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Background: The interfacial activation of lipases results primarily from
conformational changes in the enzymes which expose the active site and provide
a hydrophobic surface for interaction with the lipid substrate. Comparison of the
crystallization conditions used and the structures observed for a variety of lipases
suggests that the enzyme conformation is dependent on solution conditions.
Pseudomonas cepacia lipase (PCL) was crystallized in conditions from which
the open, active conformation of the enzyme was expected. Its three-dimensional
structure was determined independently in three different laboratories and was
compared with the previously reported closed conformations of the closely
related lipases from Pseudomonas glumae (PGL) and Chromobacterium
viscosum (CVL). These structures provide new insights into the function of this
commercially important family of lipases.

Results: The three independent structures of PCL superimpose with only small
differences in the mainchain conformations. As expected, the observed
conformation reveals a catalytic site exposed to the solvent. Superposition of
PCL with the PGL and CVL structures indicates that the rearrangement from the
closed to the open conformation involves three loops. The largest movement
involves a 40 residue stretch, within which a helical segment moves to afford
access to the catalytic site. A hydrophobic cleft that is presumed to be the lipid-
binding site is formed around the active site.

Conclusions: The interfacial activation of Pseudomonas lipases involves
conformational rearrangements of surface loops and appears to conform to
models of activation deduced from the structures of fungal and mammalian
lipases. Factors controlling the conformational rearrangement are not
understood, but a comparison of crystallization conditions and observed
conformation suggests that the conformation of the protein is determined by the
solution conditions, perhaps by the dielectric constant.

Introduction
The many lipase structures reported in the last few years
have helped to explain many of the long known properties
of these enzymes. The structures of lipases from diverse
sources, ranging from microbes (including fungi, yeast and
bacteria) to mammalian enzymes, in the large part all
conform to the a/b-hydrolase fold [1], a recently discov-
ered structural motif common to a wide variety of hydro-
lases [2]. All of these structures clearly showed these
lipases to be serine hydrolases with catalytic triads resem-
bling those of serine proteases.

The defining characteristic of lipases for many years was
the phenomenon termed ‘interfacial activation’ [3,4]. This
term is used to describe the greatly increased enzymatic
activity of lipases which is observed when the substrate

concentration exceeds the critical micelle concentration
(CMC). A number of different explanations of this phe-
nomenon have been proposed [4]. Some focus on proper-
ties of the substrate and these can be grouped together as
proponents of the ‘substrate’ theory. Other explanations of
interfacial activation, proponents of the ‘enzyme’ theory,
centered on properties of the lipase. In particular, it was
suggested that lipases undergo a conformational change at
the interface. 

The first three-dimensional structures of lipases, in which
the active sites were occluded by surface loops, clearly
indicated the necessity of a conformational change to
expose the catalytic site [5–7]. Subsequently, the struc-
tures of lipase–inhibitor complexes demonstrated the
nature of the structural changes that make the active sites
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accessible [8–11]. In addition to providing access to the
active site, the structural rearrangements also change the
surface properties of the enzymes and in some cases form
the oxyanion hole. In each case described, the movement
of the so-called ‘lid’ exposes a large hydrophobic surface
area surrounding the active site. This movement results in
an amphipathic molecule which could be properly ori-
ented for interaction of the active site with a lipid inter-
face. These structures appeared to present a consolidated
view of lipase function consistent with the enzyme theory
of activation and reconciled the solubility of lipases in
aqueous solution, their function in a hydrophobic envi-
ronment and the interfacial activation phenomenon. This
structural explanation of interfacial activation gained
further support from the structure of cutinase [12], which
is not activated by interfaces and does not have surface
loops which occlude the active site. 

Crystallization of human and horse pancreatic lipase [6,13],
Geotrichum candidum lipase [7], Candida rugosa lipase [14],
and Penicillium camembertii lipase [15] using polyethyleneg-
lycol (PEG) as a precipitant resulted in the closed confor-
mations of the enzyme. In the cases of Rhizomucor miehei
lipase and human pancreatic lipase, the open conforma-
tions were crystallized from PEG solutions, but only after
the formation of enzyme–inhibitor complexes or enzyme–
cofactor complexes in the presence of organic solvents or
detergents [8,9]. In contrast, the crystallization of Candida
rugosa lipase from organic solvents resulted in the open
conformation, even without prior formation of a complex
with an inhibitor [16]. This suggests that the conformations
of lipases can be altered by controlling the solvent condi-
tions. The three-dimensional structures of Pseudomonas
glumae lipase (PGL) and Chromobacterium viscosum lipase
(CVL) crystallized from PEG solutions were recently
reported [17,18]. Consistent with the other lipases crystal-
lized from PEG, the closed conformation was observed.
Pseudomonas lipases have also been crystallized from
n-propanol [19,20]. Based on the behavior of other lipases,
Candida rugosa lipase in particular, one might expect that
these conditions would produce the open conformation of
the enzyme. This report describes the open conformation
of Pseudomonas cepacia lipase (PCL) crystallized from
n-propanol as determined independently in three labora-
tories. These crystal structures and comparison with the
closed conformations of the P. glumae and C. viscosum
lipases clearly indicate that conformational changes are
important for interfacial activation of these bacterial lipases
and that the protein conformation depends strongly on the
solution conditions.

Results
The crystallization conditions used by the three indepen-
dent groups varied slightly. At the Biotechnology
Research Institute (BRI) and Gesellschaft für Biotechnol-
ogische Forschung (GBF) the crystals were grown at

pH8.5–8.7, whereas at Procter and Gamble (P&G) pH 6.5
was utilized. The GBF crystals were grown at 12°C, those
at BRI at 18°C and those at P&G at room temperature
(~20°C). Despite these differences, the crystals obtained
were all isomorphous with those of Pseudomonas fluorescens
lipase [19]. They belong to space group C2 and the unit
cell dimensions varied only slightly from one group to
another. There is one molecule in the asymmetric unit
giving a packing density VM of 2.4Å3 Da–1, corresponding
to a solvent content of 48% [21].

Comparison of three independent structures
Solution of the high resolution crystal structure of the same
protein in three different laboratories is an uncommon
occurrence. The three independent models of PCL pre-
sented here, therefore, provide a good measure of the 
precision and reliability of crystallographic methods. The
data in Table 1 show that all of the three independently
determined structures are of comparable quality in both
resolution and in deviations of bond lengths and angles
from ideality. After eliminating the loops which are poorly
defined in one or more of the three structures (residues
18–26 and 219–222) from the comparison, the root mean
square (rms) differences in the positions of mainchain
atoms are approximately 0.3 Å. Comparison of the three
structures including sidechains results in rms differences of
about 0.5Å for 2236 atoms. These deviations are approxi-
mately equal to the coordinate error estimated from the
Luzzatti plot [22] for the GBF structure.

Analysis of the mainchain torsion angles shows that 88% 
of the amino acids are located in the most favored regions
of the Ramachandran plot and 10% in the additionally
allowed regions. Only residues Ser87 and Leu234 adopt
strained conformations. The electron density correspond-
ing to both residues is very well defined. Ser87 is the cat-
alytic serine residue and adopts f,ψ angles of 58° and
–133°, comparable to those of the catalytic serine residues
of other lipases [23]. In all three structures the f,ψ angles
of Leu234 are approximately 60° and –50°; Leu234 is 
the residue preceding a one residue insertion in PCL, as
compared to PGL and CVL.

Global fold 
Figure 1 shows a ribbon diagram of PCL along with a
schematic of the topology of the protein. The topology is
very similar to that of PGL and CVL [17,18]. This is to be
expected as PCL exhibits 84% sequence identity with
PGL and CVL (the amino acid sequence of PGL is identi-
cal to that of CVL). Many of the features of the a/b-hydro-
lase fold are maintained. The central b sheet in the core of
the molecule conforms to strands b3–b8 of the a/b-hydro-
lase fold [2]. Throughout this report the b strands will be
numbered to be consistent with the numbering of the con-
sensus a/b-hydrolase fold, so the first strand is named b3.
The active-site Ser87 lies at the C-terminal end of strand
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b5 in the strand-turn-helix motif described previously
[2,24]. The mainchain takes a sharp turn at Gly110, located
at the C-terminal end of strand b6. Strand b7 is the longest
strand in the b sheet and its N-terminal half (residues
202–206) forms hydrogen bonds to strand b6 in a parallel
manner and to residues 195–199 in an antiparallel pattern.
The C-terminal half of strand b7 (residues 206–211) hydro-
gen bonds to both strands b6 and b8 in a pattern typical of
parallel b strands. This hydrogen-bonding pattern is dis-
rupted by a bulge at Leu278 in strand b8. The catalytic
acid, Asp264, is part of a loop which follows strand b7 and
the triad histidine, His286, is located in a loop following
strand b8. Additionally, residues 22–23 and 27–28 form a
short two-stranded antiparallel b sheet which lies between
strands b3 and b4; residues 214–220 and 223–228, con-
nected by a b-hairpin loop, also form a two-stranded
antiparallel b sheet following strand b7.

There are 11 a helices, of which four pack against the
central b sheet. The helices which correspond to the con-
served helices A–F of the a,b-hydrolase fold as defined by
Ollis et al. [2] are: a1 =A, a2 =B, a3 =C, a7=D, a10=E
and a11=F.

Active-site cleft 
The active site is comprised of Ser87, His286 and Asp264,
which form a number of hydrogen bonds. The sidechain of
the active-site histidine, His286, is hydrogen bonded to Og
of Ser87 and to Od1 of Asp264. In addition to the hydrogen
bond to His286, the sidechain Asp264 hydrogen bonds to
one water molecule, the sidechain of Glu289 and the main-
chain atoms of Leu266 and Val267. The mainchain car-
bonyl oxygen of Asp264 hydrogen bonds to the amide
nitrogen of His286. The carbonyl oxygen atom of His286 is
hydrogen bonded to His86, which in turn hydrogen bonds
to Tyr29. Glu289 makes a weak hydrogen bond with a dis-
tance of 3.5Å to His286 and a strong hydrogen bond of
2.73Å to Asp264. Protein engineering [25] and modeling
studies [18] demonstrate that this arrangement of residues
allows the functional substitution of Asp264 by Glu289.

The active site serine lies at the bottom of a cleft in the
protein and is exposed to the solvent (Fig. 2). The opening
of the cleft is ovoid and is 10Å×25Å across. The cleft is
about 15Å deep. The projection of Leu17 into the cleft
above the active-site Ser87 gives the cleft a boomerang
shape and divides the active-site cleft into two branches.
The floor of the cleft is U-shaped and at the bottom, near
Ser87, is about 4Å wide.

The walls of the cleft surrounding the active site are
formed primarily by hydrophobic residues. The cleft is
bordered by helices a4, a5, and a9 and by residues 17–29.
On one side of Leu17, the base of the cleft is formed by
Pro113 and Leu167 and the walls are formed by residues
from helices a4, a5, and a9. On the other side of Leu17,
the cleft is bounded by residues from loop 17–29 and
helices a5 and a9. One can easily imagine that one of the
fatty acyl chains of a triglyceride would bind in each arm
of the cleft. The direction of the catalytic serine residue
suggests that the scissile acyl chain binds in the arm of the
cleft formed by helices a4, a5 and a9, which is also the
deeper of the two clefts. Superposition of PCL with
lipase–inhibitor complexes of R. miehei, C. rugosa and pan-
creatic lipases also suggests this placement of the scissile
acyl chain.

Oxyanion hole 
Superposition of PCL with other inhibited lipase struc-
tures (e.g. R. miehei [8], Candida antarctica lipase B [11] and
C. rugosa [10]) reveals that the amide nitrogen atoms of
Gln88 and Leu17 form the oxyanion hole at the C-termi-
nal end of strand b3 and the loop after strand b4. The
GBF model includes a water molecule in the oxyanion
position. Arg61 is located at the center of a hydrogen-
bonding network which stabilizes the region around the
oxyanion hole. The guanidinium group of this arginine
residue hydrogen bonds to the mainchain carbonyl oxygen
atoms of His15, Gly16 and Ser50 and to the sidechain of
Asp55. The mainchain amide of Arg61 hydrogen bonds to
the carbonyl oxygen of Ser54. Hydrogen bonds between
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Table 1

Root mean square differences (Å) in atom positions of three independent models.

P&G GBF PGL CVL

BRI*
Mainchain only 0.301 (1236) 0.310 (1236) 0.638 (1072) 0.514 (1032)
Sidechains included 0.521 (2236) 0.476 (2236)

P&G†

Mainchain only - 0.305 (1276) 0.611 (1072) 0.555 (1032)
Sidechains included 0.476 (2299)

GBF‡

Mainchain only - 0.669 (1072) 0.511 (1032)

Numbers in parentheses are the number of atoms compared. *BRI = the Biotechnology Research Institute model; †P&G = the Procter & Gamble
model; ‡GBF = the Gesellschaft für Biotechnologische Forschung model.
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Figure 1

The overall fold of PCL. (a) The fold of PCL is
shown in a ribbon representation with
b strands represented as arrows (green) and
helices as coils (blue). The position of a Ca2+

ion is indicated by a yellow sphere. The
sidechains of the catalytic triad residues are
shown in red. (Figure produced using the
program MOLSCRIPT [43]). (b) Schematic
topology diagram of PCL. Secondary
structure assignments are according to
Kabsch and Sander [44]; helices are shown
as rectangles and b strands as arrows. The
active-site residues are indicated.
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the carbonyl oxygen of Gly16 and the amide nitrogen of
Gly19 and between the amide nitrogen of Thr18 and
Gly51 also help to stabilize this region. The sidechain of
His15 hydrogen bonds to either Leu49 or Ala47.

The position of the amide nitrogen atom of Leu17 in the
BRI structure differs in position by 0.7 Å from that in the
GBF and P&G structures and the plane of the bond sug-
gests that the direction of the hydrogen in the BRI model
would be less favorable for hydrogen bonding to the
oxyanion. This difference probably results from the disor-
der seen for residues 18–27 in the BRI structure.

Ca2+ site 
As reported by Noble et al. [17], PCL contains a bound
Ca2+ ion. The Ca2+ ion is six-coordinated, making contacts
with four oxygen atoms of the protein and with two water
molecules, as reported for CVL by Lang et al. [18]. The
four protein atoms which coordinate the Ca2+ ion include
the carbonyl oxygen atoms of Gln292 and Val296 and the
Od2 sidechain oxygen atoms of Asp242 and Asp288
(Fig. 3). The peptide bond between Gln292 and Leu293
adopts a cis conformation; the cis conformation was also
observed in CVL. This allows a hydrogen bond to form

between the amide hydrogen of Leu293 and the sidechain
of Asp242. The Ca2+ is 14.5Å from the active-site serine,
so it is difficult to envision anything beyond a structural
role for this ion. Nonetheless, this ion bridges helix a9
(which forms part of the wall of the cleft) to the loop
which positions the catalytic His286 in the cleft and,
therefore, could play an important stabilizing role. The
Ca2+ site in PCL is not similar in location to the Ca2+ site
in pancreatic lipase. After superposition of the central
b sheets of these lipases, the Ca2+ ions are nearly 30Å
apart and are approximately equidistant from the catalytic
serine residue, but in opposite directions.

Common solvent molecules 
There are 60 water molecules common (closer than 1Å) to
all three structures. There are an additional 13 water mol-
ecules which are common to the BRI and GBF structures,
one which is common to the BRI and P&G structures and
28 common to the P&G and GBF structures. Most of these
molecules form the first hydration layer and are distributed
around the surface of the molecule. The back side of the
protein, opposite the binding cleft, has many solvent mol-
ecules. Only 12 of the common water molecules are buried
inside the lipase. In addition, two water molecules which
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Figure 2

The active-site cleft of PCL. (a) The molecular
surface colored according to atom type:
charged oxygen atoms are red, polar oxygen
atoms and carbonyl oxygens are pink, nitrogen
atoms are blue and carbon atoms are white.
(b) The molecule in (a) rotated by 180° on a
vertical axis to show the side of the molecule
opposite the active-site cleft; atoms are
colored as in (a). (c) The cleft as viewed from
above; helix a5 (lid) is shown boxed. Helix a9
forms the left wall of the cleft and helix a4
forms the upper wall in this view. The exposed
surface of Ser87 is shown in red and that of
His286 is shown in blue. (d) Cutaway view of
the active-site cleft roughly perpendicular to
the view in (a). The active-site Ser87 and
His286 are shown along with a backbone
ribbon. Helices a9 and a5 are visible at the
left and right of the cleft, respectively. (Figure
produced using the program GRASP [45].)



are common to BRI and GBF and one solvent molecule
modeled only in the GBF structure are internal.

Most of the internal water molecules are in locations which
clearly suggest a role in stabilizing structural elements. All
of these internal water molecules are present in the CVL
structure as well [18] and their positions correspond to cav-
ities observed in PGL. Two of the internal water mol-
ecules coordinate the Ca2+ ion (Fig. 3). Two additional
common water molecules provide a hydrogen-bonding
network which stabilizes the positions of helix a9 and the
loop containing the catalytic His286 (Fig. 3). A water mol-
ecule modeled only in the GBF structure lies just below
the protein surface and helps to stabilize the calcium-
binding loops. Common internal water molecules are also
located on either side of the central b sheet and help to
stabilize secondary structure elements. On one side of the
b sheet a water molecule hydrogen bonds to the sidechain
of Asp36 and to the carbonyl oxygen of Val305, thereby
bridging helices a1 and a11. Other common water mol-
ecules on this side of the b sheet fill cavities between helix
a11 and strands b6 and b7 and help to anchor the loop
which contains the catalytic histidine (Fig. 4a). On the
opposite side of the b sheet water molecules help to stabi-
lize the region at the C-terminal end of strands b6 and 
b7 (Fig. 4b). This region includes the loop containing the
catalytic acid, Asp264, and loops which form part of the
walls of the substrate-binding cleft.

Finally, common water molecules help to anchor loops
which appear to be important in the activation of the
lipase (discussed below). One of these water molecules is
located at the C-terminal ends of strands b3 and b4,
anchoring loop 17–28. Loop 50–53 is stabilized at either
end by water molecules: one bridges the backbone atoms
of Gln53 and Gly51 to the the sidechain of Gln88 and the

other anchors backbone atoms of Asp55 and Ala57 to the
N-terminal turn of helix a2.

Discussion
Comparison of PCL with other Pseudomonas lipases
A comparison of the amino acid sequence of either PGL or
CVL with that of PCL indicates that 84% of the residues
are identical [26]. The lipases of these strains belong to
the same subgroup of lipase producing strains from the
family of Pseudomonadaceae. Of the 50 amino acids which
differ in these lipases, 24 are substituted conservatively.

Superposition of PGL and PCL shows that 257 Ca atoms
(80% of the total) superimpose with an rms difference in
position of only 0.39Å. The crystal structure of PGL,
determined at 3Å resolution [17], has four molecules in the
asymmetric unit. Superposition of these four independent
molecules shows five loops whose conformations are some-
what variable and may reflect flexibility in the loops and
the influence of crystal packing forces. These loops com-
prise residues 17–28 (PGL numbering), residues 132–135,
residues 150–157, residues 214–228 and residues 232–235.
Each of these loops is on the surface of the protein. Pair-
wise comparisons of the four independent molecules give
rms positional differences for backbone atoms of loops
132–135 and 232–235 of about 1Å and 1.5Å, respectively.
For three of the molecules, the positional differences in
loop 215–224 are also about 1.5 Å; in the fourth molecule
the position of this loop is shifted by about 4 Å. The posi-
tions of the backbone atoms of loop 17–29 vary from one
molecule to another by more than 2 Å and loop 150–156
varies by more than 3Å.

The amino acid sequence of CVL is identical to that of
PGL and the crystal structure of CVL provides a fifth inde-
pendently determined view of the molecule. The structural
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Figure 3

Stereo view of the Ca2+-binding site in PCL.
The Ca2+ ion is six-coordinated by four protein
atoms and two water molecules. Note the cis
peptide bond which orients the carbonyl
group of Gln292 towards the Ca2+ ion.
Internal water molecules in the region of the
Ca2+-binding site are shown as crosses. The
catalytic His286 is shown in bold lines; dotted
lines represent hydrogen bonds or bonds to
the Ca2+ ion.
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differences between CVL and PGL have been described
previously [18] and, interestingly, these differences involve
the same regions of the protein that differ among the PGL
monomers. The magnitude of the positional shifts of some
of these loops in CVL are significantly larger than the varia-
tion observed in PGL. Loops 17–28 and 115–224 of CVL
differ in position from PGL by as much as 10Å, residues
150–156 differ by as much as 6Å, and residues 132–135
differ by about 2Å. In addition, residues 49–54 differ in
position by as much as 4Å and helix 137–147 (137–149 in

PGL) is shifted by an average of about 3Å, although the
active site remains occluded. As residues 220–222 are
missing in the CVL structure, possibly a result of prote-
olytic cleavage [18], the flexibility of loop 214–228 is easily
understood. The other structural differences between PGL
and CVL are less easily explained, but may be related to
pH differences in the crystallization conditions [18].

Comparison of PCL with PGL or CVL emphasizes the
flexibility of these same regions of the protein (Fig. 5).
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Figure 4

Common internal water molecules. Catalytic
triad residues are marked with bold lines and
hydrogen bonds by dashed lines; water
molecules are shown as crosses.
(a) Structural water molecules found on the
concave side of the central b sheet.
(b) Structural water molecules found on the
convex side of the central b sheet.
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Superposition of CVL [18] and PCL shows that 258 Ca
atoms superimpose with an rms difference in position sof
only 0.5 Å. The major structural differences involve three
adjacent loops in the region of the active site. The largest
differences between PCL and CVL involve a large omega
loop encompassing residues 128–166. The N-terminal
hinge point for the movement of this loop is marked by
sharp differences in the f,ψ angles of Thr129, which shift
from f = –127°, ψ = –36° in the CVL structure to f = –78°,
ψ = –21° in the PCL structure. Differences in the f,ψ
angles at Thr166 mark this residue as the C-terminal
hinge point. Some plasticity in this omega loop is appar-
ent, as the differences between CVL and PCL involve
conformational changes in addition to large positional
shifts. The largest positional shift is that of helix a5
(residues 137–147 in CVL, 137–149 in PGL), which is dis-
placed in PCL (relative to CVL) by as much as 20Å, with
an average displacement of about 14Å (Figs 5,6). In addi-
tion to this positional shift, helix a5 is extended in PCL at
both the N and C termini. Residues 134–136, having no
regular secondary structure in CVL, form the N-terminal
turn of helix a5 in PCL. Helix a5 extends to residue 150
in PCL, almost one full turn longer than that of CVL.
The conformations of the residues following helix a5 are
very different in PCL and PGL or CVL. The positional
differences of these residues range from about 4Å for
residue 151 to about 17Å for Asn157. Residues 156–162
form helix a6 in CVL, whereas the comparable helix in

PCL involves residues 160–166. At residue Thr166 the
rms deviation once again drops below 2Å.

The structural rearrangement of this large omega loop is
correlated with the structural differences observed in the
regions Leu17 to Val26 and Ser50 to Ser54 (Figs 5,6). The
positions of the mainchain atoms of residues 17–26 of
PCL are more similar to CVL than PGL, but still differ by
as much as 4 Å with an average rms deviation observed for
the Ca positions of these residues of 3 Å. The conforma-
tion of this loop is similar in CVL and PCL, but its posi-
tion is shifted. The amide nitrogen of Leu17, which forms
part of the oxyanion hole, is shifted by 0.74Å but main-
tains the same orientation as in the CVL structure. The
f,ψ angles of residues 17–20 suggest a lower conforma-
tional energy for this oxyanion loop in PCL. Differences
in the mainchain conformations of residues 18–20 direct
some hydrophobic sidechains of these residues towards
the active site, contributing to the hydrophobicity of the
active-site cleft. The movement of this loop closes a
hydrophilic trough which was observed in the CVL struc-
ture [18]. Several water molecules located in this trough in
CVL are excluded by mainchain atoms in PCL.

In addition, the mainchain conformation of residues 50–54
of PCL is different from either of the conformations
observed in PGL or CVL, their positions differing by as
much as 4–6Å. The conformational rearrangement of this
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Figure 5

Positional differences of Ca atoms between
Pseudomonas lipase structures. The
differences between PCL and PGL/CVL are
shown above the sequences of PCL and
PGL/CVL: differences between PCL and
molecule A of PGL are represented by solid
lines and differences between PCL and CVL
are represented by dashed lines. Below the
sequences are the pairwise differences in Ca
positions of the three independent models of
PCL. Under each residue are three lines
representing the differences between the
GBF and P&G models, the GBF and BRI
models, and the BRI and P&G models,
respectively, from left to right. The P&G model
does not contain Ala1 and residues 19–27
were omitted from comparisons with the BRI
model as these residues were disordered in
the BRI crystal structure.



Research Article  Pseudomonas cepacia lipase structure Schrag et al. 195

Figure 6

Stereo views of the positional and
conformational differences of important loops.
(a) Ca trace of PCL with the omega loop, the
oxyanion loop, and loop 47–55 highlighted in
yellow. The same loops of PGL and CVL are
shown in red and blue, respectively. The
sidechain of Ser87 is shown in gray. (b) The
large omega loop encompassing helix a5. The
nucleophile elbow, the sidechain of Ser87,
and helix a9 (which forms one wall of the
binding cleft) are included for reference. The
color scheme is as in (a). (c) Residues 16–31
encompassing the oxyanion loop (center) and
residues 47–55 (bottom right) are shown. The
color scheme is as in (a). (Figures produced
using the programs MOLSCRIPT [43] and
Raster3D [46].)



loop directs the hydrophobic sidechain of Phe52 towards
the active-site cleft. The position of this loop is stabilized
by hydrogen bonds to Arg61, which also provides hydro-
gen bonds to the oxyanion loop 17–26. The guanidinium
group of Arg61 is shifted in position by ~2.8Å and the
hydrogen-bonding pattern differs between PCL and CVL.
In PCL, Arg61 forms a number of hydrogen bonds: NH1
hydrogen bonds to the carbonyl oxygen atoms of Ala50
and Gly16; NH2 hydrogen bonds to the carbonyl oxygen
of His15 and to the sidechain oxygen atom of Thr92; and
Nε hydrogen bonds to the sidechain of Asp55. In contrast,
the pattern observed in CVL is: NH1 hydrogen bonds to
the carbonyl oxygens of Gly51 and Leu17; NH2 is bridged
to the carbonyl oxygen of His15 by a water molecule; and
Nε hydrogen bonds to the carbonyl oxygen of Gly51.

Two of the water molecules common to all three structures
of PCL and CVL appear to stabilize secondary structures
which provide an anchor for these loop movements. One
of these water molecules bridges strands b3 and b4 and is
located near Leu17 and Leu49 (the apparent pivot points
for two of the loops which move). The other water mol-
ecule appears to stabilize Gly51 and Gln53 which seem to
be the pivot points of the mobile loop region 50–54.

Other regions of PCL show displacements of residues by
more than 2 Å from their equivalent positions in PGL or
CVL, but these displacements do not appear to be
related to the catalytic function of the enzyme. Residues
233–234 of PCL are displaced by about 3–4 Å, probably
due to the fact that these residues immediately precede
the one residue insertion in the sequence of PCL (PCL
numbering: PCL 1–234 = PGL/CVL 1–234; PCL 235 has
no PGL/CVL equivalent; PCL 236–320 = PGL/CVL 235–
319). The electron density for residues 233–234 and the
inserted Val235 is very clear and the positions of these
residues are not in question. Leu234 makes hydrophobic
contacts with a symme-try related molecule. Residues
219, 223 and 224 of PCL differ from their positions in
CVL by more than 4 Å, but this is undoubtedly related to
the three-residue deletion of residues 220–222 in CVL.
The Ca position of Gly200 differs from its counterpart in
PGL/CVL by 2.5 Å. This residue is a part of a Gly-Gly
sequence which is likely to be very flexible and is near a
symmetry-related molecule. The difference in conforma-
tion may result from flexibility in the mainchain of this
loop or from crystal packing forces. None of these loops
are adjacent to the active site and the differences in these
regions are, therefore, not likely to be of any catalytic
significance.

The conformational differences between PCL and PGL/
CVL can not be explained in terms of amino acid sequence
differences. The sequences around loop 50–53 are identical
(Fig. 5) and the differences between PGL and CVL, with
identical sequences, in the conformation of loop 17–28 is

greater than the difference between CVL and PCL. Three
of the five sequence differences between PCL and PGL/
CVL in this loop are conservative substitutions (Phe/Tyr,
Val/Leu, and Asp/Glu). Only seven sequence differences
are found in the large omega loop which displays the largest
conformational differences. Two of these are the first two
residues of the loop and two others are conservative substi-
tutions. The only sequence differences in helix a5, which
occludes the active site in PGL/CVL, are Thr/Ile148 and
Val/Thr150. Only small differences in the contacts of these
residues are observed and these small differences result
from changes in the polypeptide backbone conformation in
this region and not from the sidechain differences.

Other regions of the protein (e.g. residues 249–283) have
invariant conformations despite a higher frequency of
amino acid substitutions than that observed in the large
omega loop.

Molecular surface
Although the sequences of PGL/CVL and PCL are not
identical, comparison of their molecular surfaces is instruc-
tive. As many of the sequence differences between PGL/
CVL and PCL result from conservative substitutions, the
comparison of surface areas probably provides a good
description of the differences between the open and closed
conformations rather than merely representing differences
between two different lipases. The total surface area of
PCL is about 800Å2 larger than that of CVL. In addition,
the molecular surface of PCL is more hydrophobic than
that of PGL/CVL. The molecular surface area contributed
by polar and charged residues in PCL is 1000Å2 less than
in CVL, whereas the molecular surface from hydrophobic
and aromatic residues is 1700Å2 greater in PCL than in
PGL/CVL. The same trend is seen if the comparison is
based on atom type rather than residue type. The exposed
surface of carbon atoms is 1000Å2 greater in PCL, whereas
the combined area of nitrogen and oxygen atoms is
decreased by 300Å2. These comparisons clearly indicate
that the open conformation of PCL exposes a large
hydrophobic surface which is not accessible in the closed
conformation of PGL/CVL. This parallels the observations
for R. miehei lipase [8], pancreatic lipase [9] and C. rugosa
lipase [14].

The increased hydrophobic surface in the open conforma-
tion of PCL is localized mainly to the cleft surrounding the
active site. Of all the residues which line the cleft, only
three differ between PGL/CVL and PCL: Tyr23 of
PGL/CVL is a conservatively substituted phenylalanine in
PCL; Leu266 in PGL/CVL is replaced by valine in PCL;
and Thr150 in PCL is a valine residue in PGL/CVL. The
nature and shape of the cleft are, therefore, well conserved.

The movement of the lid in PCL also masks a number of
hydrophilic groups resulting in a decrease in the exposed
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hydrophilic surface relative to PGL/CVL. Many of the
residues along helix a5 have either mainchain or sidechain
atoms, or both, masked by contacts with other parts of the
molecule. Included in this group are Ser135 (carbonyl
oxygen), Thr137 (Og1), Ala140 (carbonyl oxygen), Asn144
(carbonyl oxygen and Od1), and Gly147 (carbonyl oxygen).
Other residues with a drop in exposed hydrophilic surface
are Ser151, Ser152, Ser153, and Gln158; loop 50–54 also
shows a large decrease in exposed surface. Many of the
polar mainchain atoms of these residues become buried as
a result of the movement of the lid. 

Figure 7 shows a superposition of the closed conformation
of PGL and the molecular surface of PCL. It is immedi-
ately obvious from the superposition that helix 137–149
occludes the binding cleft. It is also apparent that the
residues of helix a5 display very good surface complimen-
tarity with the wall of the cleft which is formed by helix a9.
This complimentarity should be expected as only residues
148 and 150 differ between PGL/CVL and PCL. Residue
148 lies on the surface leaving ample space for the substi-
tution of an isoleucine sidechain for a threonine sidechain.
Residue 150 varies from threonine in PCL to valine in
PGL/CVL. As the sizes of these sidechains are similar, no
big difference in the packing should be expected.

Crystal contacts in the lid
Recently, the three-dimensional structures of Humicola
lanuginosa lipase and Rhizopus delemar lipase, both closely
related to the Rhizomucor lipase, were described [15,27].
The lid of the Humicola lipase was disordered, suggesting
that it was mobile. This mobility was attributed to the
absence of any crystal interactions with residues of the lid.
The asymmetric unit of the R. delemar lipase crystals had
one molecule whose lid was in the closed conformation
and one whose lid was in a position intermediate between
closed and open. Based on these observations, the investi-
gators suggested that the crystal-packing forces stabilize
one of many conformations available to the protein in
solution and that the two conformation explanation of
interfacial activation is an oversimplification. However, for
the lids of the Rhizopus, Humicola, and Rhizomucor lipases,
a single loop moves and both the length of this loop and
the observed range of its motion are small compared to
those of other lipases. In contrast, the conformational dif-
ferences observed between PGL, CVL and PCL involve
three loops and positional changes of 10–20 Å. Although
this suggests that the differences observed are not simply
the result of stabilization of one particular conformation by
crystal-packing interactions, observation of the crystal-
packing interactions of the lid is, nonetheless, of interest.

The lid of PCL is involved in crystal-packing interactions
which are almost entirely van der Waals contacts. The
largest contact area involves interactions of helix a4 with
helix a9 and the two antiparallel b strands encompassing

residues 214–228 of the symmetry-related molecule. The
only hydrogen bonds in this interaction are provided by
several bridging water molecules. Helix a5 contacts its
equivalent from a second symmetry-related molecule, again
involving only van der Waals contacts. The helices from the
two molecules cross one another so that the sidechains of
residues Val145 and Phe142 interdigitate with their sym-
metry equivalents. Phe146 and Leu149 also contact their
symmetry mates. A small contact area between Pro131 and
a third symmetry-related molecule is also observed.

The crystals of PGL have four molecules per asymmetric
unit, so there are contacts between independent molecules
as well as contacts with symmetry-related molecules. Each
of the four molecules shows different contacts with neigh-
boring molecules. Some, but not all of the molecules have
contacts involving residues in the lid: these involve primar-
ily residues 21–28, 130–135, and 150–155. In some cases
there are also contacts involving residues 50–52. After super-
imposing each of the four independent molecules, one sees
that the rms difference in position for these loops ranges
from 1–4Å. Residues 230–234 are frequently involved in
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Figure 7

Comparison of the open and closed conformations. Helix a5 of PGL is
superimposed onto the molecular surface of PCL. The active site is
colored as in Figure 2c. (Figure produced using the program GRASP
[45].)



intermolecular interactions and show a similar rms deviation
in position of 1–4Å.

The crystals of CVL have one molecule per asymmetric
unit. The loop regions at either end of helix a5 (the lid),
residues 130–135 and residues 150–158, are involved in
crystal packing contacts. The contacts involving residues
130–135 are largely van der Waals interactions, whereas
residues 153–158 make numerous hydrogen bonds with
their counterparts in the symmetry-related molecule.
Asp144 in the middle of helix a5 interacts with residues
235–239 of another molecule, but the hydrogen-bond dis-
tances of 3.5Å suggest only weak hydrogen-bonding inter-
actions. The Gln53 sidechain also hydrogen bonds to the
mainchain carbonyl atoms of a symmetry-related molecule.

The rms deviations of only 1–4Å among the four molecules
in the PGL crystals suggest that crystal-packing forces
alone are not likely to cause the large (>10Å) differences 
in conformation observed when comparing PCL to PGL/
CVL. This observation also suggests that these differences
may reveal important information regarding the activation
of the lipase. One interpretation of the PGL, CVL and
PCL structures is that they represent sequential stages in
the transition between the closed and open conformations
of the lipase. Based on the change in orientation of the
oxyanion loop and the partial movement of helix a5, Lang
et al. [18] have previously suggested that the CVL structure
represents an intermediate in the transition between the
closed and open conformations. Movement of helix a5 (of
the large omega loop) to expose the active site together
with changes in the oxyanion loop and loop 50–54 to
expose hydrophobic sidechains in the active-site cleft result
in the open conformation, as exemplified by the PCL
structure. Whether these structures represent sequential
stages or not must remain speculative, but the activation of
these lipases must certainly involve concerted conforma-
tional changes in each of these three adjacent loops. The
comparison of PCL with PGL clearly demonstrates that the
open position of helix a5 can not be attained without
adjustments in the conformation of the oxyanion loop.
Movement of loop 50–54 from its position in CVL is essen-
tial in order for helix a5 and residues 151–157 (near the
C terminus of the omega loop) to attain the position
observed in PCL. The differences observed in the four
molecules of PGL suggest that a fraction of the differences
observed between PGL and CVL or PCL are related to
crystal-packing forces and other similar conformations are
probably accessible in solution. However, comparison of
the three crystal structures clearly demonstrates that the
conformations of these three loops are interrelated and the
magnitude of the differences suggests that they are likely
to control the activation of these lipases.

The crystal structures of PGL and CVL together with the
three independent determinations of the PCL structure,

reported here, provide eight independent representations
of these lipases, which share at least 80% sequence iden-
tity. This large number of independent models, available
for no other lipases, obtained under different crystalliza-
tion conditions provides a unique opportunity to examine
the effects of crystallization conditions on the conforma-
tion of the protein. The closed conformation seen in PGL
was obtained in crystals grown from high concentrations of
PEG, although some organic solvent and detergent were
present [17]. Reduction of the PEG concentration, also in
the presence of organic solvent and detergent, produced a
slightly different closed conformation in CVL [18]. Finally,
crystallization of PCL from a high concentration of organic
solvent resulted in an open conformation. In conjunc-
tion with the arguments presented above, suggesting that
crystal-packing interactions contribute at most only a small
portion of these conformational differences, these results
strongly suggest a relationship between the solution condi-
tions and the conformation observed. In aqueous solution,
the closed conformation is preferred, whereas in a more
hydrophobic environment the open conformation, with its
hydrophobic cleft surrounding an exposed active site, is
preferred. As both the open and closed conformations of
the bacterial lipases have been obtained at both pH 6.5 and
pH8–9, we conclude that pH is not likely to be the princi-
pal factor which determines the conformation. The influ-
ence of organic solvents and detergents in producing open
conformations might suggest that the dielectric constant is
a more likely trigger for the movement of the lid.

Despite the advances in understanding lipase function pro-
vided by the many structural studies in recent years, there
are still many questions left unanswered. The molecular
basis of substrate specificity of the various lipases is still
largely unknown. Some progress towards understanding
stereoselectivities has been made [28], but much remains
to be investigated. The interfacial activation appears to
result largely from conformational changes. However, the
substrate selectivities and stereoselectivities observed are
probably the result of a complex interplay of enzyme and
substrate, perhaps involving structural changes in both the
enzyme and the substrate. The determination of structures
of the lipases in solution would help to determine the flexi-
bility and conformations of the lids. Knowledge of the
structure of the lipase bound to a lipid interface would also
help to define its interaction with the lipid, possibly pro-
viding clues towards understanding the molecular bases 
of substrate and stereoselectivities. Studies of this nature
would help to define the relative importance of structural
changes in the enzyme versus structural changes in the
substrate to lipase activity.

Biological implications
For many years the defining characteristic of lipases was
their greatly enhanced activity when the substrate is pre-
sented at an oil–water interface, a phenomenon termed
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‘interfacial activation’. We have only begun to understand
this phenomenon in recent years. The three indepen-
dently determined crystal structures of the open confor-
mation of Pseudomonas cepacia lipase described in this
report together with the closed conformations reported
for the closely related Pseudomonas glumae [17] and Chro-
mobacterium viscosum [18] lipases provide eight indepen-
dent three-dimensional structures of bacterial lipases.
Comparison of these structures and the crystallization
conditions used clearly demonstrates that the conforma-
tions of multiple loops surrounding the active site are
interrelated and change in response to the solvent condi-
tions. In aqueous conditions the closed conformation is
favored and in the presence of organic solvents the 
open conformation is preferred. These structures indicate
that a large part, if not all, of the interfacial activation 
of Pseudomonas lipases results from a conformational
change in the enzyme. Similar activation mechanisms
were deduced for Rhizomucor miehei lipase [8], pancreatic
lipase [9], and Candida rugosa lipase [10,16]. In contrast,
Candida antarctica lipase B [11] and cutinase [12] do 
not have occluded active sites and are not interfacially
activated. Conformational changes, thus, appear to be
crucial in interfacial activation of lipases. In the closed
conformations of interfacially activated lipases, the active
sites are occluded by a helices. Major positional displace-
ments of the surface loops encompassing these helices
result in exposure of the catalytic serine residues, which
are surrounded by a hydrophobic cleft in the enzyme.
Similar to the pancreatic lipase [9] and to the postu-
lated rearrangement of the Geotrichum candidum lipase
[16], multiple loops in the Pseudomonas lipases undergo
positional shifts. As observed for pancreatic lipase and
C. rugosa lipase [14], the positional movements of the
occluding loops of the Pseudomonas lipases are accompa-
nied by conformational rearrangements of some residues
in the loops. The parameters which most influence the
conformations of lipases remain uncertain, but the dielec-
tric constant of the solution is one strong possibility.

Materials and methods
Determination of the BRI model
P. cepacia lipase was purchased from Genzyme (Cambridge, MA) and
used without further purification. The lyophilized enzyme was dissolved
in water to a protein concentration of 16–20 mg ml–1 and dialyzed
against water overnight at 4°C. The dialyzed protein was crystallized
from 50% n-propanol in 50 mM Tris buffer, pH 8.5 by either hanging-
drop or sitting-drop vapor diffusion at 18°C. These conditions were
adapted from the crystallization conditions reported for P. fluorescens
lipase by Larson et al. [19]. The crystals had unit cell dimensions of
a = 91.5, b = 47.3, c = 85.2 Å and b = 121.25° and belonged to space
group C2.

All diffraction data were collected on a RAXIS-IIC image plate area detec-
tor mounted on a Rigaku RU-300 rotating-anode X-ray generator oper-
ated at 50kV and 100mA. Copper Ka radiation was monochromated by
a graphite crystal. The crystal to detector distance was 99.5mm. Oscilla-
tion images were collected using an angle of 1.8° and a data collection
time of 36min per frame. All data used in the structure determination

were collected from a single crystal. Data were reduced and merged
using the RAXIS software. A total of 24516 observations with I> sI were
reduced to 14497 unique reflections to a resolution of 2.1Å with an
Rmerge of 6.03%. Table 2 summarizes the quality of the data.

The structure was solved by molecular replacement using the coordi-
nates of PGL (Protein Data Bank [29] code 1tah) as a starting model.
The rotation and translation functions were calculated using data from
10–4Å and 10–3Å, respectively, in X-PLOR 3.1 [30]. Calculation of
the rotation function followed by PC refinement of the top 190 rotation
peaks gave a clear solution with a correlation coefficient of 0.281,
whereas the next highest peak had a correlation coefficient of 0.077.
The translation search also gave a clear solution and the rotated and
translated PGL coordinates gave an R factor of 48% and a free R factor
of 48%. Refinement of the rotated and translated PGL coordinates in X-
PLOR with 8–3Å data consisted of rigid-body minimization, conjugate
gradient minimization, simulated annealing using a slow cooling protocol
followed by conjugate gradient minimization, and B factor optimization
again followed by conjugate gradient minimization. A 3Fo–2Fc map was
calculated and those loops in the model which did not fit the density
were removed. The largest loops removed included residues 129–166,
217–239, and 17–28. Three small loops, 35–37, 50–52, and 75–76,
were also removed from the model. Removal of these loops reduced the
R factor from 40% (free R factor 42%) to 35% (free R factor 40%).
Another refinement cycle omitting the rigid-body refinement was done
and subsequently the model was extended to include as many of the
missing loops as possible using the program O [31] according to
3Fo–2Fc and Fo–Fc density maps. At the same time the amino acid
sequence was corrected. The density map was clear enough to distin-
guish sequence differences, not only between PGL and PCL, but also
between the two PCL amino acid sequences, as reported by Gilbert
[26]. The density clearly fits the sequence of Pseudomonas M-12-33
[26] with the exception of residue 283: the density clearly indicates that
this residue is lysine rather than leucine. The calculated molecular
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Table 2

Data collection and refinement summary.

Data BRI P&G GBF

No. of reflections 14 497 14 416 17 688
No. of observations 24 516 35 247 33 550
Rmerge (%) 6.0 3.9 9.5
Resolution (Å) 2.1 2.2 2.0
Completeness (%) 79.4 91.8 83.3

Refinement program X-PLOR X-PLOR X-PLOR
SHELXL-93 PROLSQ

Resolution range 8–2.1 7–2.2 8–2.0
No. of reflections 12 694 13 749 -
R factor (all data)* 17.5 15.2 18.8
Free R factor† 22.0 20.3 -
R factor F > 2sF 15.8 14.0 -

Deviations from ideality
bond length (Å) 0.008 0.013 0.02
bond angles (°) 1.50 1.87 1.97
dihedral angles (°) 23.04 25.36 22.37
improper angles (°) 1.23 5.24 1.59

B factors‡

B value model isotropic isotropic isotropic
mainchain 19.22 16.95 11.3
sidechain 20.09 19.13 12.2
all protein 19.61 18.24 11.7
solvent 29.22 31.94 28.2

*R factor = Σ || Fobs | – | Fcalc || / Σ | Fobs |. †The free R factor was calculated
using 10% of the data. ‡Values given are mean values.



weight of the published sequence is 33131Da and the mass measured
by ion spray mass spectrometry is 33140± 3 Da, consistent with the
expected 15Da mass difference between leucine and lysine at residue
283. The resolution was extended to 2.1Å in subsequent refinement
cycles which were followed by manual refitting of the model. The
R factor dropped to 16.3% for data between 8 and 2.1Å resolution with
I > 1.7 sI.

Residues 19–27 are poorly ordered and only the general direction of
the chain in this region is suggested by fragmented density. These
residues are included in the final model as alanine or glycine with occu-
pancies of 0.2 merely to indicate a tentative location for this loop.
Lys22 is included as lysine as density which could correspond to its
sidechain is observed. Accordingly, a slightly higher occupancy of 0.4
has been assigned to this residue. Additionally, residues 219–223 are
poorly ordered and, though the direction of the mainchain is clear, no
sidechains are visible for these residues. They have been included in
the final model as glycine residues with occupancies of 0.5. The final
model also includes 91 water molecules and a Ca+2 ion. The final
refinement statistics are listed in Table 2.

Determination of the P&G model
The Amano A PCL was obtained from the Amano International Enzyme
Co. of Japan. The commercial enzyme powder contained approxi-
mately 50% glycine by weight, which was removed using a Pharmacia
PD-10 column. Prior to crystallization, the enzyme was lyophilized and
redissolved in double-distilled water to a protein concentration of
16 mg ml–1. Diffraction quality crystals were obtained by hanging-drop
vapor diffusion in Linbro plates at room temperature using the crystal-
lization conditions reported for P. fluorescens lipase by Larson et al.
[19] as a guide. The droplets were made by mixing 5 ml of the enzyme
stock with 5 ml of the reservoir solution which contained 21–24% n-
propanol, 0.2 M sodium citrate, and 0.1 M MES, pH 6.5 and were sus-
pended over a 1 ml reservoir. The crystals obtained had cell dimensions
of a = 90.5, b = 47.0, and c = 85.0 Å with b = 121.5° and were of space
group C2.

All diffraction data were collected by the screenless rotation technique
using a MAR Research 180mm diameter imaging plate detector system
mounted on a Rigaku RU-200 rotating-anode X-ray generator. The gen-
erator was powered to 50kV and 180mA and the CuKa radiation was
monochromated with a graphite crystal. The native lipase intensity data
were collected from a single crystal using a crystal to detector distance
of 100mm. Each of 125 frames of data were exposed for 2min with a 1°
crystal rotation (f) per frame. These data were reduced and merged
using the XDS software package [32] and the data quality statistics 
are summarized in Table 2. A total of 35247 observations reduced to
14416 unique reflections to a resolution of 2.1Å with a merging R factor
on intensities of 3.9%.

The multiple isomorphous replacement (MIR) method was initially used
in the structure determination. The heavy-atom salts were dissolved in
the aforementioned crystal growth reservoir solution. The mercury deriv-
ative was prepared by soaking a crystal overnight in 2mM K2HgI4 in
reservoir solution and the platinum derivative was made by soaking a
crystal in 10 mM K2PtCl6 in reservoir solution for 13 days. Both soaks
were conducted at 4°C. The N-iodosuccinimide anhydride derivative
was soaked for 24 h in the crystal reservoir solution, made 100mM with
the iodo compound. This solution was then removed from the crystal
and the crystal was washed four times with fresh reservoir solution. 
All derivative X-ray intensity data were collected similarly to the native
lipase data. Phase calculations were conducted using the HEAVY
program package [33].

The mercury derivative was used to obtain the initial single isomor-
phous replacement phases, which allowed the identification of the
three Pt sites using difference Fourier techniques. The phases resulting
from these two derivatives (mean figure of merit, <m> = 0.6, 12–2.8 Å
resolution) were used to identify the sites in the iodinated derivative.

Calculation of phases using all three derivatives including anomalous
data yielded <m> = 0.72 for 12–2.8 Å data.

Shortly after the calculation of the three derivative MIR map was com-
pleted, the coordinates of the PGL became publicly available from the
Protein Data Bank (code 1tah). Molecular replacement calculations
were immediately executed using the MERLOT program [34]. Crowther
rotation function and the Crowther and Blow translation function calcu-
lations were conducted using 8–3.2Å intensity data. The Crowther
rotation function calculations gave a clear solution using either the 
PGL coordinates (11.3s) or PCL coordinates generated from the PGL
coordinates (11.4s). The corresponding Crowther and Blow translation
function for the best rotation function model had a peak height of
13.1s. This resulting molecular replacement structure solution was
refined using the X-PLOR package [30] with 7–2.8 Å data. The refine-
ment protocol included rigid-body refinement and 2–3 iterations of
crystallographic simulated-annealing refinement followed by B factor
refinement. Examination of the resulting 2Fo–Fc density map, using the
FRODO program [35] on an Evans and Sutherland PS390 A+ graph-
ics display, revealed that residues 129–165 did not fit the map and
should not be included in the next round of X-PLOR refinement. Several
rounds of model building using FRODO and refinement in X-PLOR fol-
lowed. These culminated in a 7–2.5Å structure which included all
protein atoms for residues 2–320 and had an R factor = 0.184 (90%
data) and a free R factor = 0.263 (10% of the data). The MIR map and
a phase-combined map produced from the SQUASH program [36]
were also used in addition to the 2Fo–Fc map in building in the missing
parts of the structure. From this point forward the structure was refined
using SHELXL-93 [37]. Further iterations of refinement and model-
building, including the addition of the Ca+2 ion and water molecules,
and extension of the resolution to 2.2Å were required to reach the final
PCL structure. The final structure has 118 water molecules and an
R factor of 14.3% for 7–2.2 Å data. The details regarding the final
structure and refinement are summarized in Table 2.

Determination of the GBF model
Commercial lipase (triacylglycerol lipase, EC 3.1.1.3) of P. cepacia
(Amano Pharmaceutical Co.) was purified by a single hydrophobic
interaction chromatography step and used for crystallization. Crystal-
lization was achieved by the sitting-drop vapor diffusion method using
CRYSCHEM crystallization plates with a Biomek automated labora-
tory station (Beckman, Mannheim, Germany). The optimized conditions
were: a reservoir solution consisting of 29–30% (v/v) 1-propanol in
100 mM Tris/HCl buffer pH 8.5–8.7. The sitting drop, before mixing
with reservoir, consisted of 22 mg ml–1 lipase in 10 mM Tris/HCl buffer,
pH 7.5. The crystallizations were done at 12°C. These conditions were
adapted from the crystallization conditions reported for P. cepacia by
Bornscheuer et al. [20]. The monoclinic C2 crystals have unit cell
dimensions a = 91.3 Å, b = 47.3 Å, c = 85.4 Å and b = 121.4°.

Native data to 1.9 Å resolution were collected using synchrotron radia-
tion from the wiggler beam line No. 6 at the DORIS storage ring,
HASYLAB, DESY, Hamburg. The data were recorded at a wavelength
of 1.0 Å at 10°C on a MAR imaging plate area detector. This data set
was collected at a crystal to detector distance of 20 cm using oscilla-
tions of 1° per exposure. The digitized images were evaluated using the
DENZO program package [38] to obtain integrated intensities. The
merged data set contained 17 688 unique reflections within the resolu-
tion range of 2.0 to 10.0 Å and an Rmerge of 9.5%. The completeness of
the data set was 83%. Table 2 summarizes the quality of the data.

The phase problem was solved by molecular replacement using the
coordinates of Chromobacterium viscosum lipase [18] as a starting
model. The rotation and translation functions were calculated using
data from 8–4 Å with the program AMoRe [39]. The program combines
automatically a rotation and translation search. As judged by the corre-
lation coefficient, a convincing solution was obtained and was sub-
jected to a rigid-body refinement protocol using the same software
package.
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The initial refinement of the C. viscosum lipase coordinates with
X-PLOR [31] consisted of rigid-body minimization, conjugate gradient
minimization, simulated annealing using a slow cooling protocol followed
by conjugate gradient minimization using 10–3 Å data. Subsequently,
the amino acid sequence of the model was corrected according to the
published sequence [40]. Removal of the residues which did not fit into
the density of the resulting 2Fo–Fc map or collided with symmetry-
related molecules, amino acids 130–156 and 217–239, reduced the
R factor to 30.9%. In subsequent cycles of manual model fitting with 
the programs O [31] and FRODO [35] followed by refinement with
X-PLOR, the resolution was extended in steps of 0.1 Å. At 2.5 Å the
R factor was 27.9% and group B factor optimization was included in the
X-PLOR refinement. By inspecting Fo–Fc and ‘omit’ maps the trace of
residues 130–156 and 217–239 could be easily recognized. The
model was completely rebuilt and the R factor dropped to 25.9%. The
resolution was stepwise extended to 2.0 Å. Additionally, water mol-
ecules were added by inspecting Fo–Fc density maps. The final refine-
ment cycle was carried out by restrained parameter least squares [41]
with the software package PROLSQ [42]. The R factor was reduced to
18.8% for data between 8 and 2.0 Å resolution.

The final model of the PCL consisted of a polypeptide chain of 320
amino acids. It includes 193 water molecules and a Ca2+ ion. Four
regions have poorly defined density for the sidechains: residues 75–
77, 128–130, 199–201, and 219–222. These regions are located in
exterior loops of the molecule. The mean coordinate error of all atoms
estimated from Luzzatti plots [22] is 0.2 Å.

Accession numbers
The BRI coordinates have been deposited in the Protein Data Bank
under accession code 2lip. This is NRC publication number 39957.
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