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Structure of XC6422 from Xanthomonas campestris

at 1.6 A resolution: a small serine a/f-hydrolase

XC6422 is a conserved hypothetical protein from Xanthomonas campestris
pathovar campestris (Xcc), a Gram-negative yellow-pigmented pathogenic
bacterium that causes black rot, one of the major worldwide diseases of
cruciferous crops. The protein consists of 220 amino acids and its structure has
been determined to 1.6 A resolution using the multi-wavelength anomalous
dispersion (MAD) method. Although it has very low sequence identity to
protein sequences in the PDB (less than 20%), the determined structure
nevertheless shows that it belongs to the superfamily of serine «/S-hydrolases,
with an active site that is fully accessible to solvent owing to the absence of a lid
domain. Modelling studies with the serine esterase inhibitor E600 indicate that
XC6422 adopts a conserved Ser-His-Asp catalytic triad common to this
superfamily and has a preformed oxyanion hole for catalytic activation. These
structural features suggest that XC6422 is most likely to be a hydrolase active on
a soluble ester or a small lipid. An extra strand preceding the first S-strand in the
canonical a/B-hydrolase fold leads to extensive subunit interactions between
XC6422 monomers, which may explain why XC6422 crystals of good diffraction
quality can grow to dimensions of up to 1.5 mm in a few days.

1. Introduction

Structural genomics is a new and rapidly developing field that is
under active investigation worldwide (Edwards et al., 2004; Zhang &
Kim, 2004). It has great potential for the discovery of novel protein
folds and the solution of representative protein structures to obtain a
more thorough understanding of biology from a structural perspec-
tive. A structural genomics program for the local plant pathogen
Xanthomonas campestris pathovar campestris strain 17 (Xcc) has
recently been initiated to study its unique regulatory pathway toward
pathogenicity. It does not use a cAMP-mediated signal transduction
pathway, but instead uses Clp (cAMP-receptor like protein) as a
global transcription factor, which has been found to regulate the
protein expression of over 100 different cellular functions in Enter-
bacteriaceae and Bacillus (Ebright, 1993; Kolb et al., 1993). Clp is also
possibly the major protein responsible for regulating a wide variety of
genes necessary for the synthesis of exopolysaccharides, extracellular
enzymes and components of apparatus for type II protein secretion,
all of which are collectively required for Xcc pathogenicity (Chen &
Tseng, 2006; de Crecy-Lagard et al., 1990).

XC6422 was selected as a target protein for this structural geno-
mics project because no sequence identity higher than 20% could be
found in the PDB. In this manuscript, we describe the crystal struc-
ture determination of XC6422 using the MAD method. The crystals
diffracted to a good resolution of 1.6 A and the solved structure
reveals that the protein belongs to the small serine «/B-hydrolase
superfamily (Heikinheimo et al., 1999; Nardini & Dijkstra, 1999) that
lacks a lid, leaving the active site fully accessible to solvent. It adopts
the conserved Ser-His-Asp catalytic triad (Ser119-His195-Asp166)
common to this superfamily, with Ser119 positioned at the very sharp
turn between strand 85 and helix «C, the so-called nucleophile elbow
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(Heikinheimo et al., 1999; Nardini & Dijkstra, 1999). A structural
homology search conducted using the DALI method (Holm &
Sander, 1995) revealed more than 20 protein homologues with Z
scores larger than 15, including a variety of enzymes with esterase
(Arndt et al., 2005; Janda et al., 2004; Kim et al., 1997; Murayama et al.,
2005), lipase (Martinez et al., 1994; Nardini et al., 2000; van Pouder-
oyen et al., 2001; Wei et al., 1998) and peptidase (Bartlam et al., 2004;
Fiilop et al., 1998; Goettig et al., 2002; Medrano et al., 1998) activities.
This is consistent with the notion that the o/$-hydrolase fold family is
one of the most versatile and widespread observed to date (Heikin-
heimo ez al., 1999; Nardini & Dijkstra, 1999). Modelling studies with a
serine esterase inhibitor E600 indicate that XC6422 adopts a
preformed oxyanion-hole conformation and is poised for catalysis
without the requirement of further structural rearrangement
(Martinez et al., 1994). From these detailed structural studies, we
suggest that XC6422 is most likely to be an esterase active on a
soluble ester (Arndt et al., 2005; Kim et al., 1997; Martinez et al., 1994;
Murayama et al., 2005) or a lipase requiring no interfacial activation
to act on a lipid or triacylglycerol substrate (Hjorth ez al., 1993; van
Pouderoyen et al., 2001; Wei et al., 1998).

2. Materials and methods
2.1. Cloning, expression and purification

Data on the gene cloning, protein expression, purification, crys-
tallization and diffraction of native XC6422 have been reported
previously (Yang et al., 2005). SeMet-labelled XC6422 was produced
using a non-auxotrophic Escherichia coli strain BL21(DE3) as host in

the absence of methionine but with ample amounts of SeMet
(100 mg I™"). Induction was conducted at 310 K for 4 h by the addi-
tion of 0.5 mM IPTG in M9 medium consisting of 1 g NH,Cl, 3 g
KH,PO, and 6 g Na,HPO, supplemented with 20% (w/v) glucose,
0.3%(w/v) MgSO, and 10 mg FeSO,. Incorporation of SeMet was
almost complete and mass data showed a major molecular-weight
peak of 24 439 Da (data not shown). Purification and crystallization
of the SeMet-labelled XC6422 were performed using the protocols
established for the native protein (Yang et al., 2005).

2.2. Crystallization

For crystallization, the protein was concentrated to 35.5 mg ml~" in
20 mM Tris pH 8.0 and 70 mM NaCl using an Amicon Ultra-10
(Millipore). Crystallization screening was performed using the sitting-
drop vapour-diffusion method in 96-well plates (Hampton Research
Crystal Screen and Crystal Screen 2 kits) at 295 K by mixing 0.5 pl
protein solution with 0.5 pl reagent solution. Initial screens were
performed wusing a Gilson C240 crystallization workstation.
Parallelepiped-shaped and prism-shaped crystals appeared in 1d
from a reservoir solution comprising 0.1 M HEPES buffer pH 7.5,
2.0 M (NH,4),SO,4 and 2% PEG 400. This initial condition was then
optimized by varying the concentrations of ammonium sulfate.
Crystals suitable for diffraction experiments were grown by mixing
1.5 pul protein solution with 1.5 pul reagent solution and reached
maximum dimensions of 2.0 x 1.5 x 0.4 mm after one week. Crystals
of SeMet-labelled XC6422 were stabilized in mother liquor
containing 22% PEG 2K MME (polyethylene glycol monomethyl
ether) plus 20% glycerol before freezing in liquid nitrogen.
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Figure 1

()

Crystal structure of XC6422. All figures were produced with the program PDBViewer (Guex & Peitsch, 1997). (a) Ribbon diagram of XC6422 colour coded from the
N-terminus (blue) to the C-terminus (red). a-Helices A-E and B-strands (81-8) are annotated. (b) Diagram showing the secondary-structure elements of XC6422
superimposed on its primary sequence. The a-helices (green rectangles) and B-strands (red arrows) are indicated. The disordered regions are depicted by a dotted line. The
consensus elbow sequence is boxed in red, with the catalytic triad Ser119-His195-Asp166 coloured red and the oxyanion-binding residues Leu47 and Phel119 blue.
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2.3. Data collection and structure refinement

Diffraction data sets were collected at 100 K from a single SeMet-
labelled crystal using SPring-8 beamline SP12B2 with an ADSC
Quantum 4 CCD detector. The diffraction data were indexed and
processed using HK1.2000 (Otwinowski & Minor, 1997). The struc-
ture of XC6422 was determined to 1.6 A resolution using the MAD
method. The refinement of Se-atom positions, phase calculation,
density modification and building of the initial model were performed
using the program SOLVE/RESOLVE (Terwilliger & Berendzen,
1999). The model was manually built using the XtalView/Xfit package
(McRee, 1999). CNS (Briinger et al., 1998) was then used for model
refinement to a final Ry of 22.8% and Ry, of 24.7%. The unit-cell
parameters of SeMet-labelled XC6422 crystals are identical to those
of native protein and are summarized in Table 1.

3. Results and discussion
3.1. The quality of the model

The refined model of XC6422 contains one single polypeptide
chain per asymmetric unit that includes 218 amino acids (residues
3-220) and 207 water molecules. Of all non-glycine residues, 89.1 and
10.4% are in the most favoured and allowed regions of the Rama-
chandran plot, respectively, as verified with PROCHECK (Laskowski
et al., 1993). However, the catalytic residue Ser119 adopts an
e-conformation (¢ = 54.5, ¥ = —112.6°) and lies outside the allowed
range. It is located at a sharp turn between strand 5 and helix «C
and its strained conformation is a standard feature of all o/B-
hydrolases (Heikinheimo ef al., 1999; Nardini & Dijkstra, 1999). The
other residue that also has a strained conformation is Glu49
(p = —102.9, ¢ = —132.9°), which is located at the f3—-aA L(46)-S-T-
E-G-G(51) loop turn and stabilized by two hydrogen bonds between
its side-chain carboxylate and the main-chain carbonyl and side-chain
hydroxyl groups of Thr48.

3.2. Overview of the structure

The refined XC6422 model reveals a canonical «/B-hydrolase fold,
albeit with one additional strand adjacent to the first -strand (Fig. 1).
However, this additional strand does not lie parallel to nor form any

Table 1
Structural refinement statistics for selenomethionine-substituted XC6422 crystals.

Values in parentheses are for the highest resolution shell.

Resolution range (A) 24.8-1.60 (1.66-1.60)
Data cutoff [o(F)] 0.0

Completeness of reflections used (%) 99.0 (91.3)

No. of reflections used 18909 (2047)

Ryre. test-set size (%) 5.0

R/Rgree (%) 22.8/24.7 (23.5/25.4)
No. of non-H atoms

Protein 1680

Solvent 207
R.m.s. deviations .

Bond lengths (A) 0.005

Bond angles (°) 13

specific hydrogen bonds with the first S-strand (Fig. 4). The molecule
thus consists of a mostly parallel eight-stranded S-sheet adopting a
12435678 topology and is surrounded by two a-helices on one side
and three on the other side. Ser119 is positioned on the nucleophile
elbow, as identified by the consensus sequence Sm-X-Nu-X-Sm
(where Sm is a small residue, X is any residue and Nu is a nucleo-
phile), corresponding to Glyl17-Phe118-Ser119-Phe120-Gly121 in
XC6422.

The Ser119-His195-Asp166 catalytic triad is located at the bottom
of a pocket that is surrounded by four small loops connecting the
B3-aA, B6-B7, B7-aD and B8—«E secondary-structural elements
(Fig. 1). There is therefore no lid domain to hinder the substrate entry
from above the pocket.

3.3. Comparison with other a/f-hydrolases

XC6422 is 220 residues long and is relatively small compared with
other known «/B-hydrolase fold enzymes that possess a lid domain. A
structural homology search conducted with the DALI server (Holm
& Sander, 1995) returned 20 structures ranging in size from 179 to 726
residues with high Z scores (>15). Despite the low sequence identity,
the central B-sheet and the catalytic triad superimpose very well, with
r.m.s.d. values ranging from 1.3 to 1.6 A. Of these structural homo-
logues, many of them are peptidases such as acylamino-acid releasing
enzyme (PDB code 1ve6), dipeptidyl peptidase (Inlm), proline
iminopeptidases (1mt3 and lazw) and prolyl oligopeptidases (1qfm

Figure 2

Stereoview of the superimposition of XC6422 (220 residues, purple), 1vkh (253 residues, cyan), 1uxo (184 residues, blue), 1ufo (184 residues, green), lauo (218 residues, red)
and 1i6w (179 residues, black) performed with the program PDBViewer (Guex & Peitsch, 1997). B-Strands 1-8 and «-helices A-E are labelled red and green, respectively.

Only the catalytic triad residues of XC6422 are shown in ball-and-stick representation.
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and 1yr2). These peptidases contain a large insertion domain after
strand 86, which typically serves as a tunnel to prevent large peptides
and proteins from accessing the central cavity and undergoing acci-
dental hydrolysis (Bartlam et al., 2004; Fiilop et al., 1998; Goettig et
al., 2002). These large enzymes are therefore excluded for compar-
ison since XC6422 has no lid domain and possibly does not belong to
this family.

We have therefore restricted our comparison to other small «/B-
hydrolases of similar size, such as TT1662 (PDB code lufo; 234
residues) from Thermus thermophilus (Murayama et al., 2005),
YDR428C (1vkh; 253 residues) from Saccharomyces cerevisiae
(Arndt et al., 2005), YdeN (luxo; 184 residues) from Bacillus subtilis
(Janda et al., 2004), a B. subtilis lipase (1li6w; 179 residues; van
Pouderoyen et al., 2001), a Pseudomonas fluorescens carboxylesterase
(lauo, 218 residues; Kim et al., 1997), a Fusarium solani cutinase
(loxm, 213 residues; Martinez et al., 1992) and a Streptomyces
exfoliates lipase (1jfr; 260 residues; Wei et al., 1998). Superimposition
of several selected small «/B-hydrolases is shown in Fig. 2. From this
comparison, it is clear that the central B-sheet and the surrounding

a-helices C, D and E overlap well. Importantly, the loops connecting
the B3-aA, B7-aD and B8-«E structural elements are also well
superimposed which, together with the S5-aC loop, collectively
accommodate the Ser-His-Asp catalytic triad and the oxyanion
pocket (Heikinheimo et al, 1999; Nardini & Dijkstra, 1999).
However, considerable variations in the position and length are
observed for the loops connecting the f4-aB and B6-87 elements,
which may participate in the formation of the substrate-binding site
and define the enzyme’s specificity. Fig. 2 also reveals that no lid
covering the active sites is present in these small «/f-hydrolases.
Their active sites are consequently fully accessible to solvent.

3.4. The oxyanion hole and binding pocket

To obtain insight into substrate binding, we have modelled a
covalently bound inhibitor in the active site of XC6422. Diethyl-
p-nitrophenyl phosphate (E600) is a phosphorylating inhibitor that
has been used in studies on serine protease mechanisms (Kraut,
1977). The covalent adduct with the active serine is believed to mimic

Figure 3

Stereoview of the structural details of the active-site pocket in the XC6422-E600 complex. (a) The E600 forming a covalent adduct with the catalytic Ser119 residue is shown
in the centre region. The hydrogen-bonding network in the active site is connected by dotted green lines. (b) The E600 inhibitor is shown as a CPK model with the residues
that possibly participate in substrate binding shown in ball-and-stick representation. The C atoms are coloured grey, O atoms red, N atoms blue and P atoms orange.
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the tetrahedral intermediate of the reaction. We have superimposed
the XC6422 structure on a cutinase crystal structure containing the
E600 adduct (Martinez et al., 1994) and merged the E600 coordinates
with the XC6422 coordinates to obtain the initial XC6422-E600
complex. This initial complex structure was further energy-minimized
using the DS-Modeler program (Accelrys Inc.) to obtain the final
complex structure, which does not change significantly from the
initial complex structure (with an overall r.m.s.d. value of only 0.2 A)
This indicates that XC6422 requires no structural rearrangement for
catalysis. The active-site pocket with the E600 adduct of the final
XC6422 is shown Fig. 3(a). It is located at the bottom of a small cleft
between four loops consisting of residues 46-49, 143-147, 166-169
and 194-197. The catalytic triad is locked in position by a hydrogen-
bonding network: Aspl66 O forms a hydrogen bond with
His195 N*! and Asp166 O®' form two hydrogen bonds with the main-
chain amides of Ile168 and Val169. The Ser119 hydroxyl group does
not form a hydrogen bond with His195 N** in the adduct complex; it
is now shifted away from His195 N*? and forms a weak hydrogen
bond with the O2 atom of E600 (3.26 A) The main-chain N atoms of
Leu46 and of Phel20, the residue adjacent to the catalytic serine, are
within hydrogen-bonding distance of the E600 O3 atom (2.72 and
252 A, respectively). The inhibited XC6422 structure thus made it
possible to locate the oxyanion hole.

We also found many hydrophobic residues (Ile168, Vall69, Pro143,
Trpl47, Phe196 and Leu46) above the active-site crevice; these resi-
dues possibly form the binding site for an ester or a lipid substrate.
Interestingly, although one of the ethyl groups of the diethylphos-
phate inhibitor was found to fit into the crevice very well (Fig. 3b),
there seems to be room for a longer carbon chain in the upper part of
the crevice. The correct substrate for XC6422 remains to be estab-
lished in a further study.

3.5. Crystal contacts

XC6422 formed high-quality crystals that grew to 1.5 mm in a few
days and diffracted to a good resolution of 1.6 A. Detailed subunit-
interaction studies between XC6422 monomers revealed that the
extra strand preceding the first f-strand of the canonical o/f-
hydrolase fold made a considerable contribution to the crystal
packing. As shown in Fig. 4, the XC6422 crystal packs along a 2 axis
and is mediated by extensive intermolecular hydrogen-bonding
interactions, including Ser2 HY- - -Leu187 C=0, LeuS H"- - -GIn184
side-chain C=0, Leu5 C=0---GIn184 side-chain  amide,
Alal2 C=0---GIn184 HY, Ala12 HY. - -Glu182 C=0 and
Thr8 HY- - -Glu179 C=0. Altogether, excluding possible hydro-
phobic contributions, a single GIn184 residue contributes half (three)

(b)

Figure 4

XC6422 crystal structure. (a) Packing of XC6422 along a 2 axis mediated by the extra strand prior to the 1 strand in the canonical o/B-hydrolase fold. (b) Close-up of the

intermolecular hydrogen-bonding network that stabilizes the crystal packing.
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of the total hydrogen bonds to this inter-protein interaction energy.
GIn184 is also the only amino-acid residue that uses its side amide
and carbonyl groups to interact with the backbone atoms of the
neighbouring subunit. This amino-acid residue thus plays important
roles in stabilizing the XC6422 crystals.

In conclusion, XC6422 was chosen as a target protein in our Xcc
structural genomics project since no sequence identity larger than
20% could be found in the PDB. After its structure had been
determined and a structural homology search performed, it was
found that it belongs to a subfamily of the «/B-hydrolase fold that
does not possess a lid. The active-site residues and the oxyanion hole
were further identified with the aid of a XC6422-inhibitor modelling
study and the hydrophobic residues around the active site were also
located. Since the active-site pocket is open and fully accessible to
solvent with no lid domain to block the entry of substrate, we
tentatively conclude that XC6422 is a small esterase active on a
soluble ester without the need for structural rearrangement or a
lipase active on a lipid or triacylglycerol substrate requiring no
interfacial activation.
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