altered in these mutants.

It is important to note that being predominantly low spin
also means these mutants favor the open conformation, which
differs substantially from the closed high-spin state owing to
large movements of the F and G helices, which effectively
expose the active site to bulk solvent.*” It is possible that water
could coordinate to the heme iron, camphor remains bound,
and the active site does not adopt the totally open
conformation but, instead, some intermediate state. Indeed, it
has been possible to capture intermediate states using substrate
analogues with long tethering groups that extend out of the
active site.*! However, in the absence of such tethered
substrates/ligands these intermediate states are likely to be
poorly populated so that the two most stable forms, totally
open or closed, dominate. What then requires an explanation is
why these mutants are locked in the low-spin open state.

The P450cam—Pdx crystal structure’ provides a structural
explanation. The structure shows that Pdx favors binding to the
open form of P450cam. The switch between the open and
closed forms is complex and involves a large part of the
protein.*® Pdx binds very near Leu358, and this residue adopts
a new rotamer conformation, which moves the Leu side chain
closer to the heme. The Pro side chain in the L358P mutant
also is closer to the heme® and thus partially mimics® the “push”
effect of Pdx binding. The P450cam C helix moves “up” (Figure
S) to contact Trpl06 in Pdx, and this change is coupled to a
movement of the I helix toward the conformation required for
O, activation as well as large movements in the F and G helices,
which expose the active site. Lys178 and Arg186 are on the F/
G helical segments that change the most and, hence, the
Asp251 salt bridges with these residues are broken. This frees
Asp251 to serve its catalytic function'"'* in shuttling protons to
dioxygen. Thus, the changes near the proximal face of the heme
are coupled to changes in the substrate access channel and
especially the local environment of Asp251 ~15—20 A away,
and so it is not surprising that mutations in regions that are
involved in the open/close transition are synergistic and shift
P450cam to the open low-spin state.

Overall, these results illustrate the delicate balance between
the open and closed conformational states as well as a strong
structural connection between the Pdx binding site (Leu358)
and the region around Asp251 that undergoes a large structural
change in the open/closed transition. It appears that these
complex interactions between spin state, redox partner binding,
and conformational changes are less stringent in CYP101D1

dx.doi.org/10.1021/bi400676d | Biochemistry 2013, 52, 5396—5402
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Figure §. Structure of the P450cam—Pdx complex (PDB code 4JX1).
The C helix moves “up” to better interact with Trpl06 in Pdx. This
movement is coupled to a shift of P450cam from the closed (gray) to
open (cyan) state. Shifting to the open state results in large
movements of the F and G helices and F/G loop, which breaks the
Asp251 salt bridges. Asp251 thus is free to serve its catalytic function.

primarily because this P450 is predominantly low spin even in
the presence of substrate,® but still is as active as P450cam. This
opens up some interesting questions on how two such similar
P450s can behave so differently and what, if any, the
connection is between these various levels of conformational
dynamics, activity, and biological function.
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