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The crystal structure of triacylglycerol lipase from Pseudomonas glumae
reveals a partially redundant catalytic aspartate
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The family of lipases (triacylglycerol-acyl-hydrolases, EC 3.1.1.3) constitutes an interesting class of enzymes because of their ability to interact with

lipid-water interfaces, their wide range of substrate specificities, and their potential industrial applications [1,2]. Here we report the first crystal

structure of a bacterial lipase, from Pseudomonas glumae. The structure is formed from three domains, the largest of which contains a subset of

the a/f hydrolase fold and a calcium site. Asp?®, the acidic residue 1n the catalytic triad, has previously been mutated into an alanine with only
a modest reduction 1 activity [3].

Tracylglycerol acylhydrolase; EC 3.1.1.3; Crystal structure; Density modification; Catalytic triad; Hydrolase fold

1. INTRODUCTION

Recently, X-ray crystallographically determined
structures of lipases from Rhizomucor meihei (RML,
[4]). Geotrichum candidum (GCL, [5]), and human pan-
creas (HPL, [6]) have shed much light on the structural
basis of the biochemical peculiarities of this class of
enzyme. Despite diverse amino acid sequences, the crys-
tal structures of the lipases resemble an a/8 fold which
is observed in a broad family of hydrolase enzymes
[7.8]. Common to this family is a nucleophile-histidine—
acidic residue catalytic triad, which is observed in the
lipases as either a Ser-His-Asp triad (RML, HPL), or
a Ser-His-Glu triad (GCL). Whereas GCL is clearly a
member of the a/f hydrolase family, HPL shows simi-
larity over only a subset of its secondary structural ele-
ments, and RML is even less closely related [7].

Differences are also seen in the mode of interfacial
activation [9,10]; when the catalytic serine of RML is
covalently modified, a relatively simple helical lid move-
ment occurs, whereas in the presence of bile salts, acti-
vation of HPL involves both interaction with an acces-
sory protein (co-lipase), and a more complicated con-
formational change [10]. Defining the under-lying prin-
ciples of lipase activity requires detailed investigation of
a range of lipase families. One such family is formed by
the bacterial lipases, particularly those from Pseudo-
monas species [11-13], several of which share consider-
able sequence homology. The member of this lipase
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family with the most industrially desirable properties
[2], derived from P. glumae, has been chosen as the
subject of more detailed study. This has led to the func-
tional characterisation of the protein [3,14] as well as its
crystallisation [15], and now structure determination.

2. EXPERIMENTAL

Crystals of P glumae lipase were grown at 4°C by the hanging drop
technique as described previously [15], with 27-29% polyethylene gly-
col 8000 as precipitant, and a droplet containing 10-20 mg ml™
protein in 0.1 M Tris, pH 9.0, 1n the presence of 10% v/v acetone and
trace amounts of n-dodecyl-f-p-glucopyranoside. Four copies of the
mature lipase (M, = 33,100 Da) were expected to form the asymmetric
unit, giving rise to a Matthews volume of 3.0 A’Da™'. Heavy atom
derivatives were prepared by transferring crystals from the mother
liquor 1in which they grew to an equivalent mother liquor to which the
heavy atom compound had been added. A concentration of 5 mM and
a soaking time of 1 week was used in all cases except for K,PtCl,, for
which the higher concentration of 50 mM, and the longer soaking time
of 5 weeks was found to be necessary to give significant binding. All
data were collected on a Xentronics area detector with a Rigaku
rotating anode source, and processed with the Xengen package [16].
Heavy atom structures were solved by a combination of difference
Patterson and difference Fourier techniques using programs of the
CCP4 suite [17]. Heavy atom refinement and phase calculation were
performed using the program MLPHARE. Statistics of the data used,
and of the phasing are given 1n Table 1. The initial MIR map was very
unclear, reflected by the low mean figure of merit to 3.0 A resolution.

An improvement in the MIR electron density was achieved by
application of solvent flattening and histogram matching techniques
according to the program SQUASH [18]. This gave rise to clearly
defined subunit boundaries. No clear indication of molecular symme-
try was apparent from self-rotation calculations, or from mspection
of the solvent flattened map. The first non-crystallographic symmetry
operator was determined by carrying out a real space density correla-
tion search using subunit masks and centres determined from the
solvent flattened map. A version of the operator improvement pro-
gram ‘a-rt-improve’ [19] was used for this purpose, so modified as to
allow a full search of rotational space on an Eularian angle search grid.
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A clear peak identified the transformation relating molecules A and
B within the asymmetric unit. Phase improvement was carried out
using this operator for partial averaging, combined with solvent flat-
tening.

In the resulting 30 A map. helices could be identfied in the two
averaged. as well as the two unaveraged molecules By matching these
helices, the remaining transformations could be determined, and phase
improvement performed using averaging over all four molecules. This
was begun at 50 A resolution, and extended to 3 0 A, at incremental
steps 1n resolution of approxmmately one reciprocal lattice unit. At
each resolution, five cycles of averaging, with phase combination by
SIGMAA [20] were performed. All averaging operations were carried
out with the ‘a’ suite of programs [19] This protocol gave a very clear
map (Fig. 1) in which the model could be built with the program O’
[21].

Structure refinement was carried out using *O’ for manual rebuild-
ing, and X-PLOR for automatic least squares and simulated anneal-
ing. A test set of 5% of the data was isolated at the start of refinement.
and excluded from X-PLOR refinement. This set was used to monitor
Ry [22] at different stages of refinement. For the first two rounds of
simulated annealing, a single molecule was used. with strict non-
crystallographic symmetry. In subsequent refinement. tight non-crys-
tallographic symmetry restraints were applied to all protein atoms
except for loops 18-29.132-135, 150-160, 216-225, 216-225, 232 -236.
For these loops, the map clearly indicated difterences between the four
molecules At the end of refinement. individual atomic B-factors were
refined. These were restrained by both 1-2 and 1-3 bonding restramts,
as well as the non-crystallographic symmetry restraint. Before B-fac-
tor refinement was begun, the conventional R value was 23.0%, and
the free R value was 29.4%. After the final refinement, including

Table 1
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B-factor refinement, the conventional R value was 15.9%, and the free
R value was 22.6%. The small difference between R and R, indicates
that there has been little over-fitting of the data, and justifies the
refinement of individual atomic temperature factors despite limited
resolution. The deviation from 1deal bond lengths of the final model
was 0.011 A, and the deviation from ideal bond angles was 2.5°. No
residue has disallowed main-chain torsion angles, and the pooled side
chain deviation around the preferred Chi-1 angles is only 14.4° com-
pared to a typical value of 25.8° for other structures of 3.0 A resolution
(according to the PROCHECK package [23]).

3. RESULTS AND DISCUSSION

The structure of P glumae lipase (PGL) was solved
by the technique of multiple isomorphous replacement
(MIR). with non-crystallographic symmetry averaging
used to produce an interpretable map despite poor ini-
tial phases. The four molecules which form the crystal-
lographic asymmetric unit are not related by proper
symmetry. The free-R value [22] was used to identify the
appropriate weights for geometric and non-crystallo-
graphic terms in X-PLOR [24] refinement. with the re-
sult that the final R, is only 6.7% higher than the
conventional R-factor.

The structure of PGL is composed of three domains
(Fig. 2). The largest domain contains a six stranded §

Crystallographic information

Spacegroup P2,2,2,, a = 158.16, b = 158.64, c = 63.36, a = f =y = 90.0

Data collected:

Dataset Native NaAuCl,
Number of crystals 2 3
Total observations 92,181 49,554
Merging R-factor® 4.6 5.0
Number of reflections 25,924 19,394
Completeness to 3.54 A 92 75
Completeness 3.54-3.0 A 59 33
Phasing statistics.

MFID® - 0.11
Number of sites - 3
R-factor* - 0.74
Phasing power - 1.5

Mean figure of merit to 3.0 A (All 25.882 phased reflections) = 0.53

KAuCl, Hg(CH,CO,)* K.PtCl,
(a) (b)

2 3 1 1
20,157 44,657 60,449 32,170
6.2 5.1 7.2 4.8
14,850 19.846 15,814 22,280
62 78 64 82
18 32 23 46
0.11 021 0.18 0.11

3 4 4 2
0.77 0.76 0.75 0.80
1.4 14 1.4 1.2

* Two sets of data collected at different times which showed poor merging, and slightly different site occupancies.

2 2 M1
® Mean merging R (= e
Zrh 21 IIh :I
. , , S, |FPH,~FP,|
Mean Fractional Isomorphous Difference = —————— x 100%.
2, [FPy|

% 100%}) for individual blocks of data used m the final dataset.

¢ Figures quoted for R-factor and Phasing power relate to acentric reflections only.
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Fig. 1. A stereo diagram of the averaged MIR electron density map showing the region of chain around the catalytic serine, Ser®’. Ser®’ is in a
loop that connects a B strand (£3) with an a helix (a3).

sheet flanked on one face by three o helices, and on the
other by two a helices. This sheet has considerably
fewer strands than the equivalent sheets at the core of
RML (8 strands), GCL (11 strands), and HPL (9
strands). Topological equivalents can, however, be
identified with the core strands and helices of the a/B
hydrolase fold, such that g1 of PGL is equivalent to 83
in the nomenclature of Ollis et al. [8]. The B sheet is
principally parallel, with the exception of one of the
edge strands, which is formed from a parallel and an
anti-parallel section. Each of the other domains is
formed by secondary structural elements contiguous in
sequence. The first of these domains (residues 118-165)
consists of three « helices, one of which may represent
a moveable lid to the active site (discussed below). The
other (residues 214-271) consists of four a helices and
a f hairpin which extends from the body of the protein
into solvent.

The identity of the nucleophile of PGL. has been sug-
gested by the recognition of a conserved Gly-X-Ser-X-
Gly motif (Gly**-His**-Ser"-GIn*-Gly®), and sup-
ported by studies which showed that PGL mutant
Ser®” — Ala had no detectable activity [3]. In the crystal
structure, this motif is found to form the short loop
connecting a f strand (#3) with an a helix («3). This
situation is analogous to the nucleophile elbow in other
members of the hydrolase family [7]. The main chain
torsion angles of Ser® are ¢ = 60, ¥ = —128, compared
to values of ¢ = 53, v = —118 for the catalytic serine of
GCL. Ser® is hydrogen bonded to NE2 of His* (Fig.
3a). This histidine had been identified as a member of
the catalytic triad on the basis of conservation amongst
various Pseudomonas lipases, and confirmed to be es-
sential for activity by site directed mutagenesis [3]. ND1
of this residue is hydrogen bonded to Asp*®, implicat-
ing this residue as the acidic member of the catalytic
triad. Asp?® is totally conserved in members of the

lipase family represented by PGL, but has previously
been rejected as a candidate for the catalytic acidic res-
idue on the basis of site directed mutagenesis [3]. Mu-
tant Asp®™ — Glu had approximately half wild-type
Ve (1.800 LU - mg™' compared to 4,000 LU - mg™' for
wild type), while mutant Asp™ — Ala was expressed at
a lower level, but retained an activity of approximately
900 LU - mg™". Interestingly, the carboxyl of Asp™® is
only 2.7 A away from the carboxyl group of another
acidic residue, Glu®®® (Fig. 3a). Thus the acidic group
of the catalytic triad in PGL is both dispensable, and in
an unusual chemical environment. These two observa-
tions may be correlated: in the Asp?® — Ala mutant, it
is possible that Glu®® either adopts the role of Asp®®,
or alternatively serves to orient a water to perform this
role. In other lipases and some related hydrolases (with
the exception of HPL), the catalytic aspartate lies at the
C-terminus of the § strand equivalent to 56, whereas in
PGL, there are several secondary structural elements
lying between the end of 6 and Asp™>.

Site directed mutagenesis has identified another as-
partate, Asp™', which is essential to production of ac-
tive protein [3]. Mutant Asp™' — Ala had no detectable
activity. In the crystal structure, this aspartate is one of
the ligands of a calcium ion. This calcium site was ob-
served as a very high peak in the early difference maps
of all four subunits, and refined to a mean temperature
factor of 20.2 A? compared to an average value of 21.2
A? for all protein atoms. The presence of a calcium site
in the structure explains a number of biochemical fea-
tures of PGL, notably the unexpectedly high pl (7.2
versus 6.0 predicted from the sequence [25]), and the
irreversible inactivation of the protein on transfer to pH
below 5.0. Loss of the calcium site, through either pH
change or mutation of the Asp ligand, would be ex-
pected to decrease the protein’s stability, and also to
disrupt the local structure close to the active site. As
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Fig. 3. Details of the calcium site, catalytic triad, and flap regions. (a) The catalytic residues Ser®’, Asp?’, and His?’ are shown in a heavily stippled

ball and stick representation, with solid lines representing hydrogen bonds between their side-chain atoms. Also shown 1s Glu

8 which forms a

2.7 A hydrogen bond with the side chain of Asp**. The amino acids connecting His™® with residues of the calcium site are shown in an open ball
and stick representation, with residues liganded to the dark calcium ion shown in a light stipple. (b) The calcium site and catalytic triad depiction
above is related to the overall fold (thin trace), and particularly to the proposed helical lid, residues 137-149 (thick trace).

shown in Fig. 3a, three of the calcium ligands come
from a part of the polypeptide which is only a few
residues downstream of the catalytic His, His*® (ligands
ODI1-Asp®’, O-GIn™', O-Val®).

By analogy with lipase structures which have been
solved in more than one conformation [9,10], it is ex-
pected that PGL has a lid able to move to reveal the
active site, which in this structure is buried within the
protein (Fig. 3b). Inspection of the structure shows that

a5 (residues 137-149) is suitably located to serve as this
lid. The two loops flanking this helix (residues 133-135,
and 151-155) have the highest average main-chain tem-
perature factors of the whole structure (>60 A?). In
addition, the latter of these loop regions (residues 151
155), is the most protease-susceptible part of the PGL
molecule [26]. This supports the assignment of a5 as the
helical lid of PGL. If this is correct, then the helix of

(_

Fig. 2. Topology and structure of PGL. (a) a helices and § strands of PGL as identified by the program DSSP (28] are depicted. In light grey are
two short stretches of 3, helix, residues 101-103, and 287-289. Residues of the catalytic triad are also depicted, with the order Ser-Asp-His in the
primary structure. The two cysteines of the primary structure are involved in a disulphide bond which is indicated. (b) Three dimensional disposition
of secondary structural elements in PGL. A cartoon representation of PGL showing the separation into the main hydrolase domain below, and
two accessory domains above. The catalytic residues are labelled, and are situated at the top of the lower domain, well 1solated from solvent.
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PGL is considerably longer than the equivalent part of

RML [4.9].

In summary, the structure of PGL has shown a new
variation on the hydrolase theme, with an unusually
short f# sheet. This underlines the observation amongst
hydrolase structures of a conserved core with a widely
diverged periphery. It is in the peripheral regions, there-
fore, that the structures relating to system-specific prop-
erties of different lipases are to be expected. In the case
of PGL. one such system-specific property is the inter-
action during in vivo folding and secretion with the
product of the accessory gene LipB [27]. The crystal
structure of PGL suggests an identity for the lid which
controls substrate access to the active site, and the iden-
tities of the catalytic triad residues. The catalytic acidic
group is not essential for lipase activity. and is in an
unusual chemical environment. Further characterisa-
tion of this situation requires higher resolution data,

and structural analysis of the Asp”® to alanine mutant.
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