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ABSTRACT: Cytochrome P450 CypX (CYP134A1), isolated from Bacillus subtilis, has previously been impli-
cated in the three-step oxidative transformation of the diketopiperazine cyclo-L-leucyl-L-leucyl into pul-
cherriminic acid, a precursor of the extracellular iron chelate pulcherrimin. In this study, we present the first
experimental data relating to CYP134A1, where we show that CYP134A1 binds cyclo-L-leucyl-L-leucyl with
an affinity of 24.5 4+ 0.5 uM. Structurally related diketopiperazines sharing similar alkyl side chains to cyclo-L-
leucyl-L-leucyl also bind to CYP134A1 with comparable affinity. CYP134A1 is capable of catalyzing the
in vitro oxidation of diketopiperazine substrates when supported with several alternate electron transfer
partner systems. Products containing one additional oxygen atom and which are intermediate products of the
expected pulcherriminic acid were identified by GCMS. The oxidation of related diketopiperazines reveals
that different oxidative pathways exist for CYP134Al-catalyzed diketopiperazine oxidation. The crystal
structure of CYP134A1 has been determined to 2.7 A resolution in the absence of substrate and in the presence
of bound phenylimidazole ligands to 3.1 and 3.2 A resolution. The active site is dominated by hydrophobic
residues and contains an unusual proline residue in place of the normally conserved alcohol residue that
typically plays an important role in oxygen activation. The B—B, substrate recognition loop, which forms part
of the active site, shows considerable flexibility and was found in both open and closed conformations in
different structures. These results represent the first insights into the structural and biochemical basis
underlying the multistep oxidation catalyzed by CYP134Al.

The cytochromes P450 (P450s) are a superfamily of hemopro-
teins that catalyze a varied and impressive range of oxidative
transformations in nature. The roles P450s play are highly
variable and organism dependent, with plants and bacteria
utilizing P450s widely in biosynthetic transformations in second-
ary metabolism, while mammals and humans utilize P450s in
hormone biosynthesis and xenobiotic metabolism (7). The sub-
strate specificity of P450s can be broad, for instance, in the case of
xenobiotic metabolism, or tightly regulated, a situation that arises
in natural product biosynthesis. The large number of different
substrates that undergo oxidation by the P450 superfamily is
made yet more impressive by the ability of P450s to catalyze a
number of different oxidative reactions upon their substrates.
These range from the archetypal P450 reaction, oxidation of
unactivated C—H bonds, to aromatic hydroxylation, double
bond epoxidation, heteroatom oxidation, and phenolic cou-
pling (2). Multiple-step reactions catalyzed by a single P450 on
a substrate are also well established and include carbon—carbon
bond cleavage following prior oxidation of the cleavage site (2).

The mechanism of substrate oxidation by P450s has received
significant attention, with many experimental approaches uti-
lized to build a consensus picture of oxygen activation and
substrate hydroxylation by P450s (3, 4). In contrast to alkane
hydroxylation, relatively little is known about P450-catalyzed
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heteroatom oxidation, in part due to the fewer instances of
natural products known to undergo such P450-mediated oxida-
tions. Studies of P450-catalyzed nitrogen oxidation have been
performed largely with mammalian xenobiotic metabolizing
P450s (5), the results of which have indicated that several
mechanistic fates are possible (6). These include initial electron
transfer from the nitrogen atom, followed by direct oxidation of
the heteroatom or deprotonation of an adjacent carbon that can
undergo recombination with the iron-tethered hydroxy radical.
Elimination of this hydroxyl group can result in imine formation
or dealkylation of the parent compound. Direct insertion of
oxygen into the N—H bond is also possible, a process that results
in the formation of a hydroxylamine. Examples of P450-cata-
lyzed heteroatom oxidation in secondary metabolism occur in the
biosynthesis of nocardicin A, a member of the monocyclic f-lactam
antibiotics (7), and in the formation of oximes from various amino
acids by members of the CYP79 and CYP83 subfamilies, where a
sequential series of nitrogen oxidations form the product oxime
from an initial amine (§—12).

Recently, the protein encoded by the yvmC gene from Bacillus
subtilis has been shown to be a member of a newly described class
of enzymes, the cyclodipeptide synthases (CDPs),' which catalyze

! Abbreviations: CDP, cyclodipeptide synthase; cLL, cyclo-L-leucyl-L-
leucyl; cYY, cyclo-L-tyrosyl-L-tyrosyl; cLF, cyclo-L-leucyl-L-phenylalanyl;
cMM, cyclo-L-methionyl-L.-methionyl; cAA, cyclo-L-alanyl-L-alanyl; cVV,
cyclo-L-valyl-L-valyl; cLG, cyclo-L-leucyl-L-glycyl; cLP, cyclo-L-leucyl-L-
prolyl; cLW, cyclo-L-leucyl-L-tryptophanyl; TFA, trifluoroacetic acid;
SPE, solid phase extraction; GCMS, gas chromatography/mass spectro-
metry; rmsd, root mean square deviation; ACP, acyl carrier protein;
TMSH, trimethylsulfonium hydroxide.
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FIGURE 1: P450-mediated oxidation of dialkyldiketopiperazines.
(A) General structure of dialkyldiketopiperazines, where R and
R, are amino acid side chains. (B) The oxidation of cYY by the
M. tuberculosis P450 CYP121. (C) The formation of pulcherriminic
acid and pulcherrimin pigment from cLL involving the B. subtilis
P450 CYP134Al.

the formation of cyclic dipeptides in a number of organisms (13).
These enzymes utilize charged tRNAs as substrates and are
capable of synthesizing the corresponding cyclic dipeptides
(dialkyldiketopiperazines, Figure 1) in an ATP-dependent man-
ner. Cyclodipeptide synthases are often identified in close proxi-
mity to cytochrome P450s (13). The product of YvmC when
expressed in Escherichia coli has been identified as the cyclic
dipeptide cyclo-L-leucyl-L-leucyl (cLL), with the role of this
compound in B. subtilis suggested as being a precursor for
pulcherrimin, by both biochemical studies and transcriptional
profiling (Figure 1) (14, 15).

Pulcherrimin is a red extracellular pigment formed by a
number of species of bacteria and some species of yeast after
growth in media enriched in iron(IIl) (/6—23). The best char-
acterized pulcherrimin is that produced by B. subtilis, where it has
been shown to be an iron chelate of pulcherriminic acid, a hydro-
xamic acid derivative of the cyclic dipeptide cLL, formed via a
nonenzymic reaction between pulcherriminic acid and iron(I1I) in
the extracellular medium (Figure 1) (14, 20, 24). The exact role of
the pigment is unclear, with the potential function of such
siderochromes including roles as antibiotics, acting in a similar
manner as that seen for aspergillic acid and related compounds,
or siderophores such as the mycobactins (25). The formation of
pulcherriminic acid from cLL in B. subtilis has indicated a role for
the product of the gene downstream of yvmC, cypX. This gene
encodes a cytochrome P450 (known as CypX or CYP134Al),
with the mechanism of oxidation of cLL catalyzed by this P450
being intriguing. The mechanism involves three oxidative trans-
formations, requiring the diketopiperazine nitrogen atoms to be
oxidized to the corresponding N-oxides, together with the aro-
matization of the diketopiperazine ring either via hydroxylation
and elimination of water or directly via an electron transfer reac-
tion. Previously, CYP134A1 has been shown to oxidize certain
steroidal substrates, although the biological relevance of such
substrates was unclear (26, 27).

Due to the lack of direct experimental evidence concerning the
substrate, structure, and mechanism of CYP134A1, we set about
the biochemical and structural characterization of this mechan-
istically distinct P450.

EXPERIMENTAL PROCEDURES

Cloning of cypX from Bacillus subtilis. The gene encoding
cypX from B. subtilis was amplified from a B. subtilis cell stab
using oligonucleotides sCypX_1, GGGAGGAATTCAT-
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GAGCCAATCGATTAAATTG (coding), and sCypX_2, CC-
TTTGGACTCGAGTTATGCCCCGTCAAACGCAAC (non-
coding), with concomitant incorporation of unique 5'- EcoRI and
3'-Xhol restriction sites. The cypX gene was subjected to a
restriction digest using EcoRI and Xhol, purified by agarose
gel electrophoresis, and cloned into the corresponding sites in the
E. coli expression plasmid pET28a(+) (Novagen, Darmstadt,
Germany) such that the expression of cypX was placed under the
control of a T7 promoter. In this construct, the first codon of the
CYPI134A1 has a 14 amino acid N-terminal extension (MAS-
MTGGQQMGRGSEF) before the last codon of the thrombin
cleavage site of the pET28 construct. The resulting clone, pCyp-
X1, was sequenced through the cypX reading frame to ensure that
its sequence was that reported for wild-type cypX. A single
mutation (G-1066 to A) was detected, conferring a mutation of
Ala-356 to Thr-356 upon the CYP134A1 protein. Plasmid pCyp-
X1 was then used to transform chemically competent BL21(DE3)
E. coli cells.

QuikChange Repair of cypX A356T Clone. The gene
encoding cypX A356T from above was converted to the originally
reported sequence using a QuikChange kit (Stratagene) and
employing oligonucleotides sCypXRep_1, CATAACTGTG-
TAGGAGCAGCTTTCGCCAAGAACGAAATC, and sCyp-
XRep_2, GATTTCGTTCTTGGCGAAAGCTGCTCCTACA-
CAGTTATG, with the position of the repaired base underlined.
Following the completion of the PCR reaction, parental template
DNA was digested using Dpnl, before the reaction was used to
transform chemically competent DHS5a E. coli cells. Clones were
sequenced through the c¢ypX reading frame to ensure that its
sequence was that of wild-type cypX, with plasmid pCypX2
confirmed as containing the wild-type cypX gene. Plasmid
pCypX2 was then used to transform chemically competent
BL21(DE3) E. coli cells.

Protein Expression, Purification, and Characterization. (A)
General Procedures. All purification steps were performed at
4 °C, with buffers filtered through a 0.2 um filter and degassed
prior to use. The protein concentration was determined using
the method of Bradford using BSA as a reference protein (25).
Cyclic dipeptides were purchased from Bachem (Bubendorf,
Switzerland); other substrates were obtained from Sigma-Aldrich
(Schnelldorf, Germany). All compounds used as substrates were
of the highest purity available.

(B) CYPI34A1 Expression and Purification. pCypXl
(for CYP134A1 A356T) or pCypX2 (for CYP134A1 wild type)
transformed BL21(DE3) cells were grown overnight at 37 °C in
TB + kanamycin (25 mg/L) to provide a starter culture for
expression. Two X two liters of TB 4+ kanamycin (25 mg/L) was
then inoculated with 1% (v/v) of overnight culture and grown at
37 °C to an ODgyy of 0.5, whereupon the temperature was
reduced to 18 °C and 0.5 mM ¢d-aminolevulinic acid was added.
Expression of CYP134A1 was induced 20 min later using 0.1 mM
IPTG. After 12 h at 18 °C, the cell pellet was collected by
centrifugation at 4 °C (5000g), the pellet was resuspended in
50 mM Tris-HCI (pH 7.4), 50 mM NaCl, I mM PMSF, and
0.5mM DTE, and the cells were lysed using two passes through a
fluidizer (Microfluidics, Newton, MA). The lysis solution was
clarified by centrifugation (120000g) and loaded onto a 5 mL Ni-
NTA Superflow column (Qiagen, Hilden, Germany) that had
been preequilibrated in 50 mM Tris-HCI (pH 8.0), 300 mM
NaCl, and 20 mM imidazole. The column was washed with
5 column volumes of 50 mM Tris- HCI (pH 8.0), 300 mM NaCl,
and 20 mM imidazole before the bound protein was eluted with
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1.5 column volumes of 50 mM Tris- HCI (pH 8.0), 300 mM Na(l,
and 250 mM imidazole. The eluted fractions were concentrated
and buffer exchanged into 50 mM Tris- HCI (pH 8.0), 50 mM
NaCl, and 0.5 mM EDTA using NAP-25 columns (GE Health-
care, Munich, Germany). The protein was purified using anion-
exchange chromatography upon a ResourceQ column (GE
Healthcare, Munich, Germany) attached to an Akta FPLC
(GE Healthcare, Munich, Germany). Following loading, the
column was washed with 3 column volumes of 50 mM Tris- HCI
(pH 8.0), 50 mM NaCl, and 0.5 mM EDTA before the bound
protein was eluted with a 6 column volume gradient with a final
concentration of 60% 50 mM Tris- HCI (pH 8.0), 500 mM Nacl,
and 0.5 mM EDTA. The eluted fractions were analyzed by
SDS—PAGE and appropriate fractions pooled, concentrated,
and purified by gel filtration on a Superose-12 column (GE
Healthcare, Munich, Germany) attached to an Akta FPLC with
a buffer condition of 50 mM Tris-HCI (pH 8.0) and 100 mM
NaCl. The eluted fractions were analyzed by SDS—PAGE,
appropriate fractions were pooled and concentrated using
an Amicon Ultra centrifugal filter with a 30000 MW cutoff
(Millipore, Bedford, MA), and aliquots were flash frozen in
liquid nitrogen and stored at —80 °C. The identity of the purified
protein as CYP134A1 A356T or CYPI34A1 wild type was
confirmed by MALDI-TOF MS peptide map fingerprinting of
tryptic digests of the excised SDS—PAGE protein bands. Seleno-
methionine-labeled CYP134A1 was expressed and purified using
the same protocol as above with the following modifications: cells
were grown in minimal media, supplemented with all amino acids
except methionine, which was replaced with 50 mg/L seleno-
methionine. The induction phase of the preparation was extended
to 24 h at 18 °C.

(C) Binding of Cyclic Peptides and Related Compounds
to CYP134A1. The binding of substrates to wild-type CYP-
134A1 was performed using UV—visible spectroscopy (V-630
spectrometer; JASCO, Gross-Umstadt, Germany) by monitor-
ing the change in ligand environment of the heme iron due to
water ligand displacement by substrate binding and thus a change
from hexacoordinated iron(II) with an absorption maximum at
419 nm to pentacoordinated iron(III) with an absorption maxi-
mum at 392 nm for all substrates except 1-phenylimidazole and
4-phenylimidazole, where there is a change from hexacoordi-
nated iron(III) with an absorption maximum at 419 nm to
hexacoordinated, nitrogen atom coordinated iron(IIl) with an
absorption maximum at 425 nm. CYP134A1 (2.0 uM) as a
solution in 50 mM Tris-HCI (pH 7.4) and 100 mM NaCl was
titrated with aliquots of the substrates in DMSO and the change
in ligand environment heme iron monitored using the difference
in absorbance between 419 and 392 nm (type | spectra) or 419
and 425 nm (type 2 spectra). Reactions were performed in tri-
plicate for all substrates with the exception of the poor substrates
cAA, cLG, and the sparingly soluble cLW. The binding of
substrates was then using a one-site binding equation [bound
ligand] = (capacity x [free ligand])/(Ky + [free ligand]) using the
program GraFit 5. To determine the appropriateness for this
equation under the wide range of binding constants observed, a
quadratic binding equation was used for substrates cLL, cLF,
cLP, and cLW: signal = initial signal + signal change x (((([free
ligand] + [protein] + K4)/2) — ((((([free ligand] + [protein] + Ky)/
2)?) — [ligand][protein])™))/[protein]). The results indicate that
the values provided by the simple hyperbolic equation and the
quadratic equation are within experimental error for these
substrates, which span the range of observed K values; therefore,
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the simple equation was used to calculate the binding constants
for substrates to CYP134A1 (K4 (uM): cLL 24.5 + 0.5 (simple),
24.5 + 0.5 (quadratic); cLF 11.5 £+ 1.5 (simple), 10.4 + 1.5
(quadratic); cLP 259 + 49 (simple), 258 + 50 (quadratic); cLW
2.6 + 1.3 (simple), 1.6 £ 2.1 (quadratic)). The percentage spin
state change for type 1 ligand binding was calculated using the
extinction coefficient values reported for P450.,, (29, 30) and
P450erp (31). The binding of imidazole and cLL to the A356T
CYP134A1 protein was also tested and found to be the same as
for the wild-type protein (results not shown).

(D) Turnover Experiments. Triplicate turnovers of cLL
(100 uM) were performed in 20 mM Tris-HCI (pH 7.4, room
temperature) and 50 mM NaCl at 37 °C for 60 min with shaking
using wild-type CYPI134A1 (0.5 uM), reductase (0.5 uM),
ferredoxin (5.0 uM), and NAD(P)H (1 mM) with a final
volume of 1 mL. Electron transfer partners used were palus-
trisredoxin reductase (PuR)/palustrisredoxin (Pux)/NADH;
PuR /palustrisredoxin B (PuxB) (Rhodopseudomonas palustris
CGAO009 (32))) NADH; Novosphingobium aromaticivorans
ArR reductase/Arx ferredoxin/NADH (33); R. palustris
HaA2 HaPuR reductase/HaPux ferredoxin/NADH (34); and
spinach ferredoxin reductase/spinach ferredoxin/ NADPH. All
redox partners were purified as previously reported (33, 34),
with the exception of spinach ferredoxin reductase and spinach
ferredoxin, which were purchased from Sigma-Aldrich. Con-
trols were performed exactly as turnover experiments with the
omission of either NAD(P)H or CYP134Al. Triplicate turn-
overs of cLF and cMM were performed as described above,
using the selected redox systems only (cLF, PuR/Pux/NADH,
ArR/Arx/NADH, HaPuR/HaPux/NADH; cMM, PuR/Pux/
NADH).

Triplicate turnovers of cLL (100 uM) making use of the
peroxide shunt pathway were performed in 20 mM Tris- HCI
(pH 7.4, RT) and 50 mM NaCl at 37 °C for 30 min with shaking
using wild-type CYP134A1 (0.5 uM) and hydrogen peroxide
(~10 mM), m-chloroperbenzoic acid (I mM), or trifluoroper-
acetic acid (1 mM) with a final volume of 1 mL. Peroxide
oxidants were added in a total of 10 aliquots, once every 3 min
to afford the final peroxide concentration noted above. Controls
were performed exactly as turnover experiments with the omis-
sion of either peroxide or CYP134Al.

Following completion of the reactions, the turnover samples
were acidified with TFA (20 uL) before being loaded onto Strata-
X reversed-phase SPE cartridges (30 mg/mL; Phenomenex,
Aschaffenburg, Germany) that had been activated with methanol
(300 L) and equilibrated with 0.1% aqueous TFA (600 uL). The
cartridges were subsequently washed with 0.1% aqueous TFA
(600 uL) before being dried under vacuum for 15 min. The dried
cartridges were then eluted using ethyl acetate (300 uL). The
eluent was divided into separate vials before being treated with
either trimethylsulfonium hydroxide (0.2 M in methanol),
N-(trimethylsilyl)imidazole, or N-methylbis(trifluoroacetamide)
(Macherey-Nagal, Diiren, Germany).

The reactions were allowed to proceed for 15 min before being
analyzed by GCMS (Shimadzu GCMS-QP-2010 Plus; Shimadzu,
Darmstadt, Germany) using an Rxi-5 ms column (30 m,
0.25 mm internal diameter; Restek, Bad Homburg, Germany).
GC Program for analysis of the turnovers by CYP134A1 on a
Rxi-5 ms column: split mode; column flow 2.5 mL/min; split ratio
5; total flow 17.9 mL/min; injector 250 °C; detector 250 °C; oven
100 °C (1.0 min equilibration) hold for 2.0 min, ramp 5 °C/min to
250 °C and hold for 10.0 min (total program time 42.0 min).
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Identification of compounds was performed using mass spectral
fragmentation analysis; see SI Table 1.

(E) Protein Crystallization, Data Collection, and Struc-
ture Determination. Crystals were grown by hanging drop
vapor diffusion. The CYP134A1 A356T protein (7 mg/mL) was
mixed 1:1 with the reservoir solution (0.1 M Bis-Tris (pH 6.5),
0.1 M MgCl,, 12% (w/v) polyethylene glycol 3350) and equili-
brated against the reservoir solution. After 2—4 days thin red
plates had formed. The crystals were passed through a cryopro-
tectant solution containing 0.1 M Bis-Tris (pH 6.5), 0.1 M
MgCly, 12% (w/v) polyethylene glycol 3350, and 25% (v/v)
glycerol before flash cooling in liquid nitrogen.

Compound soaks were performed either by inclusion of the
compound of interest in the cryoprotectant solution or by
addition to the crystals in the crystallization drop. For inclusion
in the cryoprotectant the following concentrations were used:
cyclic dipeptides cLL and cMM 1 mM (50 mM stock solution in
DMSO); cyclic dipeptide cAA 10 mM (100 mM stock solution in
water); imidazole 50 mM (500 mM stock solution in water);
phenylimidazole compounds 10 mM (100 mM stock solution in
DMSO). The crystals were allowed to equilibrate for 2—10 min.
For the addition of the compound directly to crystals in the drop,
the following concentrations were used: cyclic dipeptides cLL
and cMM 1.5 mM (50 mM stock solution in DMSO); cyclic
dipeptide cAA 10 mM (100 mM stock solution in water).

Cocrystallization of cLL with CYP134A1 was performed with
both the wild-type and A356T mutant protein under the same
conditions as indicated above but with the addition of 1.5 mM
cLL (50 mM stock solution in DMSO) to the protein prior to
drop setup and incubation for 15 min at room temperature.

Diffraction data were collected at beamline X10SA at the
Swiss Light Source, with the crystal kept at 100 K and processed
using the XDS program suite (35). All crystals are in space group
P2(1)2(1)2(1) with two CYP134A1 molecules per asymmetric
unit. Protein crystals grown from selenomethionine-labeled
A356T CYPI34A1 were used for phasing by seleno single
anomalous diffraction (3.1 A resolution). Twenty-five selenium
positions were identified by SHARP (36), and after density
modification, interpretable electron density maps were obtained.
Automatic rebuilding was not successful, instead the heme
density was identified manually and then used to orient truncated
structures of P450g;,; (Protein Data Bank code 3EJB, chain B)
and EryF (Protein Data Bank code 1EGY, chain A) as guide
structures that were then appropriately altered and extended
manually in COOT (37) following a simulated annealing proce-
dure in CNS (38). During several cyclic rounds of refinement with
REFMAC (39) and manual rebuilding, heme and solvent
molecules were included in the model. The native crystal struc-
tures were built using the selenomethionine structure as an initial
model manually in COOT, with cyclic rounds of refinement with
REFMAC employing TLS refinement (40), during which heme,
solvent molecules, and ligands (where appropriate) were included
in the model. TLS input files were generated using the TLS-
Motion Determination Server (41, 42). Structure validation was
performed using MOLPROBITY (43) and PROCHECK (44).
Structure-based sequence alignments were carried out with
SSM (45) as implemented in COOT, with secondary structure
analysis of the final structure performed using the DSSPcont
server (46) and comparisons to known structures performed
using DaliLite (47). All structural figures were prepared using
PyMol (48). Electrostatic properties were calculated using the
program APBS (49) as implemented in PyMol (48). Docking was
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performed using program the AUTODOCK (50) and the
PatchDock server (51).

(F) Sequence Alignments. Sequence alignments were per-
formed using the ClustalW2 server at EMBL-EBI (52). Similar
sequences were determined using BLAST (53) as implemented by
the Expasy Proteomics Server (54).

RESULTS

CYPI34A1 Protein Expression. CYP134Al was cloned
from the genomic DNA of B. subtilis strain 168, which initially
afforded a gene that differed from the deposited sequence by a
single base mutation (leading to a Ala-356 to Thr-356 mutation).
A blast search and alignment of the best matches indicated that
the mutation was likely to be a cloning artifact, and thus the clone
was repaired to the expected wild-type sequence. Recombinant
CYP134A1 expresses well in E. coli, with cells distinctly red
following induction. The wild-type and mutant enzymes were
purified in a three-step process utilizing an initial Ni-NTA
affinity step, followed by anion-exchange chromatography and
a final gel filtration step to afford pure protein (>95% as
visualized by SDS—PAGE) with a ratio of 419 nm to 280 nm
absorbance (1.5) that agrees well with the values reported for
other prokaryotic P450s (29—31).

UV Characterization and Substrate Binding. UV—visible
spectroscopy of the purified CYP134A1 wild-type and A356T
mutant protein gives a typical substrate-free P450 absorption
spectrum, with A,,,,, at 419 nm and the - and -bands at 570 and
538 nm, respectively. Titration of CYP134A1 with imidazole
yields a standard type 2 spectrum with the A,,,,, shifting to 425 nm,
indicative of nitrogen coordination to the heme iron. Titration of
CYPI134A1 with cLL showed a shift in A,,,,, from 419 to 392 nm,
indicating a binding interaction with an average dissociation
constant of 24.5 £+ 0.5 uM and with a large change in spin state
of the iron (Table 1). The binding of cLL to the A356T mutant
protein affords the same average dissociation constant as for the
wild-type protein (data not shown). The effect of the cyclic
dipeptide side chains on substrate binding to CYP134A1 was
explored with a range of cyclic peptides (cAA, ¢cVV, cLG, cLP,
cLF, cLW, cMM, Table 1). In general, substrates with small alkyl
groups (cAA, cLG, cLP) exhibit weaker binding to CYP134A1
and do not promote a high degree of spin state change of the heme
iron. Substrates with larger hydrophobic side chains bind in a
similar regime to cLL (including cMM and cLF; cLW exhibits
severe solubility problems in aqueous solution making data for
this ligand unreliable), while the substrate ¢VV falls in the middle
in terms of both binding constant and spin state change. 2,5-
Dimethylpyrazine and 2,3,4,5-tetramethylpyrazine do not exhibit
any effect on the heme iron environment of CYP134A1, while di-
tert-butylhydroxyquinone and di-terz-butylquinone bind to CYP-
134A1 (Table 1). Binding of the quinone compound is slightly
stronger than the hydroxyquinone compound, although the
degree of spin state change in the case of the quinone form is signi-
ficantly higher. 1-, 2-, and 4-phenylimidazoles also bind to CYP-
134A1, although with widely varying affinities (Table 1).

Crystallization and Structure Determination. CYP134A1
A356T crystallizes under several PEG-3350 conditions, with
an optimum pH around 6 and a relatively low PEG concentra-
tion (12—15% (w/v)). Curiously, the wild-type protein does
not crystallize under these conditions, while the protein of
the A356T mutant crystallizes readily and forms large, thin
plates. The structure of CYP134A1 was determined using single
anomalous dispersion measurements of crystals grown from
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Table 1: Substrate Binding Affinities and Changes in Soret Absorption of CYP134A1 for a Range of Cyclic Dipeptides and Substrate Analogues

Substrate Kg(uM) Soret Maximal | Relative
maximum | A(Abs A(Abs
(bOlll'ld) bound — Abs bound — Abs

b
unbound) unbound) ¢

Cyclo(-Leu-Leu) |24.5+0.5 |392nm 0210 £ [100£2

0
NNH 0,004
HNM cLL
0

o Cyclo(-Val-Val) | 137+£10 |392nm 0.098 +[47+5
MNH 0.010

HNTHY cVV
O
0 Cyclo(-Ala-Ala) | 1684 + 13 | 392 nm 0210 +|3+2

%NH 0.004
HNT(‘\ cAA
0
(0]

Cyclo(-Met-Met) | 113+ 11 392 nm 0.186 +[89+3

/SV\)LNH 0.006
HNT(K/\ | cMM
S
(0]
o}

Cyclo(-Leu-Gly) |321+13 392 nm 0012 +|6+3

NH 0.006
HN cLG

0 Cyclo(-Leu-Pro) |259+49 392 nm 0.054 =+|26+7

\MN 0.014
HN cLP
(0]

Cyclo(-Leu-Phe) | 11.5+ 1.5 |392nm 0208 +[99+1

(0]
MNH o
HN cLF
(0]

o Cyclo(-Leu-Trp) |2.6+1.3 |392nm 0.032 +|[15+5
o -
HN N cLW
o H
\pN Dimethylpyrazine | No N/A No Shift |0
N\/\ Binding
\H\ Tetramethyl- No N/A No Shift |0
| oN pyrazine Binding
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Table 1. Continued

Substrate K;(uM) | Soret Maximal | Relative
maximum | A(Abs A(Abs
(bound) bound — Abs bound — Abs
unbound) b unbound) ¢
OH 2,5-di-t- 117+17 |392nm 0.055 +|26=1
butylhydroxy- 0.002
quinone
OH
0 2,5-di-t- 76.5  £[392nm | 0.174 £|83%2
ﬁ butylquinone 11.5 0.004
o}
N 1- 57.0  £[425 nm|[0.088 £|52x7
N phenylimidazole | 23.5 (Type 20.012
© spectrum)®
/\ 2- 230+59 |392nm 0.092 +|44+1
HN__N
phenylimidazole 0.002
fNH 4- 113 £3.9 (425 nm|0.095 +|56+4
N~ o
phenylimidazole (Type 2 0.007
spectrum)?

“Type 2 spectra are indicative of a nitrogen atom coordinating to the heme iron. Absorption Soret maximum (bound) shown in the fourth column;
absorption Soret maximum (unbound) 419 nm. “Relative A(Abspoung — AbSunbound) Shown as a percentage of the largest A(Abspound — AbSunbound) for type 1
spectra (shift to 392 nm, cLL and cLF) or type 2 spectra (shift to 425 nm, imidazole).

selenomethionine-labeled CYP134A1 A356T (Table 2). Model
building was performed manually following the failure of auto-
mated routines (Table 2).

The structure of CYP134A1 adopts the canonical P450 fold,
with primarily o-helical structure surrounding a noncovalently
linked iron protoporphyrin IX (heme) moiety (Figure 2A). There
is no electron density for portions of the B—B, loop in
CYP134A1 and the N-terminal portion of the C-helix, indicating
significant disorder in these regions. The B—B, loop also exists in
two different forms in the crystal structures obtained: a more
looplike “open” conformation giving rise to a larger active site
(present in the native-1 structure, monomer A, and both mono-
mers in the native-2 structure) and a “closed” conformation in
which the B, helix is formed and the active site is more compact
(present in monomer B in the structure of native-1) (Figure 2B).
The arrangement of the loop in the B-monomer appears to be
dependent on the age of the crystal, with older crystals (> 3 days
after crystal formation) adopting the open conformation. The
mutated Thr-356 residue interacts via hydrogen bonds from its
side chain hydroxyl group with the backbone carbonyl oxygen of

Cys-353 (2.7 A) and the side chain nitrogen of Asn-352 (3.2—
3.6 A), possible causes for the crystallization of the A356T
mutant but not the wild-type protein.

The two CYP134A1 monomers (A and B) in the asymmetric
unit of the crystal lattice are highly similar in structure, excluding
alterations in the B—B, loop noted above (native-1 structure,
root-mean-square deviation (rmsd, Cat) 0.6 A; native-2 structure,
rmsd (Ca) 0.5 A). Comparison of both monomers in the
asymmetric_unit of native-1 to native-2 also affords an rmsd
(Ca) of 0.6 A, with the same rmsd also seen for comparison of the
phenylimdazole-bound structures to that of native-1.

Comparison of the CYP134A1 structure to other P450 struc-
tures in the Protein Data Bank (PDB) (see SI Table 3 for details)
gives the best match to CalO2 (rmsd 2.2 A, PDB code 3BUJ), a
P450 believed to be a orsellenic acid oxidase from the calichea-
micin biosynthetic operon of Micromonspora echinospora (55).
CYPI134A1 also matches well to P450g;,;, a fatty acyl-ACP
oxidase found in the biotin operon of B. subtilis (rmsd (Cay)
2.0 A, PDB code 3EJB) (56). Curiously, both are either be-
lieved (CalO2) or are known (P450g;,;) to act upon carrier



Cryle et al.

7288  Biochemistry, Vol. 49, No. 34, 2010

‘SIQWERIOI [BNSNUN JO 93BIU0Id PuL SINPISAT PAMO[[BSIP SUOIFAI
patoAey jsour ul senpisar urdjod oty jo afejuedrad (£4) ALITOYdTOW Aq Pare[nofe)), "pelodliod JOU SI0)OB)-g 1ajem pue ‘puesi[ [01204]3 “dway "IN VSTL Sulsn paurtiiolep sanpisar ureloid 10§ SI030B-g, 12 UONd2[Jal
189 9/, G—1 Y} SUISN IOUULW JWES AU UI PIIB[NI[LI My 39S UO10[JaI SunyIom o) wol) parenofed ‘(%7 | /|Pg| — 94| = Yory, o 'TIPUS UOTIN[OSAI 1SAYTIY Y} WOIJ SAN[EA A} 0) Puodsaizod sasatjudred Ul SIQUINN],

LONE
I'l

I

v'v6

€Tl
010°0

$'8T
STy
VIN
€79
sl
S8y

(=T B

w
98

(bOv—L12d TIT—984 YL—9d
S0P—L1TV “11T—L8Y ‘1L—SV)
LT09

POb—26£d
‘T6£— 1624 “06T—8914 ‘L91-T014
T01-94 “€0P—L6TV ‘96T— 10TV

00T—801V ‘LOI—8SV ‘LS—SV

dpue) g puey

68C°0/112°0

0€°¢—L'LY

Y69F1

V/IN

6'SS

8P

(+'68) 8°56

(1'9) v'¥1

(6£70) T1°0
(0€7€—6£°€) 0€°€—0°05
06L6°0

VSOIX STS

[

['Th1 8901 ‘v'%9
'7't'ed
a[ozepruit Ad-g

9ONE
!

6'¢6

06%'1
c10°0

0°€L
0Ly
VIN
0%
9'¢T
€9

S v~

w
98

(POb—984 ‘€L—+d “€0P—8ITV
‘017—L8Y ‘89—SV)
9£09

vOv—162d
0676914 ‘891—S014 P01 —L9€4
99— “C0P—HSEV ‘€SE— 16TV

06T—ISTV “0ST—€01V ‘TOI-SV

dpue) g puey

8LTO/FITO

01 ¢—1'8h

9Y9L1

V/IN

8L

8P

(9'98) €76

(0v) 6Tt

(€7°0) 110
(01°€—81°€) 01'€—0°0S
06L6°0

VSOIX STS

4

€THI ‘6901 0°S9
Tit'ed
a[ozepruit Ayd-|

SONE
80

0

856

STl
6000

€9y
6'SS
1%
V/IN
002
6'8S

¢
4
4
0
98
(€0p—L12d ‘TIT—064
‘89—94 ‘€0P—91TV ‘€1T—98Y ‘€L—9V)
$009

€Ov—Leed ‘9ce—L814d

981—L11€ ‘911114 ‘01—94 €0F—16TV
067—SSTV FST—011V “60I—11V 01—9V
dpue) g puey
90€°0/1€2°0
06'T—9°0F
9921T

V/IN

$'89

6°¢

(L°06) +'96

8¢ ¥'8

(9€°0) 11°0
(06T—867) 06T—0°0S
0000°T

VSO0IX STS

[

6'€P1 ‘4SO ‘8¢9
7't

TANRU [VHEIdAD

€ONE
60

0

TS6

LTE]
110°0

'ty

Cl
0
98

(POv—L12d ‘117984 “SL—Sd
€0r—L1TY 01T—L8V “€L—SV)
0909

POv—1€€d ‘0£€—8914
L91-5014 Y0194 ‘€0b—T6TV
167—891V LIT—S01V “40I—9V
apue) g puey
€LT0/61T°0
99°T—L'LY
$009T

VIN

6’79

8¢

(8°08) €16

(1oes

(85°0) ¥1°0
(99°T—€LT) 99°T—0'0S
06L6°0

VSOIX STS

4

6'€Pl P'S01 8°€9
7't'd

[ PADBU [VHEIdAD

£60C¢

VIN
11 (snojewoue)

1omod Suriseyd
8€°0 (S8 67) INOA
€09
8L
('L8) 0°96
(1°9) ¥'91
(£€°0) 60°0
(01°€—81°€) 01°€—0°0S
¥6L6°0
VSO0IX STS
4
6'TH1 ‘P01 ‘8¢9
7't
RIARS TVHEIdAD

9pod 4dd

(9,) sIowejol [ensnun

SANPISAT PIMO][eSIP

(%) paI0A®R] SaNPISAI
SONSIIE)S URIPURYOBIILY

(3op) soj3ue puoq

(y) swiBus| puoq
psut

suor S

Ioem

019943

puedi|

away

ujoId
_sl10joe)-g

suor SN

REIN

[012043

puedi|

away

urojold
SWOJe JO 'ou

sdnoi3 g1,

(ureyo) sdnoi SON
Qmwcx\x._ oBvN

JUSWIAUIJAI UI UONN[OSAI
suonda[jal anbrun
JUSWUTJAI

Surseyd

(;y) 10100)-g uOS[Ip\
Kouepunpar

(%) ssauaja[dwiod
W0/

z:;m%

aﬁb uorn[osal

(V) ySusforem
“somos Ke1-xX

JIUN OLIJOWIWASE UT SA[NOS[OW

(V) 2 “q ‘v suolsudwiIp {20
’ dnous doeds
uono9[0d BIep

SIS [VHETdAD 19SEV 10] Bre drydersoqeiskiy g o[qeL




Article

Biochemistry, Vol. 49, No. 34, 2010 7289

FIGURE 2: (A) Overall structure of CYP134A1 (glycerol molecules shown in yellow, majority of CYP134A 1 shown in gray with certain structural
motifs colored for clarity; the heme is shown in red) with structural motifs labeled. (B) Alternate conformations of the B—B, loop (majority of
CYP134A1 shown in gray with the B—B; loop colored in pink in the closed form and in blue in the open form; the heme is shown in red) with

selected structural motifs labeled.

protein-bound substrates, which is not the case with CYP134A1.
Other structurally similar P450s to CYP134A1 are involved in
macrolide functionalization, such as the hydroxylases EryF
(rmsd (Ca) 2.2 A, PDB code 10XA) (57) and EryK (rmsd
(Ca) 2.3 A, PDB code 2WIO) (58), isolated from the erythro-
mycin operon of Saccharopolyspora erythraea and PikC (rmsd
2.1 A, PDB code 1QSE), involved in epothilone epoxidation in
Sorangium cellulosum (59).

Active Site Architecture. The active site of CYP134Al is
formed by several structural elements that are composed mainly
of hydrophobic residues. One crucial structural element is the
N-terminal and central regions of the I-helix (residues 229—237),
which runs across the face of the heme and occludes somewhat
more of the heme surface than what is seen in the closest matching
P450 structures (Figure 3). The opposite side of the active site to
the I-helix is formed by portion of the -1 sheet and residues
immediately preceding the sheet (residues 278—285, Figure 3).
This region adopts the same position as that observed in the
closest matching structures despite of the presence of three
proline residues in this eight amino acid sequence. The C-terminal
end of the F-helix forms the majority of the ceiling above the
active site (residues 158—166, Figure 3). Residues Tyr-391 and
Thr-392, present in the long C-terminal loop of CYP134A1, also
contribute to forming the active site ceiling. Tyr-391 exists in
different conformations in the different structures, exhibiting side
chain orientations that either point into or out of the active site of
CYP134A1 in the substrate-free form, or a position halfway in
between the substrate free orientations when a phenylimidazole
ligand is bound. The position of the tyrosine side chain depends
upon the presence of a glycerol molecule in the active site, due to
the presence of a hydrogen bond between the phenol group and a
glycerol oxygen atom (Figure 3). The most solvent exposed
portion of the active site corresponds to the B—B, loop region,
which adopts several conformations in the CYP134A1 structures
discussed here, neither of which follows the typical conformation
seen in other P450s. The two major conformations are an “open”
configuration, with the B—B, loop running essentially parallel to
the G-helix and not impinging upon the active site, or a “closed”
conformation, where a short B, helix forms perpendicular to the
heme and residues Leu-64 and Arg-67 project into the active site
cavity (residues 61—73/75 are visible in the “open” and “closed”
forms, respectively). The “closed” form is also observed in the

phenylimidazole-bound structures, and it is likely that the B—B,
loop rearranges upon substrate binding. The “closed” conforma-
tion of the CYP134A1 B—B, loop is too small to accommodate
cLL, suggesting that this structure represents a collapsed active
site formed in solution in the absence of substrate.

The active site of CYP134A1 does not contain the conserved
catalytic residues typically observed in P450s, specifically the
highly conserved acid/alcohol residue pair (CYP134A1 residues
236—237) that controls protonation of intermediate oxygen
species during oxygen activation (4). In CYP134A1 the alcohol
residue is replaced by a proline, Pro-237, which cannot be invol-
ved in hydrogen-bonding interactions with solvent to control the
activation of oxygen. Examples of the acid/alcohol pair not being
conserved are found with P450s where substrate hydroxyl groups
assist in the formation of the appropriate hydrogen-bonding
arrangement to allow correct oxygen protonation (EryF and
EryK) (55, 59), in situations where the P450 functions as a per-
oxygenase (Bsp) (60, 61), or where the P450 catalyzes an unusual
reductive denitration (XplA degradation of RDX) (62). The pro-
ximal heme thiolate ligand Cys-353 is present in the N-terminal
loop prior to the L-helix, while coordination of the heme
propionate groups achieved through the interaction of one
propionate with the guanidinium moiety of Arg-285 (2.7 and
2.8 A in the native-1 structure), with additional hydrogen
bonding in the B-monomer provided by His-351 (3.1 A). The
other heme propionate group is essentially without hydrogen-
bonding partners except in the case of the A-monomer where a
weak hydrogen bond of 3.2 A to Lys-62 is formed. Residues of
the C-helix, B—B, loop, and the loop prior to the L-helix that
might be expected to interact with this propionate group are not
correctly positioned in any structure to do so; the conformation
observed within the crystal for these elements is only influenced
by crystal contacts in the case of the “closed” conformation of the
B—B, loop, where Arg-73 interacts with residues in the D-helix of
aneighboring monomer. The lack of heme binding residues in the
CYPI134A1 crystal structures indicates that an alternate con-
formation of the B—B, loop region upon substrate binding is
probable. The “closed” conformation may also play a role in
solution in excluding water from the active site in the absence of
substrate, where the positioning of the heme residue is not as
critical. In the substrate-free structures there is a water molecule
bound to the heme iron at a distance of 2.0 A ,and at least one
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FiGURE 3: Active site of CYP134A1. (A) Closed conformation of the B—B, loop, indicating the largely hydrophobic nature of the active site
(B—B; loop residues involved in forming the active site pocket shown in magenta, the two conformations of Tyr-391 shown in orange). (B)
Phenylimidazole ligand bound structures (1-phenylimidazole shown as green sticks, 2-phenylimidazole shown as pink sticks). (C, D) Effects of the
alternate B—B, loop conformations upon the active site pocket (open B—B, loop and residues forming the active site shown in turquoise, closed
B—B, loop residues forming the active site shown in magenta, Tyr-391 conformations shown in green for the open B—B, loop and in orange for the
closed B—B, loop); for all, hydrogen-bonding distances indicated by dashed lines, glycerol shown as yellow sticks, water shown as a green sphere,
heme shown in red, catalytically important residues shown in blue, majority of CYP134A1 shown in gray.

glycerol molecule is also present in the active site of CYP134A1.
The glycerol molecules located in the cavity above the heme are in
different conformations in the two different monomers of the
asymmetric unit. Despite this, the closest atoms to the heme are in
a similar position as the imidazole ring in the phenylimidazole-
bound structures.

Ligand-bound structures were obtained for CYP134A1 by soak-
ing crystals with either 1-phenylimidazole or 2-phenylimidazole.
Both compounds adopt the same orientation, with the imidazole
moiety closest to the heme iron and the imidazole and phenyl
rings perpendicular to the plane of the heme. The heme iron to the
ligand nitrogen atom distance is 4.1 A for the 1-phenylimidazole
structure, longer than that seen in iron—nitrogen ligation of other
such ligands to heme iron containing proteins (2.1-2.4 A; PDB
codes 1F4T, 1PHF, 2Q6N, and 1EGX), although photoreduc-
tion of the iron may explain some of this apparent increase in
distance. The 2-phenylimidazole-soaked structures afford the
same average heme iron to nearest ligand atom distance, with
the ligand occupying essentially the same orientation. In both
soaked structures, the B-monomer with the B—B, loop in the
closed conformation affords better defined density for the ligand,
while in the A-monomer, the presence of the 1-phenylimidazole
ligand causes the B—B, loop to rearrange into the closed
conformation. The density observed for the 2-phenylimidazole
ligand in the A-monomer is poorer than in the case of 1-pheny-
limidazole, and the loop is still predominantly in the open
conformation, although there is density present for the closed
conformation. The effect of ligand binding upon active site

residue Tyr-391 is marked, with the amino acid side chain sensing
the presence of ligand and adopting a single conformation, with
the phenyl ring projecting out of the active site.

One region that distinguishes CYP134A1 from the majority of
P450s is the presence of a ten-residue helix—loop insertion
(residues 332—341) prior to the heme ligating cysteine ligand
on the proximal side of the heme. This inserted sequence occurs at
a region of the P450 where normally redox partner proteins
interact with the P450, delivering electrons to allow the normal
P450 cycle to occur. The presence of this insertion sequence is yet
another curious divergence from typical bacterial P450 structure
along with the proline present in the active site.

Sequence Comparison of CYP134A1 with Closely Re-
lated P450s. A BLAST search and sequence analysis of the
closest sequence matches to CYP134A1 from B. subtilis indicates
that the closest matches can be divided essentially into three
groups on the basis of conservation of sequence motifs (see SI for
a full discussion). The group that contains CYP134A1 from B.
subtilis includes ten P450s often annotated as “CypX” that
possess sequences with a very high degree of sequence conserva-
tion in the P450 substrate recognition sites (SRSs) (SI Table 4): it
would appear that these enzymes catalyze a similar reaction as in
the case of CYP134A1 in these organisms.

Comparison of CYP134A1 to Related P450 Structures.
Excluding the highly variable B—B, loop region, the structures of
CYPI134A1 and the structures of P450g;; (56, 63—65) and
CalO2 (55) possess very similar active site geometries around
the heme. The more restricted active site of CYP134Al is
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Table 3: Oxidation of Cyclic Dipeptides by CYP134A1

substrate redox system total product formation (%)“ relative production”
cLL SpFd/SpFdR/NADPH 1.24+1.0° 1.0
cLL Pux/PuR/NADH 1.1+£0.3¢ 0.9
cLL HaPux/HaPuR/NADH 0.74+0.4° 0.6
cLL Arx/ArR/NADH 0.5+ 0.1° 0.4
cLL PuxB/PuR/NADH 0.1+0.1° 0.1
cLF Arx/ArR/NADH 0.4+0.3° 0.3
cLF Pux/PuR/NADH 0.3+0.1° 0.3
cLF HaPux/HaPuR/NADH 0.240.1° 0.1
cMM Pux/PuR/NADH 434087 3.7

“Product formation calculated based upon the ratio of residual substrate to product; uncorrected for individual MS response due to lack of authentic
standards. “Relative production of product compared to the most efficient redox system sustaining cLL oxidation. “Monooxygenated product. “Aromatized

product.

engineered through a shorter B—B, loop region, which also
appears to be the substrate entry channel for CYP134A1. The
catalytically important alcohol active site residue is present in all
structures closely related to CYP134A1 (which has a proline in
this position), with the one exception being the erythromycin
hydroxylase EryF (57), where this residue is replaced with an
alanine residue. Correct protonation of oxygen in the case of
EryF is ensured by the interaction of a substrate hydroxyl group
in the hydrogen-bonded water network making up the EryF
active site (57, 66). The 332—341 residue loop extension in CYP-
134A1 is not present in any comparable structure: this longer
loop possibly impedes the access of solvent to the proximal heme
face and the binding of electron transfer proteins.

CYPI21 catalyzes the phenolic coupling of the two tyrosine
phenolic rings in cY'Y through a diaryl bridge (67). The structure
of cYY bound to CYPI121 indicates that the phenolic oxygen of
cYY is a relatively long distance away from the heme iron (6.5 A),
with a water molecule still bound to the heme iron even in the
presence of the cYY substrate. CYP121 makes few hydrogen-
bonding interactions with cY'Y, with only one direct hydrogen
bond to cYY and four mediated through water molecules. The
difference in the oxidation reactions catalyzed by CYP134A1 and
CYPI21 requires the cYY phenol side chains to be presented
close to the heme iron of CYP121 and not the diketopiperizine
ring: the reverse is true for CYP134A1. Unsurprisingly, this needs
different active site constraints, with CYP121 containing a large
number of aromatic residues and a more polar active site than
that of CYP134Al. CYPI21 makes use of a typical P450
oxidative cycle, possessing the conserved active site alcohol
residue and lacking the proximal heme loop extension seen in
CYPI134Al.

Substrate Turnover Experiments. Attempted oxidation of
the cLL substrate by CYP134A1 wild-type protein was per-
formed at 37 °C using five different pairs of redox partner
proteins and a 10-fold excess of NAD(P)H. Analysis of the
results of turnover using GCMS following SPE extraction and
derivatization of the samples with TMSH (see SI Table 1)
indicated low levels of product formation (Table 3) varying
among the different reactions, with the highest level of product
formation occurring in the turnovers where the redox systems
were palustrisredoxin reductase and the palustrisredoxin ferre-
doxin from R. palustris (32) (see SI Figure 2) and spinach
ferredoxin reductase and ferredoxin (Table 3). Analysis of the
retention time and MS of the product indicated that it is likely to
be a methylated phenol tautomer of cLL with the incorporation
of one oxygen atom (SI Table 1, Figure 4). To determine whether
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FiGurE 4: MS fragmentation of cLL (A) and the oxidized cLL
product (B), showing the mass spectra and the postulated fragmenta-
tion pathways for notable ions.

peroxide could act as an oxidant in conjunction with CYP134Al1,
turnovers of cLL were attempted in the presence of hydrogen
peroxide, m-chloroperbenzoic acid, and trifluoroperacetic acid.
None of these reactions afforded any products as identified by
GCMS. Turnover of cLF using selected redox partners indicated
a low level of comparable product (SI Table 1, SI Figures 2 and
3). Turnover of cMM did not give a comparable product to cLL
and cLF; rather there was the appearance of an aromatized
product with both phenol oxygens derivatized as the methyl
ethers (SI Table 1, SI Figures 2 and 4). The products formed indi-
cate that the oxidation of the cLL/cLF ligands occurs via the
same hydroxylation mechanism, with the mechanism of oxida-
tion of cMM either the same with concomitant dehydration or
occurring through an alternate electron transfer process.
Docking Studies. Docking of cLL to the two different active
site configurations observed in the CYP134A1 crystal structures
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using Autodock (50) and Patchdock (5/) indicate that binding of
cLL to CYP134A1 is only feasible in the open form of the active
site, with the closed form being too restricted to accept the cLL
substrate. In the open form of the active site, the best docking
solutions were obtained where one diketopiperazine ring nitrogen
is 6.2—6.6 A from the heme iron (SI Figures 5 and 6). In these
cases, the distance from the closest diketopiperazine methine
carbons to the heme iron is in the range of 7.6—8.2 A. The docked
models of cLL generated by Autodock (where amino acid side
chains are mobile) indicate a hydrogen-bonding interaction
between Tyr-391 and one of the cLL diketopiperazine ring
nitrogen atoms, in a manner similar to that seen for the bound
glycerol molecules in the apo CYP134A1 structures. The inability
for the closed conformation to accommodate the cLL substrate
indicates that this is not a mimic of the substrate-bound state;
rather this closed conformation is likely to stem from hydro-
phobic interactions between the B—B, loop and the active site,
thus excluding water from the active site.

DISCUSSION

Substrate Binding Studies and Substrate Selectivity. The
substrate requirements for binding to CYP134A1 were explored
using a number of different cyclic dipeptides and substrate
analogues. Screening eight cyclic dipeptides against CYP134A1
showed that cLL, formed by the preceding YvmC protein (13),
binds with an affinity of 24.5 + 0.5 uM and that the protein
exhibits a high degree of change in spin state from low to high
spin indicating complete displacement of the resting state heme
iron water ligand. Comparing this binding constant to that seen
for the binding of cYY to CYPI121 (21.3 £ 3.5 uM), the only
other cyclic dipeptide binding P450 characterized to date, in-
dicates that the binding constants for these two P450s are very
similar.

The smaller cyclic peptide cAA binds to CYP134A1 in the
millimolar range, with a very small effect upon the heme iron
environment. Decreasing the size of one of the amino acids of the
cyclic dipeptide (cLG and cLP) reduces the binding constant by
an order of magnitude and the percentage spin shift at least
4-fold, with the smaller side chain glycine exhibiting looser
binding. The polarity of the compound is also not the only factor
in affecting binding to CYP134A1, with the equally nonpolar
cVV dipeptide binding five times more weakly than cLL and
exhibiting only 50% of the spin state shift seen for cLL. This
suggests that the active site is carefully tuned to receive the side
chains of the cLL peptide, a proposition supported by the weak-
ened binding of cMM, which has longer side chains on both
positions than cLL. Interestingly, cLF binds twice as tightly as
cLL and exhibits the same effect on the heme iron environment,
suggesting that there would be no preference for cLL oxidation
should cLF be present in the cell. In this regard, the system is
limited to the binding constraints available to it in terms of size
and polarity of the alkyl side chains, with the isobutyl and benzyl
side chains difficult to distinguish for CYP134A1. The impor-
tance of one leucyl side chain can also be seen in the binding of
cLW, which exhibits very tight binding although a limited spin
state change. Combining the binding information of the cyclic
dipeptides, it appears that one leucyl chain is important for
substrate recognition, while the second side chain should also be a
moderately large hydrophobic group. It would appear as though
the displacement of the heme-bound water molecule, and thus a
change in spin state, depends closely upon the size of this second
substituent.
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Other somewhat simplified substrates were tested for binding
to CYP134A1, with both dimethylpyrazine and tetramethylpyr-
azine failing to illicit any change in the environment of the heme
iron, most likely due to the small size of the side chains on the
ring. Quinone and hydroxyquinone compounds bearing two fert-
butyl groups both bind to CYP134Al1, with the quinone form
binding more tightly and eliciting the largest effect upon the heme
iron environment. It is possible that the difference observed in
binding is due to the difference in the carbonyl and alcohol ring
substituents, as the overall geometry of the two compounds
should be very similar. The binding of phenyl-substituted imida-
zoles to CYP134A1 was also determined, with 2-phenylimidazole
the weakest binding and exhibiting a type 1 spectrum, while
1-phenylimidazole and 4-phenylimidazole bound more tightly,
displaying type 2 spectra, indicating nitrogen coordination to the
heme iron. 1- and 4-phenylimidazole compounds exhibited
around half of the effect on the heme iron environment that
was seen with imidazole (the substrate exhibiting the highest
substrate-bound Soret absorption values for type 2 binding),
while 2-phenylimidazole exhibited around half of the effect on the
heme iron environment compared to cLL. This possibly indicates
equilibrium between open and closed forms of CYP134Al in
solution, where the closed form binds such phenylimidazole com-
pounds in a manner seen in the crystal structures.

Substrate Oxidation by CYP134A1. The oxidation of cLL
by wild-type CYP134A1 indicates that CYP134A1 is capable of
accepting electrons from several different ferredoxin electron
transfer proteins with varying levels of efficiency, as seen in the
differing levels of product formation observed (Table 3). The
product was identified by analysis of the observed mass spectral
properties with comparison to the mass spectra of cLL (Figure 4).
Derivatization (methylation) of the isolated reaction products
with TMSH was necessary to observe the product by GCMS (SI
Figure 2), as treatment with silylating or acetylating reagents
failing to afford any visible product peak that was distinguishable
from the large starting material peak. Treatment of the cLL
starting material with TMSH indicated small levels of the
methylated phenol tautomer of cLL, with an increased mass of
the cLL base peak (m1/z 170) by 14 mass units due to the addition
of a CH, group (m/z 184). The base peak in all cyclic peptides is
due to the elimination of the alkyl side chain, a feature seen for all
cyclic dipeptide alkyl side chains larger than methyl (proline is an
exception due to the ring structure of the side chain). The product
peak has a base peak of m/z 200, indicating addition of an oxygen
atom to the methylated phenol tautomer of cLL. This base peak
also corresponds to that expected for pulcherriminic acid,
although as this peak is only visible after methylation, the product
would appear to be more likely a methylated phenol tautomer of
cLL bearing an additional oxygen atom. The position of the
oxygen is not clearly assignable without authentic synthetic stan-
dards, with products containing either a carbon-centered hydroxyl
group or an N-oxide being possible. The lack of a mass spectral
peak corresponding to that of an aromatized diketopiperazine
ring through the elimination of water, however, does favor an
N-oxide type structure.

The oxidation of cLF by CYP134A1 also generates a product
that appears to be comparable to that seen for cLL (a methylated
phenol tautomer of cLF bearing an additional oxygen atom),
with a similar alteration in base peaks observed for this product
(SI Figure 3). The product of cMM oxidation by CYP134Al
does not seem to follow the same pattern seen for the other
substrates; rather the product corresponds to an aromatized ring
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FIGURE 5: Possible oxidation pathways for the formation of pul-
cherriminc acid from cLL catalyzed by CYP134A1 oxidation, with
the possible products isolated from in vitro turnover experiments in
this work indicated by 1 and 2.

with both phenol oxygens methylated (SI Figure 4). This is not
present in the control reactions, which only exhibit methylated
phenol tautomers of cMM in a similar manner as observed for
cLL and cLF. The aromatized product suggests a different
mechanism in operation for cMM compared to the substrate
cLL and close analogue cLF, involving either carbon hydroxyla-
tion and concomitant elimination or dehydrogenation of the
diketopiperazine ring. Identification of this product does indicate
that CYP134A1 is capable of catalyzing chemistry to aromatize
the diketopiperazine ring, although it appears as though this is
not the primary oxidative route of cLL catalyzed by CYP134Al1
in vitro.

Mechanistic Possibilities for CYPI134A1-Catalyzed
Oxidation. The oxidation of the cLL substrate to the final
product pulcherriminic acid can be thought of as a three-step
oxidative process, with dehydrogenation of the ring forming an
aromatic system and two N-oxidations (Figure 5). The order of
the steps is unclear, with the dehydrogenation possible via either
direct dehydrogenation of the ring following initial formation of
a carbon centered radical and electron transfer, through initial
hydroxylation and then elimination of water or via a one-electron
oxidation of a nitrogen ring atom, followed by deprotonation of
the adjacent C—H group and then final electron transfer to the
heme to afford the dehydrated product. The N-oxidation me-
chanism most likely occurs via initial electron abstraction from
the nitrogen atom followed by oxygen rebound. There is also the
possibility that the final pulcherriminic acid structure is formed
by nonenzymatically catalyzed oxidation of a product of CYP-
134A1 oxidation following release into the extracellular medium,
a hypothesis that is supported to some extent by the isolation of a
singly oxygenated cLL product from CYP134Al in vitro turn-
over. The isolation of an aromatized product in the case of cMM
oxidation indicates that aromatization of the diketopiperazine
ring is able to be performed by CYP134A1, although it would
appear from the in vitro turnovers of cLL and cLF that initial
nitrogen atom oxidation would occur first.

Catalytic Residues Suggest an Unusual Route to Oxygen
Protonation. While the overall structure of CYP134A1 does not
differ widely from the closest structurally related P450s (with the
exception of the B—B, loop region), one factor that makes
CYP134A1 most interesting from a mechanistic perspective
is the alteration of the typically highly conserved I-helix
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acid/alcohol pair responsible for the correct protonation of
reactive intermediates in the P450 active cycle (68). The lack of
an alcohol residue in CYP134A1 and its replacement with Pro-
237 make CYP134A1 one of a small group of P450s that do not
possess the normal hydrogen-bonding residue at this position.
The most widely studied member of this group is EryF, which is
still able to catalyze hydroxylation chemistry due to the involve-
ment of a hydroxyl group present in the substrate that assists in
forming the hydrogen-bonding network normally orchestrated
with the conserved alcohol residue in the I-helix (66). This type of
substrate-mediated recovery of intermediate protonation allevi-
ates the effects normally observed by mutation of the alcohol
residue, which include high levels of uncoupling (direction of
electrons into noncatalytically profitable pathways) and exem-
plified by high levels of hydrogen peroxide formation rather than
substrate hydroxylation (69—74). These types of mutations have
been widely used to study the effect of normally minor oxidation
pathways involving nonferryl intermediates in the P450 activa-
tion cycle, including the ferric peroxy anion and the ferric
hydroperoxy species. These intermediates, while not as powerful
as the ferryl species in terms of oxidative potential, are believed to
play roles in energetically less demanding reactions in some
cases (3, 75). The ferric peroxy species is involved in the oxidative
decarboxylation of aldehydes (76—78), while the hydroperoxy
species possibly catalyzes the oxidation of heteroatoms (79—81)
or epoxidation of alkenes (82, 83). The possibility of the cLL
substrate carbonyl oxygen or ring nitrogen forming the same type
of H-bonding pattern in CYP134A1 to that seen for EryF would
require a rearrangement of the active site upon substrate binding
and a highly ordered active site water network to allow a similar
type of cLL binding as seen in the EryF substrate. An alternate
explanation would invoke the use of the hydroperoxy species as
an oxidant. However, it is unclear whether this species would be a
powerful enough to catalyze the oxidation of the diketopiper-
azine ring nitrogen atoms in cLL.

The presence of the Pro-237 residue in the CYP134A1 active
site has another potential mechanistic explanation, with such a
residue found in the active site of the B. subtilis fatty acid
peroxygenase Bsf (Pro-243), albeit with differences in the rela-
tive positioning of the I-helix to the heme compared to
CYPI134A1 (61). This enzyme is able to efficiently and rapidly
oxidize fatty acids close to the carboxyl group using hydrogen
peroxide, rather than activating molecular oxygen. This type of
reaction no longer requires the binding of molecular oxygen to
the heme iron and the delivery of electrons from ancillary redox
partner proteins; rather the enzyme uses a “short-cut” known as
the peroxide shunt pathway to afford the reactive intermediate
immediately preceding the ferryl species. This process allows
oxidation to be catalyzed at a much higher rate than normal
oxygen activation, with the bound substrate carboxyl group
likely to be responsible for the generation of the ferryl species
from the initial hydrogen peroxide bound heme, itself held in
place by salt bridges formed from the preceding Bsp residue Arg-
242. The likelihood of peroxygenase activity in the case of
CYP134A1 appears to be low, as peroxide does not afford
product as seen with the redox partner electron transfer systems,
although the measured pH of the reactions were the same as re-
ported for Bsf oxidation of polycyclic aromatic compounds (84).

Does the C-Terminal Loop Extension Regulate Electron
Transferin CYP134A1?. An additional consideration with the
oxygen activation mechanism utilized by CYP134A1 is the role of
the 332—341 residue loop extension prior to the heme iron ligated



7294 Biochemistry, Vol. 49, No. 34, 2010

cysteine residue on the proximal side of the heme group. This
region of P450s has been shown to be involved in the transfer of
electrons to the heme group from ancillary redox proteins, a
process necessary in oxygen activation from molecular oxygen.
The interaction site of redox proteins with P450s has been
demonstrated for P450gy3 (85) and modeled for P450,,, (86),
with both studies implicating a region of interaction essentially
on the site where the CYP134A1 loop extension occurs. The pre-
sence of this loop in CYP134A1 is most unusual for a P450, with
few other P450s (apart from CYP134A1 homologues) exhibiting
a similar region in sequence alignments. Examples of mecha-
nistically unrelated P450s with similar loops are found with the
CYP74 subfamily (87), which catalyze the rearrangement of alkyl
hydroperoxides rather than oxygenase chemistry (88), and the
CYP24 subfamily, mitochondrial P450s responsible for vitamin
D oxidation (89). The CYP24A1 loop is believed to interact with
the redox partner protein Adx (90), although the CYP134Al
loop does not contain the same concentration of lysine resi-
dues (89). As CYP134A1 does not have a coexpressed ferredoxin,
electrons would have to be transferred from one of the endogen-
ous ferredoxin proteins present in B. subtilis. Several such
ferredoxins have been identified and have been shown to be able
to support electron transport to P450g;,;, albeit at a low rate
(91, 92). The effect of this loop on the electrostatic potential of the
redox partner interaction surface is not marked, with the
electrostatic potential of this region still dominated by positive
charge, albeit with the presence of more hydrophobic residues (SI
Figure 7). The exact purpose of this loop in CYP134A1 is there-
fore unclear, although its position does suggest that it is involved
in moderating interaction with redox partner proteins for
CYPI134A1. A peroxygenase function of CYPI134A1 would
imply that this loop would prevent interaction with endogenous
electron transfer partners, which is not supported by the in vitro
turnover experiments.

Conclusions. P450 CypX (CYP134A1) from B. subtilis has
been shown to bind the diketopiperazine cLL, the postulated
in vivo substrate for CYP134A1, with low micromolar affinity.
Other cyclic dipeptides with similar alkyl side chains to cLL bind
with comparable tightness to CYP134A1, although the selectivity
of the preceding cyclodipeptide synthase in the pulcherriminic
acid operon of B. subtilis for formation of cLL eliminates the
need for P450-mediated selectivity for cLL. Turnover of cLL by
CYPI134A1 is supported by several in vitro electron transfer
partners, with the product of oxidation appearing to correspond
to a singly oxidized cLL product rather than the expected final
product of CYP134A1, pulcherriminic acid. The oxidation of
substrates similar to cLL reveals that different oxidative path-
ways exist for CYP134A1 diketopiperazine oxidation, with the
exact mechanism of CYPI34Al in vivo oxidation requiring
further study. The crystal structure of CYP134A1 has revealed
anonpolar active site containing an unusual proline residue in the
place of the normally conserved alcohol residue responsible for
oxygen activation. The B—B, loop has been shown to exist in
multiple conformations, one of which is likely to correspond to
the substrate-free active site conformation in solution. Future
studies will characterize the products of oxidation of CYP134A1
to shed more light on the chemical mechanism of this unusual
oxidation.
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