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Abstract

Both CYP158A1 and CYP158A2 are able to catalyze an oxidative C-C coupling reaction
producing biflaviolin or triflaviolin in Streptomyces coelicolor A3(2). The substrate-bound crystal
structures of CYP158A2 and CYP158A1 reveal that the side chain of 11e87 in CYP158A2 points
to the active site contacting the distal flaviolin molecule, however, the bulkier side chain of Lys90
in CYP158A1 (corresponding to 11e87 in CYP158A2) is toward the distal surface of the protein.
These results suggest that these residues could be important in determining product
regiospecificity. In order to explore the role of the two residues in catalysis, the reciprocal
mutants, 11e87Lys and Lys90lle, of CYP158A2 and CYP158A1, respectively, were generated and
characterized. The mutant 11e87Lys enzyme forms two isomers of biflaviolin instead of three
isomers of biflaviolin in wild-type CYP158A2. CYP158A1 containing the substitution of lysine
with isoleucine has the same catalytic activity compared with the wild-type CYP158A1. The
crystal structure of 11e87Lys showed that the BC loop in the mutant is in a very different
orientation compared with the BC loop in both CYP158A1/A2 structures. These results shed light
on the mechanism of the oxidative coupling reaction catalyzed by cytochrome P450.
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The cytochrome P450 (P450 or CYP) enzymes belong to a superfamily of heme-containing
monooxygenases responsible for biosynthesis of physiologically important compounds and
metabolism of drugs and other toxic compounds [1-3]. P450s are distributed in all biological
kingdoms from viruses, bacteria, fungi, and plants to mammals, including humans. More
than 15,000 P450 genes have been identified in this superfamily
(http://drnelson.uthsc.edu/cytochromeP450.html). However, for the majority of these P450s
the biological function and endogenous substrates are unknown. There are 18 CYP genes in
the model actinomycete Streptomyces coelicolor A3(2) [4, 5]. CYP158A2 is a member of a
highly conserved operon and catalyze phenolic oxidative C-C coupling reactions of flaviolin
to biflaviolin and triflaviolin [6, 7]. The flaviolin polymers are thought to provide physical
protection for this soil bacterium against the deleterious effects of UV irradiation on genetic
integrity [8, 9]. CYP158A1 can only produce 3,3"-biflaviolin and 3,8"-biflaviolin with quite
different molar ratios compared with the products from CYP158A2, which produces three
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isomers of biflaviolin and one triflaviolin [6]. The substrate flaviolin-bound crystal
structures of CYP158A1 and CYP158A2 reveal that two molecules of flaviolin can bind to
the enzymes at the same time. Both the proximal flaviolin molecules in CYP158A1/A2 are
near the heme iron, however, the distal flaviolin molecules are bound in very different
locations in the CYP158A1/A2 structures. In CYP158A1, the distal flaviolin is at the
entrance of the substrate access channel and 9 A away from the proximal flaviolin. In
CYP158A2, the two flaviolin molecules are about 4 A apart from each other, which could
make positional sense for a coupling reaction [6]. It is unknown how these two enzymes
catalyze the oxidation of the same substrate (flaviolin) while controlling stereo- and
regiospecificity. Furthermore, crystal structures of CYP158A1/A2 suggest that several key
residues in the active sites associated with flaviolins are different. The most striking
difference is that the side chain of 11e87 points toward the active site and contacts the distal
flaviolin molecule in CYP158A2, while the bulkier side chain of Lys90 in CYP158A1
(corresponding to 11e87 in CYP158A2) is orientated away from the BC loop, toward the
distal surface of the protein. The sequence alignment among the CYP158 family confirmed
the above differences. 11e87 in CYP158A2 is highly conserved in all other CYP158 family
members (Fig. 1). In order to explore the structural basis of stereo- and regiospecificity of
phenolic coupling reactions of CYP158A1/A2, we characterized mutants 11e87Lys and
Lys90lle of CYP158A2 and CYP158A1 respectively and determined the crystal structure of
the 11e87Lys mutant of CYP158A2.

Herein, we show that the 11e87Lys mutant in CYP158A2 significantly changes the ratios of
the dimerization products converting CYP158A2 into a CYP158A1-like monooxygenase.
However, when the corresponding Lys90 in CYP158A1 is mutated to isoleucine as found in
CYP158A2, the catalytic activity of Lys90lle does not change at all compared with the wild
type CYP158A1. The crystal structure of 11e87Lys suggests that the overall BC loop
topology of the mutant is very different from the BC loop in both wild type CYP158A1/A2
structures. Our results indicate that the overall active site environments and multiple
residues contribute to the regiospecificity during catalysis and together shed light on the
mechanism of the unusual P450-catalyzed C-C bond formation.

Experimental Procedures
Site-directed Mutagenesis of the CYP158A1 and CYP158A2 Genes

The CYP158A1/A2 proteins were genetically engineered to contain a His4-tag at the
carboxy-terminus using a polymerase chain reaction (PCR)-based strategy as described
previously [6, 7]. The QuikChange mutagenesis kit (Stratagene) was used for construction
of site-directed mutants. The primers were: CYP158A2 11e87Lys forward: 5'-
CGCCCCCCACTTCAAGCCTGCCCGCGGCG-3'; CYP158A2 1le87Lys reverse: 5'-
CGCCGCGGGCAGGCTTGAAGTGGGGGGCG-3'; CYP158AL1 Lys90lle forward: 5'-
CGCCCCGCACTTCATCCCGCGGCCCGGCTCGC-3"; CYP158A1 Lys90lle reverse: 5'-
GCGAGCCGGGCCGCGGGATGAAGTGCGGGGCG-3'. The integrity of the mutant
sequences was confirmed by DNA sequencing.

Expression and Purification of Mutants of CYP158A1/CYP158A2

The expression and purification of the mutants were performed as described previously [7].
Recombinant proteins were produced in E. coli BL21 (DE3) pLysS competent cells. Briefly,
the cells were cultured in LB broth containing 50 ug/ml ampicillin overnight. The
transformed E. coli inoculated (1:100) in 1 liter of Terrific Broth containing 100 ug/ml
ampicillin were grown at 37 °C and 240 rpm. After induction with 1 mM isopropyl-B-D-
thiogalactopyranoside and the addition of 1 mM &-aminolevulinic acid, growth was
continued for an additional 20 h at 27 °C and 190 rpm. The cells were harvested by
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centrifugation and resuspended in 100 ml of lysis buffer. Cells were broken by freeze-
thawing and the cytosol isolated following centrifugation at 100,000 x g. The soluble
mutants were purified by metal (Ni2*) affinity chromatography (Qiagene) followed by S-
Sepharose/Q-Sepharose (Amersham Bioscience) chromatography [7].

Spectral Substrate Binding and Activity Assays

Spectral and catalytic activity assays were carried out as reported previously for CYP158A2
using flaviolin as a substrate [7]. Absorbance difference spectra were recorded using a
double beam Shimadzu UV-2401PC spectrophotometer. The interaction of flaviolin with
mutants was examined by perturbation of the heme Soret spectrum. 11e87Lys and/or
Lys90lle were divided between two tandem cuvettes. Variant concentrations of flaviolin in
5% methanol were added to the sample cuvette to give a final ligand concentration in the
range of 1-150 uM. An equal volume of 5% methanol was added to the reference cuvette,
and the difference spectrum recorded after each titration. The Hill coefficient was obtained
from a plot of logy(AA(382-418)/[AAmax-AA(382-418)]) vs logyo[flaviolin]. K4 values
were estimated by fitting plots of AA 382-418 vs [flaviolin]. For activity assays, 11e87Lys
and/or Lys90lle were reconstituted in 400 ul of 20 mM Tris-HCI buffer (pH 8.2) and
flaviolin (0.26 umol). Following incubation of the reaction mixture for 5 min on ice, the
reconstituted enzyme solution was placed in a shaking water bath at 37 °C. The reaction was
initiated by the addition of NADPH to a final concentration of 1 mM and was carried out for
2 hin a 1.5-ml test tube, at which time the reaction was terminated by addition of 4 ul of
concentrated HCI. Subsequently the mixtures were extracted with ethyl acetate. The product
formation was analyzed by LC/MSMS (Liquid Chromatography-Mass spectrometry) [7].
UV detection was measured at 254 nm. The kinetic parameters were calculated by a
nonlinear regression fit to the Michaelis-Menten equation using the GraphPad Prism
software (GraphPad Software Inc., San Diego, CA).

Crystallization and Data Collection

Crystals of 11e87Lys of CYP158A2 were obtained using hanging-drop vapor diffusion, in
which 2 pl of a 20 mg/ml protein solution was mixed with an equal volume of 0.1 M bis-
Tris (pH 6.5), 1.2 M ammonium dihydrogen phosphate. At 20 °C, the ligand-free crystals
appeared within a few days; to attempt to generate the substrate flaviolin-bound crystals,
flaviolin (1 mM, containing 2% (v/v) methanol) was mixed with 11e87Lys protein solution
before crystallization; The crystals belong to the monoclinic space group P2(1) (Table 1).
Full diffraction data were collected at 100 K at the Southeast Regional Collaborative Access
Team (SER-CAT) 22-BM beamline at the Advanced Photon Source, Argonne National
Laboratory, Argonne, IL. The X-ray data were processed and scaled with the HKL package
programs HKL2000 [10].

Structure Determination

The structure of the CYP158A2 11e87Lys mutant was determined by molecular replacement
using the program PHASER [11] and the substrate-free CYP158A2 structure (Protein Data
Band code: 1SEB) as a search model. The initial model was built in COOT [12] and
refinement was performed using CNS1.3 [13]. There were two molecules of 1le87Lys in the
asymmetric unit. Final refinement statistics are given in Table 1. The coordinates and
associated structure factors have been deposited with the Protein Data Bank (accession
codes: 3TZO). Figures were generated by Pymol [14]. Attempts to generate complexes with
flaviolin in the active site of 11e87Lys failed because no electron densities corresponding to
flaviolin were over the heme in the structure.
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Substrate binding and catalytic activities of lle87Lys in CYP158A2 and Lys90lle in

CYP158A1

The crystal structures of flaviolin-bound CYP158A1 and CYP158A2 identify several key
residues that are in contact with two flaviolin molecules in the active sites [6, 7]. These
residues locate the flaviolin molecules in very different positions in the two enzymes. In
CYP158A2, the two flaviolin molecules are stacked closely together (4 A) over the heme
plane. In CYP158A1, there is one flaviolin in the heme pocket located essentially in the
same position as the proximal substrate in CYP158A2. The other is bound at the mouth of
the substrate access channel [6]. To explore the regiospecificity of the oxidative coupling
reaction, we have carried out site-specific mutagenesis of CYP158A1/CYP158A2 and have
prepared the 11e87Lys mutant in CYP158A2 and Lys90lle mutant in CYP158A1 (Fig. 1).
11e87 in CYP158A2 is in contact with the distal flaviolin molecule and provides the ceiling
over the naphthoquinone ring on the BC loop. The 11e87Lys and Lys90lle mutants produce
normal reduced carbon monoxide difference spectra essentially identical to those of the wild
type enzymes. The spectra of flaviolin binding for the two mutant proteins are typical type |
P450 binding spectra, like the wild type enzymes, converting the low-spin heme Soret peak
to a high-spin peak at 383 nm. The binding affinities of flaviolin for the wild type
CYP158A2 and 11e87Lys are 7.3 and 43.2 uM and for wild type CYP158A1 and Lys90lle
are 10.5 and 16.9 uM, respectively. In addition, the Hill coefficients for both mutants are
about 1.1 indicating that only one flaviolin molecule binds to the heme iron, when compared
to that for wild type CYP158A2 (~1.7), which indicates that two flaviolin molecules are in
the active site (clearly confirmed by x-ray crystallography) [7].

Electrospray mass spectrometry analysis of product formation from flaviolin by the 11e87Lys
mutant shows that only two isomers of biflaviolin with a mass of 410 (MH* 411, P1 tR 13.8
min; P2 tR 14.2 min) are generated and there are no detectable products for the third
biflaviolin isomer (P3) and triflaviolin (P4) which are generated by wild type CYP158A2
(Fig. 2). The products were identified, as described previously, based on their retention time
and mass spectrometry data [6, 7] and a few minor peaks are observed on the
chromatographic trace which are not related with the oxidation by CYP enzymes as
described previously [7]. These results indicate that the 11e87Lys mutant can catalyze the
oxidative C-C coupling reaction as the wild type CYP158A2. However, it can only produce
two isomers of biflaviolin identical to those obtained with the wild type CYP158A1. Isomer
distribution from the 1le87Lys mutant (P1:P2 = 60:40) showed a significant increase in
product P1 and decrease in product P2, which are opposite of the product ratios of wild type
CYP158A1 (P1:P2 = 10:90). Interestingly, the catalytic reaction of the Lys90lle mutant with
flaviolin shows a very similar product profile to that of wild type CYP158A1 (Fig. 2). Thus,
these results indicate that the 11e87Lys and Lys90lle mutants can accommodate the same
substrate (flaviolin) and generate the same products (P1 and P2), but with very different
molar ratios. Each enzyme has its own catalytic specificity, which suggests that there are
some differences in the overall topologies of the active sites.

lle87Lys mutant crystal structure

While I1e87Lys can produce two biflaviolin isomers during catalysis, when flaviolin was
added for the co-crystallization experiments there is no electron density responsible for the
flaviolin substrates in the active site pocket as found in the wild type CYP158A2 flaviolin-
bound complex. This may be related with the relatively high binding constant for the mutant
compared with the wild type enzyme. Thus, the mutant structure is a ligand free structure
showing the traditional P450 fold as seen in CYP158A1/A2 [6, 7] and other P450 structures
[15]. The overall structure exhibits the “open” conformation also observed for ligand-free
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CYP158A2 (Fig. 3A). There are two molecules in the asymmetric unit and they are almost
identical except that the F/G loop in molecule A is a little longer than that in the molecule B
because there is one more alpha helical turn in the G helix in molecule B. This may suggest
that the G helix is dynamic and could lead to a change in the conformation of the substrate
access channel. A big cleft exists between the BC loop and the FG loop creating an opening
on the protein distal surface about 18 A wide (Fig. 3B). The BC loop is flipped up towards
to the protein surface to build the left wall and the F/G helices are rotated out of the active
site to form the right wall of the cleft so that the heme and the I helix are exposed to the
solvent. This opening on the distal surface should allow substrate access to the active site of
the enzyme [16]. Additionally, owing to the absence of substrate, the substrate access
channel is filled with eighteen water molecules. Two water molecules hydrogen bond with
Arg288 which is a key substrate binding residue in both wild type CYP158A1/A2 enzymes
[6, 7] and five water molecules are just over the heme, one of them coordinating with the
heme iron at the sixth position at a distance of 2.22 A. This is in the normal range for most
other P450s [17]. When flaviolin enters into the active site, some of those water molecules
would be pushed out and some other active site waters would be rearranged into positions
that take part in a proton relay system helping dioxygen activation [18]. The side chains of
Arg71, His101, Arg105, Arg295, Tyr318, and His351 hydrogen bond with the heme
propionate moieties to stablize the heme ligation with the protein [19]. R71 also plays an
important role in substrate binding to make the hydrogen bonding connection with the
ketone of the proximal flaviolin molecule [6, 7].

The Active site of [le87Lys mutant

The overall structure of the 11e87Lys mutant is very similar to that of ligand free CYP158A2
except for the BC loop and FG loop regions. In wild type CYP158A2, the key active site
residues for substrate recognition and binding of flaviolin are Arg71, 11e87, Leul79, lle241,
His287, Arg288, Leu293, Leu393 [7]. In the mutant structure, both the side chains of Arg71
and Arg288 are oriented toward the active site pocket of the enzyme, and the guanidinium
group of Arg288 forms hydrogen bonds with two ordered water molecules. The imidazole
ring of His287 has a weak hydrogen bonding interaction at 3.5 A with the Ala245 carbonyl
in the I helix. Interestingly, the nitrogen atom from the imidazole ring of H287 forms a
hydrogen bond at 2.8 A with the 5-hydoxyl group of the proximal flaviolin through a water
molecule (WAT505) in the CYP158A2 flaviolin complex [7]. WAT505 is not present in the
ligand free structure and is repositioned during the substrate binding. Thus, after the
proximal flaviolin binding to the active site, WAT505 is reordered in the active site so that it
can induce the rotation of the imidazole ring of His287 for the hydrogen bonding interaction.
In addition, the side chain methyl group of Leu293 in both the ligand free and the flaviolin-
bound structures is rotated away from the active site. In the flaviolin complex, the methyl
group of Leu293 is 4.2 A from the carbonyl C1 of the distal flaviolin. The orientation of the
side chain of Leu293 would make more room for distal flaviolin binding. However, in the
mutant structure, the side chain of Leu293 is flipped to the opposite direction compared with
the wild type enzyme. This orientation reduces the space for binding of the distal flaviolin. If
the distal flaviolin is bound to the 11e87Lys in the same position as in the wild type enzyme,
the side chain of Leu293 in Ile87Lys would conflict sterically with the distal flaviolin.

The major differences between 11e87Lys and the wild type CYP158A2 are located in the BC
loop (Fig. 4). In wild-type CYP158A2, the residues between Leu82 and Gly94 in the BC
loop form a reverse “W” shape and the 11e87 is located in the middle of the “W” pointing
into the active site. However, in the mutant structure, the same residues (Leu82 to Gly94)
stretch to produce a straight loop structure and form a reverse “U” shape away from the
active site. Although the BC loop is the most variable region in all P450s [20], it is
surprising to observe that the overall BC loop topology is so different from that in the wild
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type CYP158A2 due to the single amino acid change. Together, these results may confirm
the hypothesis that there would be steric collision with other active site residues if the
bulkier side chain of lysine served a similar role in the mutant 11e87Lys as 11e87 does in
CYP158A2. This substitution is the main reason why the BC-loop conformation does not
dip into the active site in the mutant structure. The differences in the BC loop structures
between the mutant and wild type imply that the loop topology is only related with the
intrinsic property of the specific residue and is not triggered by substrate binding since both
are substrate free structures. Furthermore, these structural features in the mutant 11e87Lys
open up the ceiling of the substrate binding pocket and build substantially different active
site environments compared with the wild type CYP158A2. The topologies of the FG loop
between the mutant and the wild type are very similar. The flipped BC loop in the mutant
structure may make more room for the FG loop to swing back and forth so that the FG loop
in the mutant structure shows small differences in the alpha helical turn and moves more
toward the BC loop than in the wild type structure. These changes in the mutant active site
may explain why the binding constant of 11e87Lys is almost seven fold lower than that of the
wild type enzyme and also why it is difficult to obtain the substrate bound complex. The
quite different BC loop structures between the mutant and wild type CYP158A2 result in
substantial topology changes of the active site so that 11e87Lys can only generate two dimers
instead of three isomers of biflaviolin.

Detailed Comparison with CYP158A1

Some structural differences between wild type CYP158A1 and CYP158A2 were reported
earlier [6]. However, the most interesting structural feature of the 11e87Lys mutant is
whether the second flaviolin binding site would be the same as in CYP158A1. The second
flaviolin binding site in CYP158A1 includes Lys90/His88 in the BC-loop and Lys195/
Tyr199 from the G helix (Fig. 5). These residues form a small hydrophilic cavity between
the BC loop and FG helical region to trap the ligand on the distal surface of the protein.
However, in the mutant structure, as shown in Fig. 5, the side chains of residues 86-95 in the
BC loop region show different orientations from those in CYP158A1. The side chains of
Lys87 and Arg90 are rotated away from the active site toward the B helix in the mutant,
while the side chains of Lys90 and Arg92 in CYP158Alare orientated toward the G helix.
Although His85 in the mutant structure occupies the same position as His88 in CYP158A1,
the imidazole ring of His85 points in the opposite direction compared with that of His88 in
CYP158A1. In addition, Tyr199 in CYP158AL1 corresponds to Asp196 in CYP158A2.
These differences indicate that there is no second flaviolin binding cavity located in the
mutant structure even though the BC loop in 11e87Lys is away from the active site.

Another difference is that the | helix of both the mutant and wild type CYP158A2 is
significantly longer than that of CYP158A1. There are two less helical turns at the C-
terminal end of the | helix in CYP158A1, which results in a longer loop motif between the H
and I helices. This longer loop is located between the BC loop and H helix and substantially
decreases the interactions between the BC loop region and the | helix. The C-terminal end of
the I helix in CYP158AL1 is bent toward the BC loop compared to the straight | helix in the
mutant structure. Perhaps, it is a compromise due to the lack of helical turns at the C-
terminus of the I helix in CYP158A1. In addition, there is a helical kink in the I helix
between GIn240 and Gly241 in the mutant structure, which is not present in CYP158AL1.
Thus, the side chain of GIn243 in CYP158A1 provides a hydrogen bond with the hydroxyl
oxygen of Ser161 in the E helix and the side chain of Tyr218 in the H helix. In contrast, the
side chain of GIn240 in the mutant does not interact with the corresponding residues Cys158
in the E helix and Thr215 in the H helix.
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Discussion

Oxidative phenolic coupling is of great importance in natural product chemistry and
involves enzymes such as peroxidases, laccases, and B-tyrosinases which are known to
catalyze oxidative phenolic coupling of many aromatic substrates [21-23]. Secondary
metabolites including alkaloids, cyclic peptides, and glycopeptide antibiotics are
biosynthesized via enzyme-catalyzed C-O or C-C bond formation. More recently, molecular
biology and genomics have provided additional understanding of the mechanisms
underlying biosynthesis of these compounds. Some cytochrome P450 enzymes have been
shown to carry out the phenolic coupling reactions: CYP158A1/A2 involved in cross linking
flaviolin monomers [6, 7], CYP165B1 and CYP165C1 from the vancomycin producer
Amycolatopsis orientalis which have been proposed to catalyze oxidative coupling reaction
in vancomycin biosynthesis [24, 25], and CYP80AL1 from Berberis stolonifera involved in
berbamunine biosynthesis via intermolecular C-O phenol-coupling [26].

As already noted, 11e87 in CYP158A2 interacts with the distal flaviolin. Substitution with a
longer side chain residue changes the product regiospecificity. These results confirm that the
C-C oxidative coupling of flaviolins must take place in the active site or the substrate access
channel within the enzyme. It is not possible that the radical or cationic intermediates could
be released from the active site and react to form products in the solvent outside of the P450.
Therefore, the regiospecificity of the dimerization products is probably actively driven by
the active site topology reorganizing key substrate contact residues. Probably the proximal
flaviolin is activated to a radical or cationic intermediate [7] by a very similar reaction in
CYP158A2. This intermediate must contact the distal neutral flaviolin molecule somewhere
within the active site or substrate access channel or the intermediate may bind somewhere in
the active site waiting for the second flaviolin molecule to be activated. The regiospecificity
will depend on the orientation or position of each flaviolin molecule or intermediate in the
active site. So far the detailed mechanism catalyzed by CYP158A1/A2 enzymes through a
radical mechanism or cationic intermediate is unclear. At this stage we cannot exclude any
of the possible mechanisms mentioned above or that this enzyme may proceed through a
combination radical and cationic mechanism.

While CYP158A1 contains about 61% amino acid sequence identity to CYP158A2, the
secondary structural elements show significant differences, such as in the BC loop region, F
helix and | helix. Orientations of the same residues are also quite different, for example
Arg90 in CYP158A2 and Arg92 in CYP158A1 (Fig. 5). These significant differences result
in differences in the active site topology so that it is not surprising to observe the altered
substrate selectivity and product regiospecificity. The catalytic activity and structural
features of 11e87Lys shed light on this point. Although, the biochemical results reveal that
CYP158A1/A2 can catalyze oxidative C-C coupling reactions thereby polymerizing
flaviolin, it is puzzling why these two enzymes show such different flaviolin binding modes
and quite different product patterns if they indeed have the same biological function. We can
not rule out that CYP158A1 might have a biological function different from that of
CYP158A2.
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FIG. 1.

B-helix and BC loop alignment of the four members of the CYP158 family with CYP158A2
from Streptomyces coelicolor A3(2). The alignment shows the variant amino acids in the BC
loop secondary structural elements. 11e87 in CYP158A2 is conserved in CYP158A3 from
Streptomyces avermitilis and CYP158B1 from Saccharopolyspora erythraea, but not in
CYP158A1.
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FIG.2.

Catalytic activity of Lys90lle of CYP158A1 and 11e87Lys of CYP158A2. Oxidation
reactions were carried out as described under Experimental Procedures. Product profile
obtained following flavodoxin and flavodoxin reductase supported reactions using Lys90lle
and/or 1le87Lys (1 nmol) and flaviolin (0.26 umol) at 37°C for 2 h. The products are noted
as P1, P2 and flaviolin as S. P1 and P2 have been identified as 3,8"-biflaviolin and 3,3'-
biflaviolin respectively, by both HPLC and MS analysis.
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FIG. 3.

Overlay ribbon diagrams of 11e87Lys (green), CYP158A2 ligand-free (cyan) and
CYP158A1 ligand-free (magenta) structures. A, All three crystal structures show a typical
cytochrome P450 fold. Heme is the red stick model. B, The cleft between the BC loop and
the FG helices is shown. There are eighteen water molecules in the empty active site pocket
shown as cyan spheres. The BC loop is highlighted in pink and FG region in blue.
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FIG. 4.

The overall BC loop topology in 11e87Lys and wild type CYP158A2. A, In wild-type
CYP158A2 (salmon), the residues in the BC loop form a reverse “W” shape and the 11e87
located in the middle of the “W” points into the active site. 11e87 is colored in green and is a
sphere model. B, in the mutant structure (orange), the residues in the same three dimension
positions make a reverse “U” shape and the BC loop due to the substitution 11e87Lys is
opened and flipped away from the active site. Lys87 is colored in green as sphere model.
Both hemes are in a red sphere model.
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FIG. 5.

Stereo view of the superimposition of BC loop residues and the second flaviolin binding
pocket in the 11e87Lys (green) mutant and the wild type CYP158A1 (cyan); Residues are
presented as stick models and are colored cyan in CYP158A1 and green in 11e87Lys.
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Table 1

Data Collection and Refinement Statistics

Substrate-free

Data collection statistics

Space group P2(1)

Unit Cell (A) 59.609
79.313
83.658

Beta value (°) 94.08

Molecules/asymmetric unit | 2

Data resolution (A) 1.76
Redundancy@ 3.4(2.5)
Completeness %2 98.3 (92.4)
/o(1)2 112 (1.9)
Rmerge %& 13.3 (45.3)

Refinement statistics

No. of reflections used in 75480

refinement

No. of water molecules 646
Protein atoms 6220
Heme atoms 86
Ligand atoms 0
Ruork % 21.65
Rree % 26.42

Rmsd in bond lengths (&) | 0.005

Rmsd in bond angles (°) 1.27

aValues for the highest resolution shell in parentheses
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