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XplA is a cytochrome P450 of unique structural organization,
consisting of a heme- domain that is C-terminally fused to its
native flavodoxin redox partner. XplA, along with flavodoxin
reductase XplB, has been shown to catalyze the breakdown of
the nitramine explosive and pollutant hexahydro-1,3,5-trinitro-
1,3,5-triazine (royal demolition explosive) by reductive denitra-
tion. The structure of the heme domain of XplA (XplA-heme)
has been solved in two crystal forms: as a dimer in space group
P2, to a resolution of 1.9 A and as a monomer in space group
P2,2,2 to aresolution of 1.5 A, with the ligand imidazole bound
at the heme iron. Although it shares the overall fold of cyto-
chromes P450 of known structure, XplA-heme is unusual in that
the kinked I-helix that traverses the distal face of the heme is
broken by Met-394 and Ala-395 in place of the well conserved
Asp/Glu plus Thr/Ser, important in oxidative P450s for the scis-
sion of the dioxygen bond prior to substrate oxygenation. The
heme environment of XplA-heme is hydrophobic, featuring a
cluster of three methionines above the heme, including Met-
394. Imidazole was observed bound to the heme iron and is in
close proximity to the side chain of GIn-438, which is situated
over the distal face of the heme. Imidazole is also hydrogen-
bonded to a water molecule that sits in place of the threonine
side-chain hydroxyl exemplified by Thr-252 in Cyt-P450cam.
Both GIn-438 — Ala and Ala-395 — Thr mutants of XplA-heme
displayed markedly reduced activity compared with the wild
type for royal demolition explosive degradation when combined
with surrogate electron donors.

Royal demolition explosive (RDX)? or cyclotrimethylene-
trinitramine 1 (see Fig. 1) is a widely used explosive compound
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with both military and civil applications. The extensive global
usage of RDX has resulted in concerns over environmental con-
tamination, because it is both recalcitrant to degradation, lead-
ing to contamination in soil and ground water, and a potent
convulsant and possible carcinogen. The bioremediation of
RDX has thus been the focus of increasing research in recent
years, with a number of bacterial strains reported to catalyze its
degradation (1-3). Among these, Bruce and co-workers, using a
selective enrichment technique, isolated Rhodococcus rhodo-
chrous strain 11Y from an RDX-contaminated site, which was
able to grow on RDX as the sole nitrogen source (4). The prod-
ucts of biotransformation of RDX by this bacterium were
shown to be nitrite and formaldehyde. A gene cluster in strain
11Y essential for RDX degradation was identified and shown to
contain a novel cytochrome P450, termed XplA, and a redox
partner, XplB, which were shown together to be capable of cat-
alyzing the biotransformation of RDX in vitro (5). Near identi-
cal xplA and xplB genes have now been identified in strains
within the Actinomycetales isolated from geographically dis-
tinct sites (6). Interestingly, these genes have been found to be
plasmid encoded providing compelling evidence for recent lat-
eral gene transfer. In the interests of developing an efficient
technology for the targeted phytoremediation of RDX, the
XplA-XplB system was expressed in transgenic strains of Ara-
bidopsis thaliana and shown to successfully remediate RDX
from contaminated soil (5, 7).

RDX has an unusual chemical structure, featuring three
nitramine (N-NO,) bonds on a saturated six-membered ring, a
functionality that has few precedents among natural products
(8). The products isolated from XplA-XplB-catalyzed degrada-
tion of RDX in vitro were shown to be different under aerobic
and anaerobic conditions after initial denitration to imine
intermediate 2 (Fig. 1) (5). Under anaerobic conditions A, 2
would undergo hydration to give intermediate 4. Ring cleavage
would yield the isolable metabolite methylene dinitramine 6.
The aerobic process B was thought to proceed via successive
denitration of two nitramine groups, to give the di-imine 3,
which would then be twice hydrated to give the unstable inter-
mediate 5, which would undergo spontaneous ring cleavage to
give the isolable product 4-nitro-2,4-diazabutanal 7, formalde-
hyde, and two equivalents of nitrite.

P450cam from P. putida; r.m.s.d., root mean square deviation; Bis-
Tris,  2-[bis(2-hydroxyethyl)aminol-2-(hydroxymethyl)propane-1,3-diol;
CYP, cytochrome P450.
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Structure of XplA-heme
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FIGURE 1. Biocatalyzed routes proposed for the degradation of the nitramine exposive RDX 1 by cyto-
chrome P450 XplA from Rhodococcus rhodochrous 11Y. Pathway A corresponds to the route proposed
under anaerobic conditions to give the cleavage product metabolite methylene dinitramine 6; pathway B is
that postulated to occur under aerobic conditions to give cleavage product 4-nitro-2,4-diazabutanal 7.

P450 pikC ILLVAGHETTVNLIANGMYALL 261
P450 cin ILLLGGIDNTARFLSSVFWRLA 248
P450 eryF VLLLAGFEASVSLIGIGTYLLL 257
P450 moxa LLLTAGHETTANMISLGVVGLL 262
P450 staP HLLTAGHETTTNFLAKAVLTLR 271
P450 BioI LLAIAGHETTVNLISNSVLCLL 251
P450 epok AITAAGTDTTIYLIAFAVLNLL 271
P450 terp AIATAGHDTTSSSSGGAIIGLS 284
P450 xpla VFYAVGHMAIGYLIASGIELFA 408
P450 cam LLLVGGLDTVVNFLSFSMEFLA 266
P450 BM3 TFLIAGHETTSGLLSFALYFLV 281

FIGURE 2. Amino acid sequence alignment for portions of selected CYP
heme domains for which the structures have been solved. P450_pikC
(from Streptomyces venezuelae; Uniprot accession no. 087605); P450_cin
(from Citrobacter braakii; Q8VQ86); P450_eryF (Saccharopolyspora erythrea;
Q00441); P450_moxa (Nonomuraea recticatena; Q2L6S8); P450_staP (Strepto-
myces sp. TP-A0274; Q83WG3); P450_Biol (B. subtilis; P53554); P450_epok
(Sorangium cellulosum; Q9KIZ4); P450_terp (Pseudomonas sp.; P33006);
P450_xpla (Rhodococcus sp. 11Y; Q8GPH7); P450_cam (Pseudomonas putida;
P00183); and P450_BM3 (Bacillus megaterium; P14779). Each catalyzes oxida-
tive chemistry and most apart from P450_cin contain the (E/D)(S/T) dyad
(shown in red) demonstrated to be important in the scission of the dioxygen
bond as a prerequisite of substrate mono-oxygenation. XplA possesses Met-
394 and Ala-395 (shown in green).

Although the reductive denitration of, for example, glycerol
trinitrate (9) and other nitroheterocylic drugs (10), has previ-
ously been described for mammalian cytochromes P450, the
best known reactions catalyzed by this family of enzymes
include a wide range of oxidative chemical reactions, including
hydroxylation, heteroatom dealkylation, and C—C bond cleav-
age reactions most commonly using molecular oxygen and
involving cleavage of the O—O bond after dioxygen is bound by
the heme-iron (11). A sequence alignment of some cyt-P450 for
which the structures have been determined (Fig. 2) shows that
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the well conserved residues Glu/
N Asp-Thr/Ser that are thought to be
arequirement for oxidative chemis-
try (12, 13) and to aid cleavage of the
scissile O-O bond are not con-
3 served in XplA, being replaced by
methionine-394 and alanine-395. In

B i 2H0 the interests of illuminating the
molecular mechanism and sub-
strate specificity in XplA, we were

H thus interested in obtaining a struc-
(NYOH ture of the heme domain of the
N b enzyme. In this report, the structure

ON" T of XplA-heme domain in two crys-

¢ o tal forms is presented: the first with

5 . .
two molecules in the asymmetric
i cb unit, derived from the attempted
crystallization of full-length XplA

T and the other derived from the

N. N subcloned, isolated XplA-heme
ON” ™""“cHo . . .

domain, with one molecule in the

NDAB, 7 asymmetric unit and the heme iron

(2NO, + 1CH,0) ligated to the substrate analogue
imidazole. The results reveal a pos-
sible access channel for ligand
transport and, in combination with
mutational studies, demonstrate a
highly unusual active site environment for substrate binding,
suggesting substrate binding or catalytic roles for GIn-438 and
Ala-395.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of XplA-heme—The
XplA-heme coding sequence, previously cloned in the pET-16b
plasmid as part of full-length XplA (5), was used as template for
the sub-cloning of the XplA-heme domain. The PCR amplifi-
cation of the insert was performed in a 50-ul reaction contain-
ing Phusion DNA polymerase (New England BioLabs) with a
PCR cycle of 94 °C for 30 s and 35 cycles of 94 °C for 10s, 65 °C
for 30 s, and 72 °C for 1 min. The following oligonucleotides
were used for the PCR: forward (5'-CCAGGGACCAGCAAT-
GCGAGGAGGACATGAGATGACCGCTG-3') and reverse
(5'-GAGGAGAAGGCGCGTCAGGACAGGACGATCGGC-
AGTTTTCG-3'). The PCR product was subcloned into the
pET-YSBLIC 3C vector using procedures described previously
(14). Full-length XplA was expressed and purified as described
previously (5). XplA-heme was expressed in Escherichia coli
Rosetta 2 cells (Novagen/Merck). Single colonies were used to
inoculate 1-liter cultures of Luria-Bertani broth containing the
antibiotics kanamycin and chloramphenicol at concentrations
of 100 ug ul ', respectively. When the optical density (meas-
ured at 600 nm) reached 0.8, XplA-heme expression was
induced with the addition of 1 mm isopropyl-B-p-thiogalacto-
pyranoside, 1 mm 5-aminolevulinic acid, and 0.5 mm FeCl,.
After overnight incubation at 20 °C, cells were harvested by
centrifugation, resuspended in 50 mm phosphate buffer, pH 8,
containing 300 mMm sodium chloride (“buffer”), and disrupted
using ultrasonication. The cell debris was removed by centrif-
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TABLE 1

Structure of XplA-heme

Data collection and refinement statistics for XplA-heme bound to imidazole

Values in parentheses refer to the highest resolution shell. R, ,, = 330 — IDI/ZL2 (L), where 1 is the ith observation of reflection h and (1)) is the weighted average
intensity for all observations / of reflection h. (//a(l)) indicates the average of the intensity divided by its standard deviation.

Xpla-heme derived from full-length XplA, P2,

XplA-heme-imidazole complex, P2,2,2

Beamline

BM-14 (ESRF, Grenoble)

ID-23-EH2 (ESRF,EGrenoble)

Wavelength (A) 0.95350 A 0.87260 A
Resolution (A) 63.89-1.90 (1.95-1.90) 124.03-1.49 (1.53-1.49)
Space Group P2, P2,2,2
Unit cell (A) a=54.1,b=123.0,c = 64.1 a=124.3,b = 64.7,c = 54.0
Molecules in asymmetric units 2 1
Unique reflections 57,099 (1926) 68,213 (4663)
Completeness (%) 91.5 (41.9) 99.6 (94.3)
R, (%) 0.057 (0.354) 0.061 (0.191)
Multiplicity 1.8(1.2) 7.4(7.1)
{/a(l)) 10 (6) 13 (10)
Protein atoms 6,153 3,093
Solvent waters 485 709
Reryet Riree ) 0.167/0.214 0.147/0.176
r.m.s.d. 1-2 bonds (A) 0.025 0.012
r.m.s.d. 1-3 angles (°) 1.917 1411
Chiral centre (A%) 0.134 0.086
Planarity 0.011 0.015
Average main-chain B EAZ) 24 8
Average side-chain B (A?%) 27 12
Average solvent B (A%) 32 29
Average ligand B (imidazole) 19

ugation, and the crude supernatant containing XplA-heme was
filtered, before loading onto a 5-ml nickel-agarose affinity col-
umn (Amersham Biosciences). The N-terminally His-tagged
protein was eluted with an increasing gradient (30 —500 mm) of
imidazole in buffer, and fractions were analyzed by SDS-PAGE.
Fractions containing XplA-heme were pooled, concentrated,
and then applied to a Superdex™ 200 column (Amersham Bio-
sciences) gel-filtration column (equilibrated in 50 mm phos-
phate buffer, pH 8, containing 300 mm sodium chloride) to yield
protein for crystallization and solution assays. Before crystalli-
zation, the hexahistidine tag was cleaved from the XplA heme
domain using protease 3C (Novagen) using a procedure
described previously (15).

Crystallization—Both the full-length XplA and XplA-heme
were concentrated to 26 mg ml~ ' prior to beginning crystalli-
zation trials. Initial screening was carried out using the
Mosquito® Crystal robot (T'TP LabTech) and commercial crys-
tallization screens from Hampton Research. These trials used
150 nl of protein plus 150 nl of reservoir solution in the crystal-
lization drop. Hits were optimized and scaled up using 24-well
Linbro dishes with drops consisting of 1 ul of protein plus 1 ul
of reservoir solution, using either the sitting drop technique
(full-length XplA) or the hanging drop, vapor-diffusion method
(XplA-heme). For full-length XplA, the best crystals were
obtained using 0.2 M Bis-Tris propane, pH 6.5, 22% (w/v) poly-
ethylene glycol (M, 3350) and 0.02 M potassium phosphate. The
optimum conditions for XplA-heme crystallization were 0.2 M
Bis-Tris propane, pH 6.5, 0.2 M magnesium formate and 20%
(w/v) polyethylene glycol (M, 3350).

Data Collection, Structure Solution, and Refinement—Crys-
tals of both full-length XplA and XplA-heme were transferred
into a cryoprotectant solution of mother liquor with 20% eth-
ylene glycol before flash-cooling in liquid nitrogen and stored
for data collection. X-ray diffraction data for the crystals
derived from full-length XplA were collected on beamline
BM-14 at European Synchrotron Radiation Facility (Grenoble,
France) at a wavelength of 0.95350 A. XplA-heme crystals were

OCTOBER 9, 2009 +VOLUME 284+NUMBER 41

collected on beamline ID-23-EH2 at the European Synchrotron
Radiation Facility at a wavelength of 0.87260 A (Table 1). In
each case, data were integrated and scaled using the HKL2000
suite of programs (16). The structure was solved initially using
data from the heme domain derived from full-length XplA
(Table 1) using MOLREP (17) using one monomer of the coor-
dinates from pdb entry 2z3t (cytochrome P450 StaP) as a search
model, after editing that pdb to remove the heme and convert-
ing to a model cut-back to common C-f3 side chain atoms using
CHAINSAW in the ccp4 suite of programs (18). After ten
rounds of refinement using the default parameters in REFMAC
(19) the difference map clearly showed the presence of a heme
ligand and well resolved density for the secondary elements on
the proximal face of the heme. The rest of the structure was
then built using successive rounds of BUCCANEER (20) and
ARP/WARP (21). Model building was then carried out using
Coot (22) and refined using REFMAC. Details of data collection
and refinement are given in Table 1. The structure of the heme
domain of XplA derived from the full-length protein was
refinedtoan R, value 0f0.167 and an Ry, value of 0.214. The
structure of XplA-heme with imidazole as the ligand was
refined toan R, value 0f 0.147 and an Ry, value 0of 0.176. The
final structures were validated using PROCHECK (23). The
coordinates for XplA-heme in P2, and P2,2,2 space groups
have been deposited in the Protein Data bank under the acces-
sion numbers 2wiv and 2wiy, respectively.

Mutagenesis of XplA Heme Domain, Spectral Analysis, and
Activity Assays—Five mutants of XplA-heme were generated
using the Stratagene QuikChange™ kit using the wild-type
sequence, previously cloned in the pET-YSBLIC 3C plasmid, as
template and PCR primers as detailed in Table 2. Each mutant
proved to be soluble and was expressed in acceptable yields
comparable to that of the isolated XplA-heme domain. CO dif-
ference spectra were recorded in each case for the mutants and
showed the expected spectral shift to 450 nm upon reduction
with dithionite followed by bubbling with carbon monoxide
(data not shown). Spectral analyses were performed on a Var-
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Structure of XplA-heme

TABLE 2
PCR primers used for construction of XplA-heme mutants
Mutant Forward primer
A395T TGGGGCACATGACCATCGGGTACCTGATCGCCTCG
Q438A TGGACCCGCCAGCACTGTCTTTCCTGCGGTTTCCTACC
M322L ATGTTCGAGGCGTTGCTGATGCAAAGCGCGGAGC
M318L TGATGGAGGCGTTGTTCGAGGCGATGCTGATGCAAAGC
M394L CCGTGGGGCACTTGGCCATCGGGTACCTGATCG
Mutant Reverse primer
A395T TACCCGATGGTCATGTGCCCCACGGCATAGAACACC
Q438A CAGGAAAGACAGTGCTGGCGGGTCCATCCGGACCATCTCG
M322L TTGCATCAGCAACGCCTCGAACATCGCCTCCATCACG
M318L ATCGCCTCGAACAACGCCTCCATCACGGCGTCGGCATC
M394L ACCCGATGGCCAAGTGCCCCACGGCATAGAACAC

ian-Cary 50 spectrophotometer scanning between 300 and 600
nm. The data were processed with the Enzyme Kinetics soft-
ware from SigmaPlot. XplA-heme activity was assayed in
0.5-ml reactions containing 50 mm potassium phosphate, pH 7,
500 um NADPH, 0.02 unit of spinach ferredoxin reductase
(Sigma), 20 ug of spinach ferredoxin (Sigma), different concen-
trations of heme (wild type, 2.5 nM; M322L, 2.5 nm; M394L, 10
nM; M318L, 20 nm; Q438A, 100 nM; and A395T, 500 nm) and
different concentrations of RDX. All reactions were performed
aerobically at room temperature (20°C), and assays were
stopped by the addition of 10% trichloroacetic acid. RDX deg-
radation was measured by high-performance liquid chroma-
tography as previously described (5).

RESULTS

Cloning, Expression, and Crystallization of the Heme Domain
of XplA—The gene encoding the full-length cytochrome-P450
XplA from R. rhodochrous 11Y, incorporating both flavodoxin
and heme-containing domains, had previously been cloned and
expressed in E. coli (5). Initial crystallization trials with full-
length XplA were successful, and datasets were collected on
these crystals, which diffracted routinely to a resolution of ~2
A. The structure was solved as described under “Experimental
Procedures,” but it was obvious that the solution did not con-
tain the flavodoxin domain of XplA, this having been appar-
ently cleaved during the crystallization process, as confirmed by
mass spectrometric analysis of the protein crystals (data not
shown). To obtain a more reliable and reproducible system for
XplA-heme crystallization, it was decided to sub-clone the
heme domain of XplA, choosing as the target a gene sequence
encoding amino acids from Arg-154 to Ser-552. Sub-cloning
into the pET-YSBLIC vector (14) was employed to introduce an
N-terminal hexahistidine tag to facilitate enzyme purification.
After expression and purification, it was found that the His-
tagged protein gave crystals that diffracted only to a resolution
of ~6 A. The histidine tag was cleaved for subsequent experi-
ments therefore, leaving an N-terminal residue of three amino
acids (in bold) and a protein with the N-terminal sequence
GPA-""*RGGHEMTA'®'. This protein was found routinely to
give crystals that diffracted beyond 1.5 A. In the structural solu-
tions obtained from these crystals, clear electron density,
including side chains, was observed for residues from Thr-160
to the C terminus Ser-552.

Overall Fold of XplA-heme—XplA-heme shares amino acid
sequence identity of 26%, at most, with other members of the
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FIGURE 3. Topology of XplA-heme (P2,2,2; 2wiy) illustrating the canoni-
cal CYP fold from reference 11. In addition to the well conserved secondary
elements, XplA-heme possesses an additional short helix near the N terminus,
a kinked D-helix, and a significant disruption to the I-helix that traverses the
distal face of the heme. The break in helix | is occupied by four residues,
including Met-394 and Ala-395.

CYP family for which the structures have been determined. Its
closest sequence homolog in the SwissProt data base (24), not
including the almost identical XplA homologs identified in
other species of Rhodococcus isolated from environments
worldwide (25), is the CYP from Erwinia carotovora var. atros-
petica (Uniprot ID Q6D569; sequence ID 41%). The next best
matches have only 30% sequence ID and include CYPs from
Streptomyces ambofaciens ATCC 23877 (AOACI5) and Strepto-
myces clavuligerus ATCC 27004 (BSGTE2). Data collected on
the heme domain grown from full-length XplA were super-
seded by data collected later on the subcloned XplA-heme
domain, so the structural descriptions below are all based on
the superior data. The heme domain of cytochrome P450 XplA
possesses the canonical cytochrome P450 fold, being a prism
structure of dimensions 50 X 50 X 60 A and a height of 35 A
from the base to the vertex of the G helix. The descriptions
below employ secondary structural designations described in
previous studies (11, 26) as a guide, with a-helices lettered A—L
and B-strands numbered consecutively, but forming part of
four B-sheet structures, numbered as for the model of P450cam
in a previous study (27). The major structural elements as
described for P450_,,,, (CYP101) (27) and typifying the fold, are
conserved, including the two-domain structure with the larger
domain being predominantly composed of a-helices, including
the long I helix which traverses the distal face of the heme (Fig.
3). A similarity search using the DALI server (www?2.ebi.ac.uk/
dali/) revealed that the closest structural homologues to XplA
are the cytP450 Biol (CYP107H1) from Bacillus subtilis
(Z-score 45.0; r.m.s.d. 2.2; sequence ID 26%) (28) and P450StaP
(CYP245A1) from Streptomyces sp. TP-A0274 (Z-score, 44.7;
r.m.s.d., 2.6; and sequence ID, 26%) (29), the latter having been
identified by the program BALBES (30) as the most suitable
search model for molecular replacement in the original solu-
tion (see “Experimental Procedures”). The structure of CYPs
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FIGURE 4. Stereoview of the environment surrounding the heme in XplA-heme. The ceiling of the heme
binding site is notably hydrophobic and features an unusual cluster of methionine residues, Met-318, Met-322,
and Met-394, the latter held over the heme with the tip of the side chain at a distance of 8.2 A from the iron.
Ligand electron density observed at the distal face of the heme revealed the presence of imidazole. The density
corresponds to the omit map (F, — F.map contoured at a level of 3.2¢) obtained after structure solution using
the native enzyme as a search model in MOLREP (17). H-bonding interactions between the imidazole ligand
and the water molecule (shown as a red ball) that occupies the cavity between the peptidic N-H of Ala-395 and
the peptidic carbonyl group of Val-391 are shown as dashed black lines. The side chain of GIn-438, hanging over
the heme and at a distance of ~3.5 A from the imidazole ligand, can also be seen.

StaP and XplA-heme diverge most notably in the sequence
between Arg-67 (StaP)/Val-220 (XplA) and Val-93 (StaP)/Val-
232 (XplA), which in XplA constitute a condensed helical loop
between the B and C helices. In CYP StaP, the helical loop is
expanded into two larger loops that protrude from the enzyme
surface. One of these, from Arg-67 to Val-81, was proposed to
be part of a flexible substrate entry site for the substrate chro-
mopyrrolic acid, a molecule of which was bound at this region
(29). The marked divergence of structure may account for the
output derived from the molecular replacement solution (see
“Experimental Procedures”), in which the protein chains con-
stituting the proximal heme portion of the protein, which over-
lap very well, were described in the solution, yet the distal sec-
ondary elements were not, and hence required tracing using
BUCCANEER (20). Other notable features of XplA-heme,
which diverged from other structurally characterized P450s,
are in the p-helix between Asp-262 and Arg-266 leading to a
distortion in the middle of that helix and also, significantly in
the I helix, which is kinked in the center in the region above the
heme between Phe-388 and Met-394 (Fig. 3).

Active Site and Heme Environment—The heme cofactor of
XplA-heme islocated within the active site, the iron being coor-
dinated in the 5-position by the highly conserved Cys-503
through the side-chain thiolate. The heme propionates are
secured by interactions with the side chains of Arg-443 and
His-245 and His-501, each of which is conserved in CYP-StaP.
The heme itself appears to exist in two distinct conformations
as previously observed in the atomic resolution structure of
CYP121 from M. tuberculosis (31), evidenced by persistent
electron density in the difference map adjacent to the methyl
groups of the pyrrole rings bearing the vinyl groups, when
refined in either of two possible orientations. On the distal face
of the heme iron, occupying the sixth coordination position,
clear density was observed in the difference map for the ligand
imidazole, which had presumably persisted from the nickel
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Structure of XplA-heme

affinity column buffers used during
purification of XplA-heme (Fig. 4).

The ceiling of the heme-binding
pocket is hydrophobic, consisting of
Val-387, Val-391, Ala-395, Pro-437
(interrupted by Gln-438), Leu-238,
Trp-224, Trp-230, and Phe-540 and
three clustered methionine resi-
dues, Met-318, Met-322 on the
F-helix, and Met-394, which is on
the central kink in the I-helix (Fig.
4). Significantly, Met-394, the tip of
which is 8.7 A from the heme iron, is
one of a pair of amino acid residues,
the other of which is Ala-395, which
directly replaces the pair, usually an
acidic residue followed by threonine
(or serine), illustrated by Glu-257/
Thr-258 in CYP StaP (29), which is
well conserved among CYPs known
to catalyze oxygenation reactions, in
which they are thought to play a
critical role in oxygen activation yet
absent, for example, in the nitric-oxide reductase P450nor (32).
Met-394 is also isolated on the Ramachandran plot for XplA-
heme with values for ® and V¥ angles of —84.9° and —74.3°,
respectively, on the verge of the allowed region. The otherwise
well conserved threonine is replaced by alanine, and as with
P450,,,r (33), the site occupied by the side chain of threonine in
the majority of cyt-P450s is occupied by a water molecule,
which is H-bonded to the carbonyl oxygen of Val-391, the pep-
tidic NH of Ala-395 itself, and also the N1 atom of the imidazole
ligand bound to the heme iron (Fig. 4). The only nonhydropho-
bic side chain within 12 A of the heme iron on the distal face of
the heme is GIn-438, on the loop following helix K and for
which the side-chain amide oxygen is 3.5 A from the imidazole
ligand and 6.0 A from the heme iron (Fig. 4). The -NH, of the
amide is H-bonded to the carbonyl oxygen of Ser-440. Its prox-
imity to both the heme and the imidazole ligand bound to the
heme iron is suggestive of a role in either substrate binding or
catalytic activity of XplA as seen below.

A Putative Channel for Ligand Transport—An examination
of the electrostatic surface of the XplA molecule revealed a face
that presents two channels to the heme, through which the im-
idazole ligand can be observed (Fig. 5, A and B). The entrance to
the first and largest of these channels is bounded by the side
chains of Phe-319 on the F helix, Leu-323 on the F-G helix-
loop-helix motif, Ala-541 and GIn-438 each on the loop con-
necting B-strands 7 and 8 in sheet -4, and with Met-322, also
on the F-G loop just beneath (one of the cluster of methionines
for which the tip of the side chain forms part of the ceiling over
the heme). In this channel, there is a clear chain of seven water
molecules from the water H-bonded to the side chain of GIn-
438 to the surface of the enzyme. The second channel is
bounded by the side chains of Arg-288 at the N-terminal end of
the E-helix and Arg-545 on $-strand 8 in 3-sheet 3 toward the
C terminus of XplA-heme, the two residues forming a posi-
tively charged patch on the surface of the protein, which may
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A

FIGURE 5. A, electrostatic surface of XplA-heme, showing pores to the protein
interior bounded by Asn-538 and Phe-319 in the first instance, and Arg-545
and Arg-288 in the second, the latter two in a positively charged patch, which
may have a role in recognition and capture of RDX. B, close-up of proposed
entrance channel, with partially transparent electrostatic surface in XplA-
heme. Residues of relevant side chains are labeled. The putative entrance
channel consists of Arg-543, Arg-288, Arg-545, GIn-538, and Phe-319, leading
directly to the methionine cluster including Met-394 and Met-322 that is sus-
pended over the heme. The imidazole ligand (Imd) can also be seen through
the pore from the enzyme surface.

possibly be involved in capturing the strong electron withdraw-
ing nitro groups on the RDX molecule (Fig. 5, A and B). For
crystals of XplA-heme that were soaked with 500 um RDX for
3 h, electron density above the heme was considerably larger
and more diffuse than that observed for imidazole, although the
structure of RDX could not be reliably refined in this density,
and longer soaks were not successful in improving it. However,
these structures did reveal significant mobility in the side
chains of several amino acids, leading a path from the heme to
the surface of the enzyme through this second channel. These
residues were: Arg-288 at the N-terminal end of the E-helix,
Met-315, Phe-319, Arg-543, and Arg-545. It was more difficult
to trace a complete chain of well resolved hydrogen-bond
linked water molecules through this channel to the surface.
Mutation Studies—Structural studies of XplA-heme had
revealed that, among other residues, Met-322, Met-318, and
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TABLE 3

Kinetic constants determined for wild-type XplA-heme and mutants
determined by measurement consumption of RDX by HPLC (k... and
K,,) and by spectrophotometry (K,) as detailed under “Experimental
Procedures”

Enzyme K, K, Ko k.. /K,
T M st v LTI X 10°
Wild type  11.44 +0.39  10.23 = 0.90 3.33 £ 0.07 325.0
A395T ND* 39.85 * 6.86 0.07 = 0.01 1.7
Q438A 67.28 +4.83 17.80 = 1.80 0.35 = 0.01 19.6
M322L 797 =094 12.04 = 0.70 3.55 = 0.05 295.0
M318L 34.32+430 3575*13.69 0.57 =0.08 15.9
M394L 20.46 + 0.47 4.94 * 1.14 0.73 = 0.03 148.0

“ND, not determined.

Met-394, on the kink of the I-helix, and Ala-395, structurally
homologous to a threonine residue important for the catalysis
of oxygenations in other CYPs, and GIn-438, which projects
toward the center of the heme at a short distance from the
imidazole ligand, might all have roles in either substrate bind-
ing or catalysis by XplA-heme. Five mutants, Met-322 — Leu,
Met-318 — Leu, Met-394 — Leu, Ala-395 — Thr, and
GIn-438 — Ala were constructed in an attempt to disrupt the
activity of XplA. Each variant was assayed for catalytic compe-
tence by following RDX consumption by high-performance lig-
uid chromatography against the wild-type enzyme as control,
each using surrogate electron donors. The results are shown in
Table 3, and a graph showing RDX consumption versus concen-
tration of RDX for each mutant is shown in Fig. 6. The decision
to mutate Met-394, Met-322, and Met-394 to leucine was based
on previous studies that carried out the systematic substitution
of methionines to leucine in calmodulin (34), in an effort to
illustrate the contribution of the flexibility of the methionine
side chain to relaxed substrate recognition. In terms of catalytic
efficiency, there was little effect on the activity of XplA when
Met-322 was mutated to leucine, but greater effect for Met-394
and, most notably, for Met-318, for which a 20-fold decrease in
k../K,, was observed (Table 3). Mutation of GIn-438 to alanine
resulted in a 17-fold decrease in k_,/K,,, and mutation of Ala-
395 to threonine gave the most marked decrease in k,,/K,, of
approximately 200-fold, which was due to both a 4-fold rise in
K, and a near 50-fold decrease in k_,,. The activity of mutants
was also assessed by comparing the spectrophotometrically
determined K, (Table 3). The mutation of Met-322 to leucine
resulted in a slightly lower K ; the GIn-438 — Ala mutant dis-
played a 6-fold increase and the relationship between concen-
tration of RDX and the spectroscopic shift for Ala-395 — Thr
was linear within the range of RDX concentrations used, sug-
gesting a higher value for the K, that could not be determined.

DISCUSSION

The structure of cyt-P450 XplA-heme provides the first
structural insights into a cytochrome P450 heme domain,
which catalyzes a reductive denitration reaction. Although it
displays the canonical CYP fold overall, XplA-heme contains a
number of structural anomalies within the active site that mark
itas distinctive from other P450 heme domains for which struc-
tures have already been determined. To discuss the potential
significance of these structural characteristics with respect to
mechanism, the issue of the proposed mechanism of denitra-
tion of RDX by XplA must first be considered. It has been sug-
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nitrogen-containing heterocycle it-
self, may give some insight into the
important interactions in the active
site between ligand, active site side
chains, and water molecules.

As with P450EryF, XplA-heme
lacks the well conserved threonine
residue, typified by Thr-252 in
P450cam, which in the Ilatter
enzyme is thought to accept a
hydrogen bond from the hydroper-
oxy (Fe(III)-OOH) intermediate in
the catalytic cycle (13). However,
the residue in this position is not
thought to always be directly

Wild type
M322L
M394L
M318L
Q438A
A395T

O40mp»o

0.5 4

involved in the stabilization of that
intermediate: in P450cin, the equiv-

alent asparagine is thought to
modulate the regioselectivity of

0.0 FF8—= T 5 T T
40 60

RDX (uM)

FIGURE 6. Graph showing rate of RDX consumption as measured by k_,. and determined by high-perfor-
mance liquid chromatography versus concentration of RDX. Methionine-leucine mutants in position 322
displays catalytic behavior comparable to the wild type in this respect, but rates of RDX consumption were

much reduced for both GIn-438 — Ala and Ala-395 — Thr mutants.

gested that cytochrome-P450 is capable of catalyzing denitra-
tion of RDX through two sequential single electron transfer
steps (35). It was already demonstrated that one equivalent of
NADPH was required to effect anaerobic denitration of one
molecule of RDX by the XpIB-XplA system (5), but the exact
mechanism of electron transfer in the case of XplA remains to
be elucidated. Single electron transfer mechanisms have also
been established for cyt-P450 acting on a number of substrates
(36) and implicated in the abiotic photolytic denitration of, for
example, N-nitro-piperidine (37). Given a possible oxygen-in-
dependent electron transfer hypothesis as a basis for denitra-
tion of RDX, it would not be necessary to consider the struc-
tural determinants of a mechanism, which would include, for
example, base-catalyzed elimination of HNO,, which is known
to occur for nitramines under basic conditions (38); nor is it
necessary to consider the positioning of the RDX ligand for
C-H hydroxylation, because the denitration is known to be
catalyzed in an anaerobic environment. The presence of molec-
ular oxygen bound to the heme iron in cytochromes P450 has
been shown to exert profound, if subtle effects on, for example,
water structure within the active site that may contribute to the
effective delivery of protons to the terminal oxygen atom of the
dioxygen bound to heme, as in P450cam (13). Such structural
perturbations on oxygen binding may, in turn, have profound
effects on the mechanism of RDX breakdown, as is perhaps
suggested by the distinctive end products of reaction in either
anaerobic or aerobic pathways (Fig. 1). Unfortunately, neither
dioxygen nor RDX could be satisfactorily refined into the elec-
tron density obtained for either RDX-soaked or native datasets,
RDX being insoluble above concentrations of 500 um in the
crystallization drop, but the presence of the imidazole ligand, a
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hydroxylation of the substrate cine-
ole, for example (39). Given that
XplA catalyzes an oxygen-indepen-
dent biotransformation, the signifi-
cance of the lack of a threonine at
this position is open to experiment
and interpretation. There was a
notable decrease in k_,, toward RDX
when Ala-395 was mutated to threonine, as well as an increase
inboth K, and, presumably, K. In the imidazole complex, the
water molecule in the cavity formed between Ala-395 and Val-
391 forms an H-bond to the N1 atom of the imidazole (Fig. 4)
and this, in conjunction with the kinetic data on the Ala-395 —
Thr mutant, may suggest a role therefore in substrate binding
by that cavity. Equivalent suppression of activity in the
hydroxylation of 6-DEB was observed for Ala-Thr mutants of
P450-EryF in this position (40), and this was attributed to steric
factors, because P450-EryF-Ala-Thr mutants were still able to
hydroxylate the smaller substrate testosterone (41). A role for
the Ala-395 to Val-391 water cavity in substrate binding, as
opposed to heme-oxygen intermediate stabilization, would also
seem reasonable given that XplA does not require oxygen as
such, at least in the anaerobic pathway to RDX that culminates
in the metabolite methylene dinitramine 6 (Fig. 1).

GIn-438 is unusual in being a hydrophilic residue in an oth-
erwise very hydrophobic heme environment in XplA-heme.
The side-chain amide carbonyl of GIn-438 is only 6 A from the
heme iron and in the imidazole complex, is within H-bonding
distance of the C5 atom of the imidazole ring, which could also
be refined as the N1 atom if the ligand was merely rotated 180°
on its vertical axis. The imidazole potentially serves therefore to
position a nitrogen atom within bonding distance of suitable
H-bonding partners as might be observed for the symmetrical
molecule RDX prior to denitration. The side chain of Gln would
be unlikely to serve as a catalytic base for the elimination of
nitrite from RDX, although general base activity has recently
been attributed to an asparagine side chain in a glycosyl hydro-
lase (42). However, in that enzyme, mutation to alanine abol-
ished activity, and in the GIn-438 — Ala mutant of XplA cata-
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Iytic efficiency was merely reduced 17-fold. It is unusual to find
a glutamine residue in this position in a structurally character-
ized P450, although a glutamine is present in the active site of
the heme-reductase cytochrome c nitrite reductase in which it
is thought to support an H-bonding network that assists the
stabilization of the distal heme ligand (43).

The cluster of methionine residues, Met-318, Met-322, and
Met-394, at the ceiling of the heme binding site in XplA-heme is
noteworthy in that one, Met-394, replaces the acidic residue
found in oxygenating P450s. Again, in an enzyme that does not
require the protonation of dioxygen through a proton relay, the
absence of the acidic residue should not be a handicap, at least
to anaerobic biotransformation of RDX. It may be that the one
or more methionines confer malleability within the putative
access channel and also the active site that assists in the transfer
and binding of the bulky RDX substrate. The mutation of Met-
394 or Met-322 to the less flexible leucine had no marked effect
on RDX turnover or binding by XplA-heme compared with the
wild-type. Mutation of Met-318 however resulted in a
decreased affinity for RDX and a 20-fold decrease in k_, /K,
overall. Mutations to Met-220 in the access channel of 14«a-
sterol demethylase (Cyp51A) of Aspergillus fumigatus have
been previously shown to disrupt the binding of itraconazole to
that enzyme, conferring drug resistance to the host mutant or-
ganisms (44), and, conversely, mutation of an isoleucine residue
to methionine in the access channel of the amine oxidase from
Aspergillus niger has been shown to increase the rate of turn-
over, perhaps as a result of improved access to the active site
(15). In addition to flexibility, methionine clusters have also
been observed to exert electronic effects through their capacity
for oxidation to methionine sulfoxide, for example in the potas-
sium channel Slo1 (45), where oxidation of methionines within
the channel was thought to enhance the activity of that channel
when under oxidative stress, but there is no structural evidence
for the oxidation of methionines 318, 322, or 394 in any struc-
tures of XplA-heme, that might suggest a role in oxygen sensi-
tivity in this enzyme.

The pores observed leading from the surface of XplA-heme
to the heme, in conjunction with the multiple rotamers of rel-
evant amino acid side chains when soaked with RDX, are sug-
gestive of a ligand transport channel in XplA-heme. In a study
of the dynamics of substrate access channels in cyt-P450, Winn
and co-workers (46) identified the arginine side-chain Arg-47
in cyt-P450 BM3, which was thought to guide negatively
charged fatty acid substrates to the active site. In XplA-heme
three arginines form part of the putative channel. Of these,
Arg-545 is at the surface and is relatively mobile; Arg-288 is also
very near the surface and interacts closely with Met-315, which
is itself clearly in two conformations in each of the 1.5-A struc-
tures of XplA-heme, these two arginine residues might be ideal
for guiding the electronegative RDX to the heme pocket. Arg-
543 is buried, but H-bonded within the channel only to water
molecules within a large cavity, rather than fixed to backbone
carbonyl groups as was noted for Arg-185 in P450-EryF (46).
However, the pronounced mobility of Arg-543 strongly sug-
gests a role in substrate transport, perhaps in a gating mecha-
nism, and adds to the hypothesis proposed by Winn, that chan-
nel opening mechanisms in CYPs are adjusted to the
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physicochemical properties of the substrate (46, 47). In their
comprehensive review of substrate and solvent access channels
in CYPs (47), Winn and co-workers highlight that it is most
common in bacterial P450 for the ligand transport channels to
be made up of the F-G loop and the B-C loop/B’ helix, yet in
XplA-heme, the putative channel would, unusually, be lined by
the side chains of the F-G loop, the B-4 loop and the I-helix. The
solvent channel as described for other CYPs betweenE, F, and I
helices (47) is also observed in XplA-heme, with a clear chain of
well resolved water molecules leading to the surface of the
enzyme from the heme propionate bound to Arg-443.

The structure of XplA-heme gives new insight into a cyto-
chrome-P450 that catalyzes the reductive biotransformation of
the recalcitrant and potentially carcinogenic xenobiotic com-
pound RDX and will enable detailed mutagenesis studies of the
enzyme that will shed light on the molecular determinants of
mechanism and substrate specificity. Several XplA-like
enzymes are thought to have evolved only recently in response
to RDX contamination (25) and have transferred throughout
bacterial species all over the world. A detailed understanding of
the mechanism and substrate binding in XplA may help explain
how these enzymes have been recruited for the detoxification of
this unusual xenobiotic.
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