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Comparison of the fold of lipases from Geotrichum
candidum and from human pancreas identified a high
degree of similarity which was not expected on the
basis of their amino acid sequences. Although both
enzymes utilize a serine protease-like catalytic triad,
they differ in the topological position of the acid. We
speculate that these proteins are evolutionarily related
and that the pancreatic lipase is an evolutionary inter-
mediate in the pathway of migration of the catalytic
acid to a new position within the fold.

The lipases from the fungus Geotrichum candidum (GCL)*
and human pancreas (HPL) have been thought to belong to
different structural classes due to a lack of sequence homology
beyond the GXSXG fragment which encompasses the active
site serine and is also common to serine proteases, esterases,
and other lipases (1). The three-dimensional structures of
these two enzymes (2, 3) revealed unexpectedly that GCL and
the catalytic, N-terminal domain of HPL share a very similar
topology of their central 3-sheet and the same location of two
(Ser, His) of the three residues comprising the catalytic triad
(Fig. 1). The position of the acidic residue is different in the
two proteins. In GCL the catalytic Glu-354 is located in a
loop after strand seven while in HPL Asp-176 comes from a
loop following strand six (Fig. 1). Could these proteins be
evolutionarily related despite undetectable sequence homol-
ogy and if so, is there any evidence in support of the migration
of the acidic member of the triad during the evolution?

GCL and four other hydrolytic enzymes, whose three-di-
mensional structures have been determined recently by x-ray
crystallography, show remarkable similarities in their topol-
ogies and the geometrical conservation of their central (-
sheet.? This common topology can be described as
+1+4+2—1x+2x(+1x);3 in Richardson’s terminology (5) (Fig. 1).
Other enzymes of this fold family include dienelactone hydro-

* The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

1 To whom correspondence should be addressed.

! The abbreviations used are: GCL, G. candidum lipase; HPL,
human pancreas lipase.

2QOllis, D., Cheah, E., Cygler, M., Dijkstra, B., Frolow, F., Franken,
S. M., Harel, M., Remington, S. J., Silman, 1., Schrag, J., Sussman,
J. L., Verschueren, K. H. G., and Goldman, A. (1992) Protein Eng.,
in press

THE JOURNAL OF BIOLOGICAL CHEMISTRY

Vol. 267, No. 7, Issue of March 5, {Jp. 4300-4303, 1992

© 1992 by The American Society for Biochemistry and Molecular Biology, Inc.
Printed in U.S.A.

lase from Pseudomonas (6, 7), wheat serine carboxypeptidase
I (8), haloalkane dehalogenase from Xanthobacter autotro-
phicus (9), and Torpedo californica acetylcholinesterase (10).
All of them utilize a triad arrangement of nucleophile-histi-
dine-acid, reminiscent of that in serine proteases, for the
hydrolytic reaction (11). The nucleophile is located at the end
of the fifth strand of the 8-sheet in a tight “nucleophile elbow”
bend? which is followed by an a-helix. In all cases the nucleo-
phile is forced into an unfavorable conformation with
(+60°,—110°) ¢,y angles. This, however, projects the nucleo-
phile side chain away from the polypeptide backbone and
makes it readily accessible for the histidine and the substrate.
The histidine residue comes from a loop that follows strand
eight of the 3-sheet. Finally, the acid comes from a reverse
turn following strand seven. The handedness of the triad is
opposite to those of the serine proteases (2, 10, 12).2

Despite little sequence homology between these enzymes
(except for GCL and acetylcholinesterase (2, 13, 14) which
share 25% identity), Ollis et al.? proposed on the basis of the
conservation of topology and the three-dimensional structure
of the central mixed B-sheet, and the conservation of the
topological position of the catalytic triad residues that all
these proteins diverged from a common ancestor. The ex-
tended, variable length loops on the C-terminal side of the §-
sheet provide a way to adapt these proteins to bind a wide
range of substrates such as dienelactone, 1-haloalkanes, poly-
peptide C-termini, acetylcholine, or triacylglycerols.?

Although the topological position of the triad residues is
conserved in these enzymes, the nature of the nucleophile and
the acid was not. The diversity in the identity of the nucleo-
phile, which can be either Cys (6, 7), Asp (9), or Ser (2, 3,

FiG. 1. Topology diagrams. a, the fold? common to dienelactone
hydrolase (6, 7), wheat serine carboxypeptidase II (8), haloalkane
dehalogenase (9), acetylcholinesterase (10), and G. candidum lipase
(2). b, G. candidum lipase; ¢, human pancreatic lipase.
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10), reflects the diversity of reactions catalyzed by the differ-
ent enzymes. The identity of the acidic group has also diverged
as the carboxylate is contributed by either Asp (6-9) or Glu
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Fi1G. 2. Aligned sequences of mammalian pancreatic and
lipoprotein lipases within the region corresponding to resi-
dues 170-215 of the human pancreatic lipases (the numbering
corresponds to that of porcine pancreatic lipase). The active
site Asp is marked with a star, while the position equivalent to Asp-
205 in HPL is marked with an arrow. HPL, human pancreatic lipase
(3); McytT, mouse cytotoxic T-lymphocyte lipase (19); PPL, porcine
pancreatic lipase (20); Dog PL, dog pancreatic lipase (21); Rat PL,
rat pancreatic lipase (GenBank accession no. M58369); Hu LPL,
human lipoprotein lipase (23); Gp LPL, guinea pig lipoprotein lipase
(4); Hu HL, human hepatic lipase (22).

Fi1G. 3. a, model of the catalytic triad
Ser-152. . .His-263...Asp-176 in HPL
(thin lines). The rotated Asp-205 side
chain (thick lines) is close to a position
to make a good hydrogen bond contact
(dotted line) to His-263. With small ad- %
justments in the main chain conforma-
tion the hydrogen bond geometry can
easily be improved. The crosses mark the
position of nearby bound water mole-
cules. b, model of the active site region
in GCL (thin lines) with Ser-249 re-
placed by aspartate (thick lines) and ro-
tated into position of contact with His-
463. Hydrogen bonds are shown as dotted
lines.
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(2, 10). The only residue absolutely conserved is the histidine.?

A number of lipases and esterases show significant sequence
homology to GCL and most likely are members of the same
fold family of enzymes. Although the three-dimensional struc-
tures have been determined for only two of these enzymes
(GCL and Torpedo acetylcholinesterase), sequence compari-
sons strongly suggest that the catalytic Ser, His, and Asp/Glu
are in identical topological locations in all of these enzymes
(2, 15).

The topology of the N-terminal domain of HPL, although
not identical, shows striking similarities to the common to-
pology of the above mentioned proteins® (Fig. 1). In Richard-
son’s terminology the portion of HPL which corresponds to
this fold is described as —1+3x—1x+2x(+1x);. Despite the
connectivity of the first two strands of the §-sheet being
different, the direction of the corresponding strands is the
same as in the other enzymes. The similarities between GCL
and HPL extend beyond that common fold portion and in-
clude a ninth strand. In both enzymes, the loop between the
eighth and ninth strands contains the active site histidine
and forms a rarely observed left-handed crossover connection.
As we mentioned above, the other and most significant topo-
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Fi1G. 4. Experimental electron
density (2F,, = F.a) in the region
of the catalytic triad of HPL shown
in the same view as in Fig. 2a. The
hydrogen bonds within the triad are
shown as dotted lines.

logical departure from the common fold is the position of the
catalytic triad acid, which in HPL follows strand six rather
than strand seven as in the other enzymes. Examination of
the GCL and HPL models reveals that the residue in HPL
which corresponds to the triad acid Glu-354 of GCL is an
aspartic acid (Asp-205). On the other hand, the residue in
GCL that is in the same structural position as the triad
participant of HPL, Asp-176, is Ser-249.

HPL shows strong sequence homology to other mammalian
pancreatic lipases and also to lipoprotein lipases, suggesting
similar three-dimensional structures for these enzymes. The
position of Ser-152, His-263, and Asp-176 is conserved in all
these sequences, while Asp-205 is conserved only in pancreatic
lipases (Fig. 2) and is replaced by phenylalanine in lipoprotein
lipases.

Investigation of the three-dimensional model of HPL shows
that indeed Asp-205 is in the proximity of His-263 and that,
by a simple rotation around torsion angles x1 and x2, the
carboxylate group can be moved into a hydrogen bonding
position to this histidine (Fig. 3a). Similarly, from the inspec-
tion of the GCL model it is apparent that if Ser-249 was
replaced by an aspartic acid, its side chain could form a
hydrogen bond with His-463 (Fig. 3b).

The electron density map of HPL shows clearly that it is
the Asp-176 that forms the crucial hydrogen bond to His-263,
while Asp-205 is involved in interactions with ordered water
molecules (Fig. 4). In conjunction with similar experimental
evidence in GCL (2) and other enzymes sharing this fold (6-
10), this shows that the fold is flexible enough to accommo-
date two alternative positions for the acid without disturbing
the spatial requirements of the catalytic triad.

The above arguments would strongly suggest that pan-
creatic and lipoprotein lipases are related to the above men-
tioned enzymes and would seem to indicate that the pan-
creatic lipases represent an evolutionary intermediate in the
migration of the catalytic acid. The direction of the migration
is presumed to have been from strand seven to strand six,
rather than the opposite direction. Enzymes with the acid on
strand seven include bacterial, fungal, plant, and fish en-
zymes. Since these life forms predate the existence of mam-
mals one would expect that these enzymes are predecessors
to, rather than derivatives of, the mammalian forms.

The common structural motif has been well conserved, but
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the identities of the nucleophiles and acidic groups have not.?
The mammalian pancreatic, hepatic, and lipoprotein lipases
apparently provide an example of divergence in the location
of one of the catalytically essential residues. This fold is thus
a very stable scaffold which allows the assembly of a variety
of residues into catalytic triads, allows modification of sub-
strate binding loops, resulting in enzymes capable of hydrol-
ysis of wide range of substrates, and also allows alternate
arrangements of the residues involved in the catalysis.
Sequence comparisons also suggest that this family of pro-
teins has diverged even further to include proteins which have
lost their catalytic hydrolase function. The C-terminal do-
main of thyroglobulin shows significant sequence homology
to GCL and the cholinesterases and has been proposed to be
involved in membrane binding (16). The lipoprotein and
hepatic lipases show significant homology with vitellogenin
(17, 18). The vitellogenins are involved in lipid binding and
transport but have no hydrolase activity. This fold family
thus appears to be not only a diverse family of hydrolases but
a diverse family of proteins with varied functions, and it is
very likely that new members of this folding family will
frequently be identified.
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