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ABSTRACT. Cytochrome P450cin catalyzes the monooxygenation of 1,8-cineole, which is structurally very
similar to b-camphor, the substrate for the most thoroughly investigated cytochrome P450, cytochrome
P450cam. Both 1,8-cineole amdcamphor are ¢ monoterpenes containing a single oxygen atom with
very similar molecular volumes. The cytochrome P456dunbstrate complex crystal structure has been
solved to 1.7 A resolution and compared with that of cytochrome P450cam. Despite the similarity in
substrates, the active site of cytochrome P450cin is substantially different from that of cytochrome P450cam
in that the B helix, essential for substrate binding in many cytochrome P450s including cytochrome
P450cam, is replaced by an ordered loop that results in substantial changes in active site topography. In
addition, cytochrome P450cin does not have the conserved threonine, Thr252 in cytochrome P450cam,
which is generally considered as an integral part of the proton shuttle machinery required for oxygen
activation. Instead, the analogous residue in cytochrome P450cin is Asn242, which provides the only
direct protein H-bonding interaction with the substrate. Cytochrome P450cin uses a flavodoxin-like redox
partner to reduce the heme iron rather than the more traditional ferredoxin-lgredox partner used

by cytochrome P450cam and many other bacterial P450s. It thus might be expected that the redox partner
docking site of cytochrome P450cin would resemble that of cytochrome P450BM3, which also uses a
flavodoxin-like redox partner. Nevertheless, the putative docking site topography more closely resembles
cytochrome P450cam than cytochrome P450BM3.

Cytochromes P450 catalyze the monooxygenation of a vastutilized. Class | is represented by bacterial and mitochondrial

array of molecules as follows: P450s where electrons are shuttled from NADH to a FAD-
N containing ferredoxin reductase, which in turn reduces an
R—H+ NAD(P)H+ O, + H — FeS, redoxin that binds and transfers electrons to the P450.

R—OH + NAD(P)" + H,0 Class I microsc_)mal cytochrome P450s employ a single

FAD/FMN protein called cytochrome P450 reductase that

Electrons are transferred from NAD(P)H to the cytochrome Shuttles electrons from NADPH to the cytochrome P450
P450 heme via a redoxin that contains either PNMNFeS, heme. Cytochrome P450BM3 is a bacterial variation on this
as a cofactor. Traditionally, cytochrome P450s have beentheme where the cytochrome P450 and FAD/FMN reductase

grouped into two classes based on the types of redox partnergre fused together into a single polypeptide chaji2). Now,
however, this simple classification appears to be too limited.

* This work was supported by NIH Grant GM33688 (T.L.P.). Very recently a cytochrome P450 has been discovered that
*The coordinates and the structure factors have been deposited inuses a fused FMN and F& electron donor protein as a
the Protein Data Bank (code 1T2B). reductase that is linked to the C-terminal end of the
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824-7020. Fax: 1-949-824-3280. E-mail: poulos@uci.edu. cytochrome P4503). In addition, a new cytochrome P450,
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of California, Irvine. found that utilizes FAD- and FMN-containing proteins.

$ Program in Macromolecular Structure, University of California, nlike microsomal cytochrome P450s, the FMN and FAD
Irvine. '

I'The University of Queensland. proteins are separate polypeptides (unpublished results).
¥ Department of Physiology & Biophysics, University of California, These last two P450s thus increase the number of P450
Irvine. electron-transfer systems to four. In addition, those P450s
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! Abbreviations: cytochrome P450cin (CYP176Al1), P450 from that do not require a redox partner often are grouped together

Citrobacter braakij cytochrome P450cam (CYP101), P450 from as asingle class, which would increase the number of classes
Pseudomonas putidacytochrome P450BM3 (CYP102), P450 from  to five.

Bacillus megateriumcytochrome P450eryF (CYP107A1), P450 from . . .
Saccropolyspora erythrag&AD, flavin adenine dinucleotide; FMN, The substrate for cytochrome P450cin, 1,8-cineole (Figure

flavin mononucleotide. 1), is produced by eucalyptus trees and is partly responsible
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o H,C—(CH,);—CO,H

cineole (P450cin) camphor (P450cam) fatty acids (P450BM3)

Ol
epothilone D (P450epok) 6-deoxyerythronolide B (P450eryF)
Ficure 1: Chemical structures of substrates of bacterial cytochrome P450s. These substrates were used in solving the substrate complex
structures of cytochrome P450cin (cineole), cytochrome P450cam (camphor), cytochrome P450BM3 (fatty acids), cytochrome P450epok

(epothilone D), and cytochrome P450eryF (6-deoxyerythronolide B). The arrows indicate the carbons that are hydroxylated in cineole and
camphor.

o : o

for the unique and pleasant odor associated with eucalyptus-MgCl, and 1ug/mL DNase and further incubation for 1 h
derived essential oils. 1,8-Cineole is very similar in size and at 4 °C. The cell debris was removed by centrifugation for
structure tm-camphor, the substrate for the most well-known 1 h at 16 000 rpm at 4C. The cell-free supernatant then
and thoroughly investigated cytochrome P450, cytochrome was loaded onto a DEAE Sepharose column equilibrated with
P450cam. Thus far, the structures of cytochrome P450 buffer A. The bound protein was washed with three column
substrate complexes that have been determined by X-rayvolumes of buffer A and two column volumes of buffer A
crystallography are quite diverse with respect to the substratewith 100 mM KCI, and the cytochrome P450 was eluted
structure (Figure 1). These structures have provided importantwith buffer A in the presence of 300 mM KCI. The red-
insights into the range of variations required in the active colored fractions were pooled and concentrated before
site to achieve substrate selectivity. However, there are noloading onto a Sephacryl S200 gel filtration column equili-
structures of cytochrome P450s where the substrates are veryprated with buffer A. At this stage, the pooled fractions gave
similar. Thus, a comparison of the cytochrome P450cam anda single band of-45 kD using SDS PAGE. The concentra-
cytochrome P450cin structures provides an opportunity to tion of the substrate-bound protein was calculated by using
unravel how two cytochrome P450s from quite different ¢ = 132 mMt cm™ at 392 nm 4).

origins structurally adapt to the requirements of substrate  crystallization.Crystallization of cytochrome P450cin was
specificity for substrates with very similar structure, size, carried out using sitting drop vapor diffusion at room
and Shape. A priori, it mlght be eXpeCtEd that the CytOChrome temperature. The S|tt|ng drops Of‘LA prepared by add|ng
P450cin and cytochrome P450cam active sites would be very, uL of 40 mg/mL protein and L of well solution were
similar. Despite the similarity in substrates, cytochrome equilibrated against a well solution comprised of 1.7 M
P450cin is functionally quite different from cytochrome  sodium malonate, pH 6.0, overnight prior to macroseeding.
P450cam in that cytochrome P450cin uses a FMN-containing A single plate crystal used for data collection was carefully
redox partner while cytochrome P450cam uses putidaredoxinseparated from larger crystal clusters. Before crystals were
or Pdx, an Fg5; ferredoxin-like protein. These similarities  frozen in liquid nitrogen for cryogenic data collection,
and differences with cytochrome P450cam make cytochromecrystals were transferred to a solution contairniv sodium
P450cin an interesting target for structural studies and shouldmalonate as cryoprotectant. Cytochrome P450cin crystals
broaden our understanding of the structural basis for substrateyelong to the monoclinic space gro®2;, with unit cell
selectivity and redox partner recognition. Here we report the parameters ot = 62.4 A, b = 68.96 A, c = 105.550 A,

1.7 A structure of the cytochrome P450eisubstrate com- andp = 95.6T.

plex and compare this structure to that of cytochrome

PAS0CaN. Data Collection and Structure DeterminatiorX-ray

diffraction data were collected on beam line 5.0.2 at ALS
(Berkeley, CA) using an ADSC Quantum 210 CCD detector.
MATERIALS AND METHODS Optimization of data collection was guided by the STRAT-

Expression and Purification of Cytochrome P450cin. EGY function of MOSFLM ). All data were reduced using
Cytochrome P450cin was expressed following a published DENZO and SCALEPACK, and rejections were performed
protocol @). The cell pellet was resuspended in 50 mM With SCALEPACK ().
potassium phosphate, pH 7.4, 50 mM potassium chloride, 1 The structure of cytochrome P450cin was solved using
mM EDTA, 0.1 mM PMSF, 0.5 mM DTT, and 750M 1,8- molecular replacement as implemented in MOLRER (
cineole (buffer A). One microgram per milliter leupeptin and using the polyalanine model of cytochrome P450cam (PDB
pepstatin A was added to buffer A. This was followed by accession number 1PHAB) as the search model. Two
cell lysis and incubation of the suspension with 1 mg/mL solutions were found with a correlation coefficient of 0.23
lysozyme fa 1 h at 4°C, followed by the addition of 8 MM  andR = 0.64 using data between 43 and 3.0 A. Phases were
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Table 1: Data Collection and Refinement Statistics

cell dimensions a=62.40 A,b=68.96 A,
c=105.55A 3 =95.67
space group P2,
data resolution (A) 1.7
total observations 350112
unique reflections 97 993
Reyn 0.081 (0.4519
/o0 6.8 (2.0%
completeness 0.998 (1.00)
redundancy 3.57
R factof 0.225
Rfree! 0.262
no. of protein atoms 6292
no. of heteroatoms 104
no. of waters 990
RMS deviation
bond length (A) 0.01
bond angle (deg) 1.34
averageB factor 21.3

aRym = Y|l — OOVY I, wherel is the observed intensity antiio
the averaged intensity of multiple symmetry-related observations of
the reflection” The values in parentheses were obtained in the -
outermost resolution shell (1.72.69).°R factor = X ||Fo| — |Fd/l/ FiGURE 2: Ribbon diagram of cytochrome P450cin. The helices
YIFdl; Fo and F; are the observed and calculated structure factors, and f-sheets were assigned according to PROCHETCH. (The
respectively R free was calculated with the 5% of reflections set aside cytochrome P450cin X-ray structure shows a typical cytochrome
randomly throughout the refinement. P450 fold with a helix-rich domain on the right anggasheet-rich
domain on the left. The unique ordered loop that replaces the B
helix in cytochrome P450cam is indicated by an arrow.

improved and extended to 1.7 A over 50 iterations of density

modification using DM 9) including the solvent flattening  calculations for the substrates and the substrate binding sites
procedure 10), as well as 2-fold noncrystallographic sym- were performed using VOIDOO1E). The electrostatic
metry averaging. ARP/WARP calculationd1f through  surface potentials were calculated using GRASBS. Figures
CCP4i user interface, using improvement of model by atoms were prepared with PYMOL (pymol.sourceforge.net), MOL-
update and refinement mode, were also carried out. The ARP/SCRIPT (L7), and RASTERED 19).

WARP-generated electron density map was of comparable

quality to the map based on DM phases. RESULTS AND DISCUSSION

Beginning with the polyalanine cytochrome P450cam  Qptical SpectraThe cytochrome P450cin used for crystal-
model, side chains of cytochrome P450cin were fit into the |ization exhibited the same spectral properties as reported
electron density map using the graphical model building py Hawkes et al.4). The substrate-free protein gives the
program O {2). However, owing to displacement of some  typjcal low-spin spectrum with a Soret peak at 415 nm. Upon
secondary structural elements in cytochrome P450cin COM-pinding of substrate, 1,8-cineole, the spectrum shifts to 100%
pared to those in cytochrome P450cam, it was necessary ttigh-spin with a peak at 392 nm owing to displacement of
manually adjust stretches of backbone. This was followed the axial water ligand by the substrate. The structure of 1,8-
by deletion of regions of the molecule that lacked clear cjneole ando-camphor are very similar because both are
backbone eIeCtron denSIty. Oneb0% Of the S|de ChaInS bicyc”c ClO monoterpenes (Figure 1) However:camphor
CNS (13) at 1.7 A generated a much improved electron cytochrome P450cin, arel1004M p-camphor was required.
regions, including the N-terminus, the loop that replaced the the traditional cytochrome P450 fold built around conserved
B’ helix region, and the F/G-loop and G/H-loop regions.  four helical bundles in the core of the molecule (Figure 2).

The substrate, 1,8-cineole, was built and energy-minimized The closest structurally defined homologue to cytochrome
in Insight Il and was included in the later stages of the CNS P450cin is cytochrome P450camZ6% sequence identity),
refinement. Waters were added using the WATERPICK and Figure 3 illustrates the difference inaQpositions
routine during several additional rounds of refinement and between these two cytochrome P450s. Those regions with
model building. The final model contains a total of 7268 the lowest rms deviation are closest to the heme and include
atoms, residues Met8Glu404, heme, 1,8-cineole, and 990 the cysteine-ligand region and helices | (residues—2240)
water molecules. There are threis-proline residues found  and L (residues 343360). The largest differences-5.5—
in each molecule. The refined structure Ras. andR values 6.2 A) occur around residues 886, which form the Bhelix
of 26.2% and 22.5%, respectively. Backbone geometry wasin cytochrome P450cam but are only a loop in cytochrome
checked in PROCHECK?14). All of the residues fall into P450cin (Figure 4). The+G loop (residues 169172), the
the allowed region in the Ramachandran plot with the only N-terminus (residues-842), and the N-terminal end of the
exception being Met90, which is well defined in clear G helix (residues 173196) are also significantly different
density. The atomic coordinates have been deposited to thewith a rms deviations ranging from 2.4 to 5.7 A. Large
Protein Data Bank with the PDB code 1T2B. Data collection differences in the Bhelix region and the F and G helices
and refinement statistics are provided in Table 1. Volume are normally observed in cytochrome P450s because these
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Ficure 3: The rms deviation of & backbones between cytochrome P450cam and cytochrome P450cin plotted against the residue numbers
of cytochrome P450cin. The backbone coordinates of cytochrome P450cam and P440cin were superimposed using the program LSQMAN.
There is a major difference around thellix of cytochrome P450cam, which is replaced by a well ordered loop in cytochrome P450cin.

Cineole

FiGure 4: Superimposition of P450cin (red) and P450cam (cyan) ,
showing the F and G helices and the P450carheiical region all :

of which define the substrate access channel. The arrow highlights CY534? £,

the region where P450cam has thiehlix while P450cin has an B,

ordered loop.

Leu340

regions provide an entry channel for substrates as well as
providing ke_y Substrate contact points. FIGURE 5: 2F, — F. composite omit map contoured at &.6f the
Heme Emironment. As in all cytochrome P450s, the substrate and its immediate surroundings. Hydrogen bonds are

proxima| heme Cysteine |igand, Cy5347 in Cytochrome indicated by dashed lines. Asn242, which replaces Thr252 in

in i i R i ; cytochrome P450cam, donates a hydrogen bond to the substrate
P450cin, is situated near the N-terminal end of the proximal (1.8-cineole) ether oxygen. An ordered water molecule (W104)

L helix (Figure 5), and the sulfur of the cysteine ligand 3y es hydrogen bonds bridging between Tyr81, which is located
accepts one H-bond from a peptide NH group, Gly349 in in the loop region that corresponds to thetlix of cytochrome
cytochrome P450cin. The one unique structural feature in P450cam, and Asn242. The conserved acidic residue on the I helix
cytochrome P450cin is Leu340 (Figure 5), which is situated in cytochrome P450s, Asp242 in cytochrome P450cin, also makes
adjacent to Cys347 and contacts the proximal surface of the2 Nydrogen bond with a water molecule (W170). The residue located
._“adjacent to the Cys347 (cysteine ligand) and shielding the heme
heme. In all other known cytochrome P450 structures, this poximal face is a phenylalanine conserved in most other cyto-
residue is phenylalanine. Studies on P450BM3 mutants chrome P450s but substituted by Leu340 in cytochrome P450cin.
(Phe393Ala, Phe393His), showed that the phenylalanine is
not essential for electron transfer to the heme or for phenylalanine residue was observed to play an important role

stabilizing heme binding 10). However, the conserved in the control of the reduction potential.
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P450cin P450cam

FiIGUrRe 7: A comparison between the cytochrome P450cin (A) and
cytochrome P450cam (B) active sites. Residues in cyan are those
Ficure 6: Comparison of the | helix in cytochrome P450cin and with a one-to-one correspondence in position but not identity
cytochrome P450cam. Hydrogen bonds are indicated by dashedbetween the two structures. The two tyrosine residues that are
lines. Note that the | helix kink is more pronounced in cytochrome unique to each cytochrome P450 are brown.

P450cam, which leaves a large enough opening in the helix to

accommodate a water molecule. to be important in oxygen activation, Asp251 in cytochrome

| Helix. In the majority of known cytochrome P450 P450cam 23, 26), is conserved in cytochrome P450cin
structures, the | helix is the longest helix in the structure (ASP241). Asp241 ion pairs with Arg239, as well as a cluster
and runs over the distal surface of the heme. A local break ©f solvent molecules. This is similar to cytochrome P450cam
in the normala-helical hydrogen-bonding pattern forces the Where Asp251 makes salt bridges with Arg186 in the F/G
| helix to kink near the site of ©binding. In cytochrome ~ 100p and Lys178 in the F helix, although Asp251 in
P450cam, two key residues, Asp251 and Thr252, are situatecfytochrome P450cam is less solvent-exposed.
at this local helical distortion, and both residues are thought ~Substrate Binding RegioThe B helix region provides
to be essential for the proper delivery of solvent protons to key substrate contact points in cytochrome P450s. We were
the iron-linked @ molecule(8, 20—23). Thr252 in cyto- somewhat surprised to find that thé Belix is absent in
chrome P450cam also plays an important structural role, Cytochrome P450cin and instead is replaced by a loop that
since the Thr252 side chain OH donates a H-bond to theis well defined in the electron density map. Since this loop
carbonyl oxygen of Gly248 (Figure 6). In a normal helix, in cytochrome P450cin contacts the F and G helical regions,
Gly248 would H-bond with the peptide NH of Thr252, but the G helix and F/G loop are pushed out further from the
the distance between these potential H-bonding partners isactive site compared to those in cytochrome P450cam (Figure
4.7 A owing to the local widening of the helical groove. 4). Such large differences were unexpected owing to the
This kink in the | helix provides an opening into which an  striking similarity in the two substrates;camphor and 1,8-
ordered water molecule is situated to satisfy some of the cineole (Figure 1). Both bicyclic monoterpenes have es-
missing helical H-bonds (Figure 6). The | helix kink is not sentially the same molecular volumes, 33.59 and 33.33 A
nearly as pronounced in cytochrome P450cin (Figure 6). Onerespectively. The internal volume of the substrate pocket
reason is that Asn242 in cytochrome P450cin replaces thecalculated with VOIDOO also is very much the same, 256
conserved Thr252 in cytochrome P450cam. Asn242 does no@nd 264 & for cytochrome P450cin and cytochrome
serve a similar structural role since the bulkier Asn242 side P450cam, respectively.
chain is oriented away from the | helix and toward the  1,8-Cineole is anchored in place primarily by nonpolar
substrate where the Asn242 side chain provides the onlyinteractions with the exception of the substrate ether oxygen
H-bonding interaction with the substrate (Figures 5 and 6). atom, which accepts a H-bond from Asn242 (Figures6 and
Moreover, the Asn242 peptide NH accepts a normal H-bond 7). 1,8-Cineole is positioned such that the atom to be
from the peptide carbonyl oxygen of Gly238. As a result, hydroxylated (Figure 1) is abos A from the iron compared
the | helix in cytochrome P450cin does not widen as much to 4.2 A in P450cam. In those substraf@otein contact
as that in cytochrome P450cam leaving insufficient room regions where the secondary structural elements are con-
for a solvent molecule. served between P450cin and P450cam, there is in general a

Such subtle differences are important since Thr252 and one-to-one correspondence in the location, but not identity,
the local solvent are key elements in providing the proper of residues contacting the substrate (Figure 7). For example,
proton shuttle machinery required for reduction and activa- those residues forming the nonpolar substrate pocket in
tion of the iron-linked dioxygen24). Cytochrome P450cin ~ P450cin, Thr77, Leu88, Leu237, Val386, and Ala285,
provides a variation on this theme given that Thr252 is correspond to Phe87, Phe98, Val247, Val396, and Val295,
replaced by Asn242 and the local solvent structure is quite respectively, in P450cam. The main difference is in the
different. Cytochrome P450eryF is another example of a location of one key tyrosine residue in each cytochrome
cytochrome P450 with a non-cytochrome P450cam proton P450. Tyr96 in the cytochrome P450cam is part of the B
shuttle mechanism. Here Thr252 is replaced by alanine andhelix and provides the only H-bond to the camphor carbonyl
the substrate itself provides the missing threonine OH group oxygen atom. Tyr81 in cytochrome P450cin indirectly aids
(25). Precisely how cytochrome P450cin compensates for in substrate binding by H-bonding to Asn241 via a bridging
the missing threonine OH group is unclear. Perhaps Asn242water molecule (Figure 5). Tyr81 is part of the loop that
serves a dual function in both anchoring the substrate in placereplaces the Bhelix in cytochrome P450cam, and there is
and assisting in proton delivery. Alternatively, the ether no structural homologue in cytochrome P450cam. Owing to
oxygen of the substrate may play a part in directing proton the similar size and shape of substrates, we had anticipated
delivery. The other key | helix residue generally considered that only a handful of mutations would be required to
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A. Proximal We next examined in more detail the structure forming
Q.”‘ LW v the redox partner docking site. Given the similarity in redox

1> partners, it might be anticipated that the proximal surface

?‘ ?} docking site in cytochrome P450cin would more closely

R & Te resemble that of cytochrome P450BM3 and the structurally

P ? related microsomal cytochrome P450s than that of cyto-

- chrome P450cam. However, a comparison of the docking

— o PASOBM3 surfaces (Figure 9) shows just the opposite: cytochrome
P450cin more closely resembles cytochrome P450cam than

B. Distal _ cytochrome P450BM3. This is due primarily to the longer J

helix and an extra'Jhelix, as well as an insertion in the
meander region in cytochrome P450BM3 relative to cyto-
chrome P450cin and cytochrome P450cam that generates a
more pronounced concave docking site in cytochrome
P450BM3. However, all three proteins have a conserved
residue important for redox partner binding located at the

cytochrome P450cam, and cytochrome P450BM&&tkcal/mol, ' same posmor_]. Arg112 in cytochrome P4500am_ has been
where the positive potential is shown in blue, negative potential in shov_vn to b_e |mporta_nt fpr electron transfer and is thought
red, and neutral in white. The top view in panel A is on the proximal t0 directly interact with its redox partne2$—31). Cyto-
surface, the putative docking site for redox partners where heme chrome P450cin also has an arginine (Arg102) at the location.
has the closest approach to the protein surface. The panel B isThe corresponding residue in cytochrome P450BM3 is
\(/i%\;\'/ed on the distal surface. This figure was prepared with GRASP | .1 00 (Figure 9), and the structure Qf the cyt(_)chrome
P450BM3 redox complex shows that His100 provides one
interchange the substrate selectivity of cytochrome P450camof the few direct side chain intermolecular contacts with the
and cytochrome P450cin. FMN domain @8). Hence, we anticipate that Arg102 in
Interaction with the Redox Partne©One of the more cytochrome P450cin may well play a similar role in forming
interesting and unusual features of cytochrome P450cin isa redox complex with cindoxin.
that this is the first, and to date only, bacterial cytochrome
P450 that utilizes a FMN-containing flavodoxin-like redoxin CONCLUSIONS
(cindoxin) as its immediate electron donor. In contrast, To date, cytochrome P450cin is the closest homologue to
cytochrome P450cam utilizes an JBg ferrredoxin-like cytochrome P450cam with respect to the size, shape, and
protein, putidaredoxin, PdX2{). The other bacterial cyto- chemical composition of the substrates, camphor vs 1,8-
chrome P450 known to utilize a FMN-containing donor is cineole, whose X-ray structure is known. Nevertheless,
cytochrome P450BM3, although in this case the cytochrome secondary structural elements forming key substrate contact
P450 heme and reductase domains are linked together as aoints are substantially different. The key difference is the
single polypeptide chain. Additionally the reductase domain location of the protein hydrogen-bonding partner. Tyr96 in
of P450BM3 is analogous to cytochrome P450 reductase, cytochrome P450cam, which hydrogen bonds with camphor,
the redox partner utilized by microsomal P450s. The one is next to the Bhelix, whereas the key residue that forms a
known structure of a cytochrome P450 electron-transfer hydrogen bond with 1,8-cineole is Asn242 from the | helix
complex is that of the cytochrome P450BM3 heme domain in P450cin. Cytochrome P450cin also has a tyrosine in the
complexed to its FMN domair2g). The FMN domain docks  active site, Tyr81, although in this case Tyr81 does not
on the proximal surface of the protein where it has closest directly contact the substrate. Instead, Tyr81 hydrogen bonds
approach from the molecular surface to the heme via awith Asn242 via a bridging water molecule. Despite these
cysteine thiolate ligand containing loop. This also is the same differences, it is somewhat surprising tbatamphor induces
region at which putidaredoxin is thought to bind to cyto- only a slight low to high spin shift. The absence of the Tyr96
chrome P450cam2@—31). Electrostatic interactions are hydrogen bond to camphor cannot be the main reason that
generally considered to be important in the binding of redox camphor does not bind to cytochrome P450cin, since the
partners. The electrostatic surface potential of cytochrome Tyr96Phe in cytochrome P450cam mutant still binds cam-
P450cin, cytochrome P450cam, and cytochrome P450BM3phor albeit with a 2-fold increase iy (32). Presumably,
are shown in Figure 8. All three cytochrome P450s have a the difference in affinity between-camphor and cineole is
similar electropositive patch over the heme surface that very due to the location of the tyrosine protein hydrogen bonding
likely is used to interact with the electronegative redox partner and the sum of more subtle binding effects generated
partner (Figure 8A). Another factor contributing to redox by the precise tailoring of the shape of the active site of
partner recognition is the asymmetry of charge, which can cytochrome P450cin. Like cytochrome P450cam, cytochrome
generate substantial dipole moments, which also are impor-P450cin is expected to utilize a rigid network of active site
tant for recognition and binding. All three P450s under H-bonds to deliver solvent protons to the heme-oxy complex
discussion here have a large electronegative patch on theor oxygen activation. Nevertheless, the structural details of
distal surface (Figure 8B), which generates a dipole oriented how this is achieved in cytochrome P450cin must be quite
toward the L helix on the proximal surface where redox different. Cytochrome P450cin lacks Thr252 (cytochrome
partners bind. The computed dipole moment for cytochrome P450cam numbering), which is generally considered impor-
P450cin, 869 D, is larger than that for cytochrome P450cam, tant for the proton shuttle machinery, and instead has Asn242,
679 D, and cytochrome P450BM3, 640 D. which provides the only hydrogen bond to the substrate.

FicUrRe 8: Electrostatic surface potential of the cytochrome P450cin
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Ficure 9: Stereodiagram showing a comparison between cytochrome P450cin (green) and cytochrome P450BM3 (panel A in blue) or
cytochrome P450cam (panel B in blue). Key residues known to be important for redox partner binding are indicated.

Structures of diatomic complexes, especially the oxy-
complex, will be required to shed more light on this point.
Finally, the redox partner docking site in cytochrome P450cin
more closely resembles cytochrome P450cam than cyto-
chrome P450BM3 even though cytochrome P450cin uses a
FMN-containing redox partner rather than an$econtain-

ing partner. This provides an important variation that can,
hopefully, enable a deeper understanding of redox partner
recognition and electron transfer.
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