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Photorhabdus luminescens is a Gram-negative, symbi-
otic bacterium associated with entomopathogenic
nematodes of the genus Heterorhabditis. Several genes
from this organism related to insecticidal properties
are being examined for their potential in pest man-
agement. Oxalate decarboxylase (OXDC), an enzyme
secreted by bacteria and fungi and putatively asso-
ciated with insecticidal pathways catalyses the man-
ganese dependent decarboxylation of oxalate to
formate and CO,. In this study, we report the X-ray
crystal structure of OXDC isolated and purified from
Photorhabdus Iluminescens (PIOXDC, MW 43 kDa)
determined at 1.97 A resolution. PIOXDC protomer
has a bicupin structure. Each cupin domain consists of
two antiparallel S sheets organized as a sandwich with
a Mn*" ion bound at the active site. PIOXDC exists as
a mixture of monomeric and trimeric forms in solution
but assumes a trimeric form in the crystal structure.

Keywords: Bicupin, crystal structure, oxalate decar-
boxylase, Photorhabdus luminescens.

PHOTORHABDUS LUMINESCENS is a Gram-negative ento-
mopathogenic member of family Enterobacteriaceae',
existing in a symbiotic relationship, specifically with
entomopathogenic nematodes belonging to family Hete-
rorhabditiae  (Phylum: Nematoda)’. Entomophagous
nematodes with their symbiotically associated bacteria
have been used as biological control agents to reduce the
dependence on synthetic pesticides. The nematode juve-
niles harbour the bacterium in their gut, and enter the
larva of host insect and release the bacteria into the insect
haemocoel (body cavity). The bacteria rapidly multiply,
secreting an array of toxins, antibiotics, proteolytic and
lipolytic enzymes that cause larval mortality, prevention
of putrefaction and bioconversion of the host larva which
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promotes nematode development and multiplication.
Duchaud et al.’ have determined the complete sequence
of P. luminescens. Analysis of the genomic sequence
revealed that it possesses a number of genes encoding for
potential virulence factors.

Oxalate decarboxylase (OXDC), proposed to have
insecticidal effect and secreted by bacteria, catalyses the
manganese-dependent decarboxylation of oxalate to
formate and CO,. OXDC was first reported from fungi
Flammulina (Collybia) velutipes and Coriolus hersutus’.
Later it was found in several other organisms” 2. OXDC
structures have been determined from Bacillus subtilis
and Thermotoga maritima'>"*. These structures belong to
the cupin superfamily of proteins which also includes
some seed storage proteins'> . Weerth et al.'® reported
the structure of protein of unknown function but structu-
rally similar to cupin fold proteins from Photorhabdus
luminescens subsp. laumondii TTO1.

In this article, we report the X-ray crystal structure of
Photorhabdus luminescens (isolated from entomopatho-
genic nematode, Heterorhabditis indica) oxalate decar-
boxylase (PIOXDC). The structural similarities and
differences between PIOXDC and other OXDCs are also
discussed.

Materials and method

Strain identification

Bacterial culture was isolated and established from infec-
tive juveniles (IJs) of H. indica isolate NBAIl HPL104
and then cultured on MacConkey’s agar and NBTA plates
for identification'’. Pure monoxenic culture was grown in
LB medium and genomic DNA was extracted using a
DNA isolation kit (Sigma Bacterial Genomic DNA isola-
tion kit). Purity of the culture was checked with 16s
rRNA gene sequences. The 16S rDNA sequence of
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P. luminescens strain NBAIl HPL104 was deposited in
the NCBI GenBank database under accession number
JF923810.1. Full-length oxalate decarboxylase gene was
amplified using the gDNA, sequenced and deposited in
GenBank with accession number JN116589.1, along
with its protein counterpart with accession number
AEK20853.1.

Expression and purification of oxalate
decarboxylase

PIOXDC was cloned and expressed in Escherichia coli
BL21-DE3 cells. PIOXDC gene was amplified from
P. luminescens genomic DNA using appropriate primers
(forward primer: 5-TGG AAC AAT TCC CGA TAT
CTG AAG G-3’ and reverse primer: 5-TGC CCT CCG
AT CAA TAA TGG TAA T-3’). The PCR product was
inserted between BamHI and Xhol sites of the pGX4T2
vector, resulting in a GST tag covalently linked to the
N-terminus of P/IOXDC. The pre-inoculum was grown
overnight at 37°C in the presence of 100 ug/ml of ampi-
cillin (preculture). Next, 500 ml of LB medium contain-
ing 100 pg/ml ampicillin was inoculated with 1% of the
preculture and incubated at 30°C until the ODgo reached
approximately 0.6. This was followed by induction using
0.5 mM IPTG. The culture was incubated overnight at
15°C. The cells were harvested by centrifugation at 5000 g
and resuspended in 30 ml of cold lysis buffer (PBS with
2 mM PMSF, 1 mM DTT, 1% Triton X-100 and 2 mM
EDTA, pH 7.4), and sonicated for 15 min. Cell debris
was removed by centrifugation and the clear supernatant
was used for further purification. The protein was puri-
fied by GST-tag affinity chromatography using GST-
resin beads. The column consisting of bound OXDC was
washed with 100 ml of PBS containing 2 mM EDTA to
remove unbound proteins. It was further washed with
buffer containing 20 mM Tris (pH 8), 150 mM NaCl and
2mM MnCl, to remove other non-specifically bound
proteins. Then 10 ml of the same buffer and four units of
thrombin (Novagen®”) were added to the column and
incubated for 16 h at room temperature (28° £ 2°C). The
cleaved enzyme was eluted using 20 mM Tris (pH 8)
containing 150 mM NaCl and 2 mM MnCl,. The protein
obtained was further purified by gel filtration chromato-
graphy using a S200 Sephadex FPLC column. The puri-
fied protein was concentrated to 5 mg/ml using a 30 kDa
cut-off centricon. The expression and purity of the sam-
ple was checked by SDS-PAGE and further confirmed by
N-terminal sequencing. Accurate molecular mass was
obtained by MALDI-MS.

Enzyme activity measurements

OXDC activity was estimated using the method of Berg-
meyer and Grassl®, with minor modifications. The assay
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was carried out in micro-titre plates. The reaction mixture
consisted of 10 mM potassium acetate and 13 mM potas-
sium oxalate (pH 4). The reaction was started by the
addition of various concentrations of PIOXDC ranging
from 0.4 to 18.7 pug. The reaction mixture was incubated
at 37°C for 5 min and then the reaction was stopped by
the addition of 200 ul of 150 mM potassium phosphate
buffer, pH 9.5. The amount of formate produced by the
PIOXDC-catalysed reaction was estimated by coupling it
to a formate dehydrogenase-catalysed reaction by adding
20 ul of 57mM NAD and 40 ul of 40 U/ml formate
dehydrogenase (final volume of assay mixture was
300 wl). Increase in absorbance at 340 nm due to NADH
produced was monitored at 37°C until a constant value
was reached (at about 30 min), which ensured that all the
formate formed in the first reaction was utilized by the
second enzyme. One unit of OXDC activity was defined
as micromoles of NADH formed per minute per milli-
gram of enzyme under the assay conditions. Significant
increase in absorbance by the product NADH was
observed only when 1 pug or more of PIOXDC was used
in the assay, suggesting that the enzyme activity is low.

Crystallization, data collection and structure
determination

Initial crystallization trials of native OXDC were per-
formed by micro-batch method using Hampton crystal
screens 1 and 2. Crystallization drops contained 2.5 ul
enzyme (5 mg/ml) and 2.5 pul of the condition. Initial hits
were obtained in condition nos 20, 30 and 61 of the
Hampton crystal screen. Only crystals which appeared in
condition no. 30 (0.2 M ammonium sulphate and 30%
PEG 8000) were of quality sufficient for X-ray structure
determination. A grid of conditions (ammonium sulphate
0.1-0.2 M and PEG 8000 25-35%) around the original
hit was used in further crystallization trials. The same set
of conditions was used to co-crystallize the enzyme with
substrates and analogues. For co-crystallization, enzyme
at a concentration of 5 mg/ml was incubated with 50 mM
ligands. Although several liganded structures were
determined, in most of them ethylene glycol (EDO),
which was used as the cryo-protectant, was found at the
active site. These structures were not included in further
analysis.

Crystals of OXDC were soaked briefly in the mother
liquor containing 20% EDO or glycerol as the cryo-
protectant and flash-frozen in a stream of nitrogen gas at
100 K. The crystals diffracted X-rays to 2.7 A resolution
when examined using X-rays from a rotating anode gene-
rator (home source, wavelength of 1.54 A). Diffraction
data on these crystals were collected to a resolution of
1.97 A using BM14 beam line (wavelength 0.9 A) at the
European Synchrotron Radiation Facility (ESRF), Gre-
noble, France. The data collected using home-source
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X-rays were indexed, integrated and scaled using
iMOSFLM and SCALA programs of the CCP4 suite®'.
The scaled data were used for structure determination by
molecular replacement employing the Phaser program®.
Initial phasing model was a polyalanine chain of B. subti-
lis OXDC (BsOXDC; PDB code 1J58) with which
PIOXDC shares a sequence identity of 49%. This struc-
ture was later used as the starting model for molecular re-
placement structure determination in Phaser with the
synchrotron data (1.97 A resolution) processed using the
HKL2000 package™. Since these structures correspond to
the wild-type protein briefly exposed to the cryoprotec-
tant EDO, only the higher resolution structure corres-
ponding to the synchrotron data was retained. Model-
building and refinement were carried out using COOT**
and REFMAC5” respectively. Table 1 provides the sta-
tistics of data collection and structure refinement.

Results

Protein purification and characterization

PIOXDC was purified using GST-tag affinity chromato-
graphy. GST tag was later removed by thrombin diges-
tion. Based on the cloned sequence, the estimated mole-

Table 1. Statistics of processing for data collected on PIOXDC crystals

Parameters PIOXDC-EDO
Wavelength (A) 0.9
Space group P2,2,2,

Unit cell parameters

a, b, c(A) 66.01, 105.61, 150.53
a, B,y (°) 90 90 90
Resolution (A)* 39.95-1.97 (2.07-1.97)
Ryym (%)° 7.8 (43.5)
Mean [(I)/ o ({I))] 14.7 (3.9)
Completeness (%) 90 (83.2)
Multiplicity 6.6 (6.1)

Total no. of reflections
Unique reflections

451,498 (54,857)
67,963 (9039)

Matthews coefficient (A*/Da) 2.03
Protomers in the ASU 3
rSolvent content (%) 39.56
Refinement statistics

Ryork (%)° 20.2
Rpree (%0)° 27.0
Protein/water/ligand 2927/45/25
Bond length (A) 0.015
Bond angle (°) 1.867
Favoured region 95.0
Allowed region 3.9

Outliers

1.1

“Values in parentheses correspond to the highest resolution shell.

°Reym = 2 2 1y — (L) | 1%y Zalyy, where Iy is the jth measurement of the
intensity of reflection 4 and (/) is its average intensity.

“Ruork = 2(|Fobs| = [Feate| /2| Fo|- Riee Was calculated similarly using 5%
of the reflections that were excluded from the refinement.
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cular weight (MW) of the protein was 43 kDa. The
PIOXDC protomeric MW estimated from SDS-PAGE
was ~40 kDa (Figure 1 a), while the major peak observed in
gel filtration corresponded to a species of MW ~ 120 kDa,
suggesting that PIOXDC is probably a trimer in solution
(Figure 1b). MW estimated by MALDI-TOF was
40,222 Da, suggesting that the enzyme may have lost a
3 kDa peptide due to a non-specific proteolysis by throm-
bin or some other contaminating protease during purifica-
tion (Figure 1 ¢).

Gel filtration performed immediately after purification
indicated that the major fraction of the protein was in
trimeric form. However, a minor peak that corresponded
to a monomeric species was also observed (Figure 15).
Therefore, the enzyme appears to exist as a mixture of
monomeric and trimeric forms in solution, although the
dominant species is the trimeric form. Upon prolonged
storage (up to four weeks), monomeric species increased
and the two forms were of similar abundance (data not
shown).

Enzyme activity

Optimum temperature and pH for the activity were found
to be 45°C and 3 respectively. The specific activity mea-
surements suggested that the enzyme was not as active as
OXDCs from other sources.

The K, and V. values were calculated to be 0.5 mM
and 7.8 umol min"' mg ™' respectively, by fitting Michae-
lis and Menten equation to the kinetic data. The K, of
PIOXDC was lower when compared to that of BsOXDC
(16.4 mM). V. of PIOXDC was also three-fold lower
than that of BsOXDC (21 umol min' mg™'). Although
the enzyme was truncated as suggested by SDS-PAGE
and MALDI experiments, it was active suggesting that
the deleted segment is dispensable for the function of the
enzyme. However, it is plausible that the reduced activity
of PIOXDC is a result of polypeptide truncation.

Protomeric structure of PIOXDC

All crystals used in the present study belong to the
orthorhombic space group P2,2,2,. The crystallographic
asymmetric unit contained three protomers that are
related by a nearly exact non-crystallographic three-fold
axis of symmetry (Figure 2 a) corresponding to a calcu-
lated Matthews coefficient of 2.03 A3 Da' (Table 1). No
density was found for the 47 N-terminal residues in any
of the electron density maps. From the SDS-PAGE and
MALDI results, it may be concluded that the enzyme is
truncated by 26 residues. N-terminal sequencing showed
that the protein is cleaved between A26 and A27 (data
not shown). However, density corresponding to the addi-
tional 21 residues (27-47) at the N-terminus was not
observed in the electron density maps.
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Figure 1.

a, SDS-PAGE of PIOXDC. Lane 1 with a band corresponding to ~40 kDa protein represents purified PIOXDC, while lane 2

corresponds to molecular weight markers (116, 66, 45, 35, 25 and 18 kDa). b, Gel filtration profile showing a predominant peak eluting at
13.5 ml and a much weaker peak eluting at 16 ml. The column was standardized using marker proteins from Sigma Aldrich (200, 150, 120,
66 and 29 kDa). The major peak corresponds to the trimeric form of the enzyme, while the weak peak corresponds to the monomeric spe-
cies. ¢, MALDI-TOF mass spectrum indicating the protomeric molecular weight as ~ 40 kDa.

Figure 2.

a, Trimeric structure of PIOXDC. The three chains 4, B and C are shown in unique colours. The interlocking

of N- and C-terminal regions of neighbouring protomers of the trimer can be observed. b, Ribbon diagram illustrating the
bicupin structure of the OXDC protomer. The small dots represent Mn®" ions. One Mn*" ion is bound to each of the two

cupin domains.

Each protomer of PIOXDC consists of residues 48—388
(Figure 2 b). The protomer consists of two cupin domains
(Figure 2 b). Cupin domain I (residues 59-236; domain
on the right side in Figure 2 b) consists of two antiparallel
[F-sheets containing seven and four f-strands respectively,
and four o~helices. Cupin domain II (domain on the left
side in Figure 2 b) comprises residues 47-58 and 237—
388 and like domain I, it consists of two antiparallel £
sheets. However, the characteristic difference from do-
main I is that the second f-sheet has only two strands in-
stead of four strands in domain I. The two missing [
strands in domain II of PIOXDC are replaced by random
coil structures in all the three protomers of the trimeric
molecule. Domain II also contains four ¢~helices. The two
antiparallel f-sheets in both the domains form barrel-like £
sandwich structures, which is a common characteristic of
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cupin domains. Each cupin domain contains a manganese
ion bound between two loops and a S-strand from each
sheet. The homologous structure, BsOXDC is also a
bicupin structure. In contrast, the Thermatoga maritima
OXDC (TmOXDC) is a monocupin structure.

Internal gene duplication

Structural superposition of the two cupin domains of
PIOXDC using COOT resulted in a RMSD of 1.2 A for
175 equivalent Cer atoms (Figure 3 a). Comparison of the
amino acid sequences of the structurally equivalent Co
atoms shows an identity of 36%, indicating that the bicu-
pin structure is a result of gene duplication. Similar gene
duplication has been observed in several seed storage
proteins, phosphomannose isomerase and BsOXDC.

CURRENT SCIENCE, VOL. 119, NO. 8, 25 OCTOBER 2020
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Figure 3.

a, Structural superposition of the two monocupin domains of the bicupin PIOXDC protomer. The similarity in their sequence and con-

servation of their three-dimensional folds suggest that they are products of divergent evolution. b, Structural superposition of the three crystallo-
graphically independent subunits of PIOXDC illustrating no significant structural differences among the three protomers.

PIOXDC shares sequence identities of 49% and 22% with
OXDC of B. subtilis and T. maritima respectively.
BsOXDC is a hexameric protein. 7mOXDC has a similar
organization, although the two identical monocupin pro-
tomers of 7mOXDC are structurally equivalent to a single
bicupin protomer of BsOXDC, suggesting that the
BsOXDC protomer also has resulted from gene duplica-
tion. Interestingly, gene duplication has not occurred in
TmOXDC, which is therefore a monocupin domain.

Oligomeric structure of PIOXDC

Three crystallographically independent protomers (4, B
and C shown in green, blue and pink respectively in Fig-
ure 2 a) of PIOXDC are structurally similar, as shown by
their superposition (Figure 3b). The RMSD of corres-
ponding C« atoms upon structural superposition of pairs
of these protomers is in the range 0.25-0.30 A. The three
orhelices of domain I at the N-terminal end of one pro-
tomer interact with three c~helices at the C-terminal end
of domain II of the neighbouring protomer (Figure 2 a).
This pattern continues to form a closed trimeric structure.
The two monocupin domains of the three protomers are
related by intra-molecular twofold axes that are nearly
perpendicular to the threefold axis relating the three pro-
tomers of PIOXDC. The three-fold symmetry axis runs
along a solvent-accessible channel in the crystal. Each
protomer interlocks with two other protomers (Figure 2 a)
forming a stable trimer.

BsOXDC is a hexamer in which two trimers interlock
through a helical N-terminal segment (residues 8—47)
contributed by each protomer. In PIOXDC, no significant
electron density was observed for the 47 N-terminal resi-
dues. This truncation and disorder of the equivalent
N-terminal region could be the reason for the formation
of a trimer rather than a hexamer. A similar kind of trimer
is observed in the seed storage proteins, where the
sequences lack the equivalent N-terminal segment.
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Manganese binding

The metal ion bound to the protein was identified as
manganese using X-ray fluorescence (XRF) data
collected at ESRF, Grenoble, France (data not shown).
Electron density corresponding to two metal ions per
protomer could be observed. Each cupin domain is
associated with one metal ion. The metal ion is coordi-
nated by a Glu and three His residues. The four metal-
binding residues are conserved among all OXDC homo-
logs. The metal co-coordinating residues in PIOXDC are
His98, His100, Glul05 and His144 in cupin domain I
(Figure 4 a) and His278, His280, Glu285 and His324 in
cupin domain II (Figure 4 ). The octahedral coordination
of the metal ion is satisfied by the two oxygen atoms of
the ligand molecule and/or water molecules. The metal—
atom coordination distances are in the range 1.9-2.3 A. In
all the structures determined, electron density corres-
ponding to EDO or the ligands used in crystallization was
observed close to Mn*" in both cupin domains.

EDO-bound structure of PIOXDC

In the PIOXDC structure determined at 1.97 A resolution,
significant electron density that fitted EDO was observed
at the active sites of both cupin domains of all the three
protomers. The two oxygen atoms Ol and O2 of EDO
form coordinate bonds with Mn®" ion in both the
domains. Apart from the EDO molecules bound at the
active site, six other EDO molecules are bound non-
specifically to surfaces of the two protomers. A SOj ion,
probably derived from the crystallization condition, is
located in each of the subunits making hydrogen bonds
with Arg250 and surrounding water molecules. The SO;
also interacts with Lys254 in chain B. However, these
sites are not close to the active site represented by the
metal ion. Therefore, non-specific binding of EDO or
SO, binding may not be functionally significant.
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Figure 4. Active site of PIOXDC. The residues near the metal ion (small square) are shown in stick representation. The
metal-binding residues in (@) cupin domain 1 are H98, H100, H144 and E105 and (b) cupin domain II, are H278, H280,

H324 and E267.

Figure 5. Superposition of cupin domains I and II showing different
conformations of E166 and E267. However, the side chain carboxylates
are positioned similarly.

In domain I, Arg95 is involved in hydrogen-bonding
interaction with Glul66 and Thr169. These interactions
appear to control the position of Glul66, which has been
proposed as a residue important for catalysis in BsOXDC.
The residue in domain II equivalent to Thr169 of domain
I is Asp347. This residue interacts with Arg275 (equiva-
lent to Arg95 of domain I), but not with Glu267 (equiva-
lent to Glul66 of domain I). Therefore, the conformations

1354

of Glul66 of domain I and the equivalent Glu267 of
domain II are not identical. However, the terminal
carboxylate groups of Glul66 and Glu267 are in a
similar disposition with respect to the active site. Figure 5
shows the superposition of the active sites of cupin do-
mains [ and II. It may be observed that the carboxylates
of the glutamates are similarly disposed, although
their conformations are different. Hence, it will not be
surprising if both the cupin domains are catalytically
competent.

Discussion

The X-ray crystal structure of PIOXDC is reported in this
article. The homologous BsOXDC structure was deter-
mined by two groups in its formate bound and apo forms
respectively. There is an ambiguity as to which of the
cupin domains is catalytically active. The first structure
of BsOXDC determined by Anand er al.'?, had formate
bound only in cupin domain I. However, the authors
claimed that only cupin domain II was catalytically active
since mutation E333A in domain II reduced the activity
to 4% of that of the wild-type enzyme. It was also pointed
out that only Glu333 (Glu267 in PIOXDC) is suitably
placed to act as a proton donor during oxalate degrada-
tion. Also, by mutational analysis, residues Tyr340 and
Arg270 in domain II were shown to be essential for
catalysis.

On the contrary, Just et al®® argued that Glul62
(Glul66 in PIOXDC) in domain I was a more suitable
residue as a proton donor during catalysis based on the
structure of the apo form of BsOXDC. They proposed
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that the loop corresponding to residues 161-165 (SENST)
acts as a lid, opening and closing the active site during
catalysis. In BsOXDC—formate complex determined by
Anand et al.”®, formate was bound to domain I. The pres-
ence of formate was assumed by Just et al.?® to be the
reason why the loop opts for an open conformation in
which Glul62 faces away from the active site pocket.
They argued that Glul62 could assume a conformation
suitable for protonation of the substrate in the closed con-
formation. Indeed, in BsOXDC-apo form®®, Glu162 faces
towards the active site (closed form). In this form,
Glul62 could function as a proton donor. Therefore, Just
et al.*® proposed that only domain I is catalytically com-
petent. This was also supported by the lack of activity of
the mutant E162A. Further, mutation of Arg92 (R92A)
was shown to make BsOXDC inactive. Mutations carried
out by Just et al.*® in domain II residues also affected the
enzyme activity. E333A showed only 6% activity (similar
to 4% activity reported by Anand er al.'’) and R270A
possessed only 3% activity when compared to the wild-
type enzyme. As both the groups have arrived at the iden-
tity of the domain that is catalytically active by careful
experimental observations, it is likely that the structural
modifications due to mutation in one domain could affect
the active site geometry in the other domain accounting
for the total loss of activity. Examination of the organiza-
tion of the N-terminal cupin domain of A-subunit and C-
terminal cupin domain of B-subunit showed that the two
active sites are indeed tightly connected (Figure 6). The
two histidyl moieties that coordinate with the metal atom
in both the subunits are separated by a single tryptophan

Figure 6. Strong inter-molecular connection between cupin domains
of neighbouring subunits of PIOXDC protomers in trimeric structure.
The two histidines that coordinate the metal ion are separated by a sin-
gle tryptophan. The tryptophans from the two neighbouring subunits
are tightly connected by 77 interactions. Therefore, mutation at the
active site of one protomer is highly likely to disturb the activity at
other active sites as well.
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residue. These tryptophan residues are held by 77 inter-
actions. Therefore, any mutation in one of these domains
will affect the other domain as well.

In the PIOXDC structure, active site of both the cupin
domains contains a glutamate (Glul66 and Glu267)
residue which could act as the proton donor for catalysis
because of the similar disposition of their terminal
carboxylate groups (Figure 6), despite differences in the
conformation of the loop hosting the active site gluta-
mate. The arginine residues (Arg95 and Arg275) which
are essential for substrate recognition and positioning of
Glu for catalysis are also present and involved in
hydrogen bonding with the EDO bound at the active
site of both cupin domains. In cupin domain I, the inte-
raction between Thr169 and Arg95 is considered to be
important for positioning Glul66 (ref. 26). This specific
Thr169 is present in the segment 165-169 (SEFGT) and
adapts a closed conformation in PIOXDC. This loop cor-
responds to the SENST loop of BsOXDC. A correspond-
ing threonine residue is absent in domain II of PIOXDC,
while an alternative interaction between Arg275
and Asp347 positions Glu267 (Glu333 in BsOXDC)
for catalysis, although the loop closure of domain I is
not observed in domain II. The comparisons presented
here suggest that the residues required for oxalate
decarboxylation are present in both the domains of
PIOXDC, and both the domains may be catalytically
competent.

Interestingly, Weerth et al.'® have reported the struc-
ture of a protein of unknown function from P. lumines-
cens subsp. laumondii TTO1 at 1.35 A. The polypeptide
corresponding to this dimeric protein has a monocupin
fold. However, the active site cavity of the protein has
been reported to be wider and could accommodate a sub-
strate larger than oxalate. However, the activity of this
protein with either oxalate or its homologs has not been
examined. A protomer of this structure could be super-
posed well with a single domain of PIOXDC protomer.
The other protomer of the dimer then gets superposed on
the second cupin domain of PIOXDC. This again points
to gene duplication as the underlying mechanism in the
evolution of bicupin OXDC proteins.

The structure of trimeric PIOXDC described here could
serve as a novel insecticidal protein. We speculate that
the Mn®" dependent OXDC secreted by P. luminescens
could cause tissue and cell death by forming excess quan-
tities of formate and CO, in the hemolymph (insect blood
in body cavity) that are toxic to the insects. The products
of the OXDC-catalysed reaction could also affect the
physiological functions, immunity and tissue necrosis of
the host”’. Creation of anaerobic condition by the produc-
tion of CO, could ward-off aerobic microbes and prevent
putrefaction. Thus, OXDC could play an important role
in insect physiology and nematode—bacterium—insect host
tritrophic interactions, and may serve as a biocontrol
agent for insect pest management.
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Conclusions

X-ray crystal structure of OXDC from Photorhabduslu-
minescens was determined the at 1.97 A resolution. Each
protomer of OXDC consists of two cupin domains. Each
cupin domain consists of two antiparallel S sheets orga-
nized as a sandwich with a Mn*" ion bound at the active
site. In contrast to the hexameric BsOXDC, PIOXDC
exists as a mixture of monomeric and trimeric forms in
solution but assumes a trimeric form in the crystal struc-
ture probably due to the cleavage of a 3 kDa peptide from
the N-terminus of intact PJOXDC. Despite this cleavage,
PIOXDC retains catalytic activity. The active sites of
neighbouring subunits in the trimeric PIOXDC are tightly
linked by the interaction between the C-terminal cupin
domain of a protomer and the N-terminal cupin domain
of a neighbouring protomer. This association accounts for
the results of earlier studies on the enzyme where activity
of both the cupin domains was lost upon mutation of an
active site residue in only one of the protomers. Compari-
son of BsOXDC and PIOXDC structures suggests that
both cupin domains of the protomer are likely to be cata-
lytically competent.
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