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Abstract The lipase superfamily includes three vertebrate
and three invertebrate (dipteran) proteins that show sig-
nificant amino acid sequence similarity to one another. The
vertebrate proteins are lipoprotein lipase (LPL), hepatic
lipase (HL), and pancreatic lipase (PL). The dipteran
proteins are Drosophila yolk proteins 1, 2, and 3. We review
the relationships among these proteins that have been estab-
lished according to gene structural relatedness and intro-
duce our findings on the phylogenetic relationships,
distance relationships, and evolutionary history of the lipase
gene superfamily. Drosophila yolk proteins contain a 104
amino acid residue segment that is conserved with respect to
the lipases. We have used the yolk proteins as an outgroup
to root a phylogeny of the lipase family. Our phylogenetic
reconstruction suggests that ancestral PL diverged earlier
than HL and LPL, which share a more recent root. Human
and bovine LPL are shown to be more closely related to
murine LPL than to guinea pig LPL. A comparison of the
distance (a measure of the number of substitutions between
sequences) between mammalian and avian LPL reveals that
guinea pig LPL has the largest distance from the other
mammals. Human, rodent, and rabbit HL. show marked
divergence from one another, although they have similar
relative rates of amino acid substitution when compared to
human LPL as an outgroup. Human and porcine PL are not
as divergent as human and rat HL, suggesting that PL is
more conserved than HL. However, canine PL demonstrates
an unusually rapid rate of substitution with respect to the
other pancreatic lipases. The lipases share several structural-
ly conserved features. One highly conserved sequence (Gly-
Xaa-Ser-Xaa-Gly) contains the active site serine. This feature,
which agrees with that found in serine esterases and pro-
teases, is found within the entire spectrum of lipases, includ-
ing the evolutionarily unrelated prokaryotic lipases. We
review the location and possible activity of putative lipid
binding domains. We have constructed a conservation index
(CI) to display conserved structural features within the
lipase gene family, a CI of 1.0 signifying perfect conserva-
tion. We have found a correlation between a high CI and
the position of conserved functional structures. The putative
lipid-binding domains of LPL and HL, the disulfide-bridging
cysteine residues, catalytic residues, and N-linked glycosyla-
tion sites of LPL, HL, and PL all lie within regions having a
CI of 0.8 or higher. A number of amino acid substitutions
have been identified in familial hyperchylomicronemia
which result in loss of LPL function. These mutations are lo-
cated at residues that have a CI of between 0.8 and 1.0. We
have compared the positions of known in vivo substitutions

with the degree of conservation of residues in human LPL.
We discuss the conserved structures that appear to have a
role in the conformational changes during catalytic activity
of the lipases. Although exon/intron boundary positions are
largely conserved within the lipases, the positions of boun-
daries are not coincident with low CI values. HL. and LPL
apparently have lost introns that still remain in PL.—Hide,
W. A, L. Chan, and W-H. Li. Structure and evolution of the
lipase superfamily. J. Lipid Res. 1992. 33: 167-178.

Supplementary key words lipoprotein lipase e pancreatic lipase o
hepatic lipase ® Drosophila yolk protein e active site serine

The lipase gene family is made up of three ver-
tebrate genes that share structural similarities and are
derived from a common ancestral gene. The family in-
cludes lipoprotein lipase (LPL), hepatic lipase (HL),
and pancreatic lipase (PL). The known function of
these proteins is hydrolysis of circulating and dietary
triglycerides, allowing subsequent assimilation and dis-
tribution to central and peripheral tissues. Three
Drosophila yolk proteins also show limited sequence
similarity to the lipases and will also be examined in
the review.

LPL and HL are distinct enzymes but have very
similar hydrolytic functions. They both hydrolyze lipo-
protein triglycerides. LPL is essential for chylomicron
and very low density lipoprotein catabolism and also
for the transfer of cholesterol, phospholipids, and
apolipoproteins among lipoprotein particles (1). It is
dependent on apolipoprotein C-I for activation (2, 3).
HL is also important in lipoprotein and phospholipid
metabolism (4) and, through its actions on high den-
sity lipoproteins, may mediate delivery of cholesterol
from peripheral tissues to the liver (5-7). It may also
be involved in the metabolism of intermediate density
lipoprotein to low density lipoprotein in the liver (4).

Abbreviations: LPL, lipoprotein lipase; HL, hepatic lipase; PL,
pancreatic lipase; CI, conservation index.
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PL hydrolyzes dietary lipid in the intestine. It binds
to the lipid interface of luminal contents emulsified in
the presence of bile salts, colipase, and calcium and
acts to hydrolyze ester bonds in dietary triglyceride (8).

Drosophila yolk proteins lack lipolytic activity and
show no obvious functional similarity to the lipases.
However, a 104 residue segment of Drosophila yolk
protein 1 (YP1), 2 (YP2), and 3 (YP3) shows significant
similarity at the amino acid level to the lipase family
(9-11), including a region that has sequence similarity
to the substrate-binding site of porcine PL (12).

Despite their disparate anatomical location and dis-
tinct physiological functions, lipases share several com-
mon structural features. The proteins in the lipase
superfamily have significant amino acid sequence
similarity and can be readily aligned. Detailed com-
parisons of structural similarities, sequence similarities,
and exon/intron boundary distribution have led to
the proposal of different models for evolutionary
relationships of LPL with HL and PL and Drosophila
yolk proteins (10, 13). However, none of these models
are based on comprehensive phylogenetic or genetic
distance comparison among members of the complete
family.

By examination and comparison of structure at the
amino acid sequence level, we have set out to establish
the relationship of conserved structural to functional
features. We review previous findings together with
our analysis of evolutionary relationships between
members of the lipase gene family.

EVOLUTIONARY RELATIONSHIPS

The amino acid sequences of all the published LPL,
HL, and PL from different species can be readily
aligned (Fig. 1). Based on this alignment, the related-
ness among the three lipases has been deduced, and a
phylogenetic reconstruction has been made by using
the maximum parsimony method (Hide, W. A,
L. Chan, and W-H. Li, unpublished results). The mod-
el presented in Fig. 2 suggests that LPL and HL share
a more recent ancestor and PL has branched off ear-
lier than LPL and HL. This model agrees with that
proposed by Persson et al. (10), who based their con-
clusions on the position of Cys residues, N-linked
glycosylation sites, and polyanion-binding sites among
the three lipases.

In addition to the study of Persson et al. (10), two
other analyses of relationships among the proteins of
the lipase family have been presented. Datta et al. (14)
performed a study using distance data and compara-
tive rates to determine the relationships of human and
rat HL,, human, mouse, and bovine LPL, and dog and

168  Journal of Lipid Research Volume 33, 1992

pig PL. Times of divergence estimated from fossil
evidence were used to derive rates of evolution, which
were used to predict the likely relationships of the PL,
HL, and LPL. Even though distance data suggested
otherwise, a prediction was made that HL was more
closely related to PL than to LPL. The rate of evolu-
tion of PL was found to be twice that of HL and about
seven times greater than that of LPL. The gene
relationships were estimated by use of differential rates
of evolution but lacked the benefit of an outgroup
against which they could be measured. In the present
reanalysis, considerably more data have become avail-
able. Since it was pointed out that Drosophila YP genes
have a region of significant sequence similarity to the
lipases, these sequence data provide a reference for a
more plausible phylogenetic reconstruction (Fig. 2)
based on parsimony analysis rather than on simple
rates and known divergence times as was previously
done (14). Kirchgessner et al. (13) speculated on the
evolutionary relationships of mammalian LPL, HL, PL,
and Drosophila yolk protein 1 based on the structural
organization of these genes and on exon shuffling and
intron loss. Their model suggests that a primordial
gene gave rise through an initial gene duplication, in-

Fig. 1. Alignment of amino acid sequences of mature lipase
proteins and conserved region of Drosophila YP1, YP2, and YP3.
Alignment of human (47), bovine (48), mouse (49), guinea pig
(50), and chicken (43) LPL; human (14), rat (33), and rabbit (23)
HL; human (51), pig (52), and dog (8) PL; and a conserved region
of Drosophila yolk proteins 1 (53), 2 (54), and 3 (55). Alignment
was performed using the algorithm of the computer program
CLUSTAL (56) to produce an alignment that required the mini-
mum number of gaps to achieve a parsimonious alignment of
amino acids. Each gap was given a penalty of ten. The penalty
specifies the number of exactly matching residues that must be
found by introducing a gap. After computer alignment, careful
visual adjustments were made. Several small gaps were removed.
The N-terminal and C-terminal regions of the proteins are difficult
to align and should be interpreted with cantion. These regions
were not used for phylogenetic comparison. The regions used for
phylogenetic comparison were residues 68-170 and 180-359.
Shaded-underlined residues represent the hydrophobic flanking
“wings” surrounding the catalytic site in the PL three-dimensional
structure. Shaded-boxed residues represent predicted N-linked
glycosylation sites. Double bars represent putative lipid-binding
domains. The o-helical “flap” is represented by a hatched bar. Con-
served cysteine residues are shaded and are highlighted by solid
circles. The disulfide-bridging residues in PL are shown connected
by solid lines. The location of the three residues in the catalytic
triad: serine (S), aspartic acid (D), and histidine (H) are marked by
@. The consensus sequence is marked by a dash at positions where
there is no consensus, a capital letter where there is an identity,
and a “+” where there is an evolutionarily conserved residue. Our
alignment differs from a previously published alignment in the N-
terminal region from consensus residues 1-47 and in the C-er-
minal region from consensus residues 420-513 (14). The previous
study did not include guinea pig and chicken LPL, rabbit HL, and
human PL and was performed manually, without bias for alignment
of evolutionary conserved residues and without sufficient weighting
to reduce the number of gaps. We have now used a multiple align-
ment algorithm for alignment (56). For phylogenetic comparison,
we have excluded regions that produced ambiguous alignments,
and restricted our comparison to those regions that are most highly
conserved.
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humlpl KREPDS . NVIVVDWLSRAQEHYPVSAGY TKLVGQDVARE INWMEEEFNY PLDONVHLLGYSLGAHAAGIAGS . . . . LTNKKVNRITGLDPAGPNFEYAEAP
Bovlpl KREPDS . NVIVVDWLSRAQQHYPVSAGY TKLVGQDVAKFMNWMADEFNYPLGNVBLLGYSLGAHAAGIAGS . . . . LTNKKVNRITGLDPAGPNFEYAEAP
muslpl KREPDS . NVIVVDWLYRAQQHYPVSAGY TKLVGNDVARF INWMEEEFNYPLDNVALLGY SLGAHAAGVAGS . . . . LTNKKVNRITGLDPAGPNFEYAEAP

Gplpl KREPDS . NVIVVDWLRRAQHHYPESADY TKLVGEDVARF INWMEDEFKY SVDNVHLLGY SLGAHAAGVAGS . . . . RTNTKVSRITGLDPAGPNFEYAEAT
cknlpl KREPDS . NVIVVDWLVRAQQHYPVSAAY TKLVGKDVAMF I DWMEEKFNY PLNNVHLLGY SLGAHAAGIAGS.. . . . LTKKKVNRITGLDPAGPTFEYADAP
humhl SQPAQPVNVGLVDWITLAHDHY TTAVRNTRLVGKEVAALLRWLEESVQLSRSHVALIGYSLGARVSGFAGSSIGG . . THKIGRITGLDAAGPLFEGSAPS
rabhl SQPARPVNVGLVDWI SLAHSHYAVAVRNARLVGQEVAALLQWLEESAPF SRSNVHLIGYSLGAHVAGFAGSYISG. . KHKIGRITGLDAAGPLFEGTSAS
rathl SRQSQPVNVGLVDWI SLAYQHYAIAVRNTRVVGQEVAALLLWLEESMKF SRSKVHLIGY SLGAHVSGFAGS SMG( 1GRITGLDPAGPMFEGTSPN
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pigpl KVE. . SVNCICVDWKGGSRTGYTQASQNIRIVGAEVAYFVEVLKSSLGY SPSNVEVIGHSLGSHAAGEAGRRTRK I ERITGLDPAEPCFQGTPEL
dogpl KVE. . EVNCICVDWKKGSQTSYTQAANNVRVVGAQVAQMLSMLSANYSY SPSQVOLIGHSLGAHVAGEAGSRTEG. . . . . LGRITGLDPVEASFQGTPEE
droypl s GAKIGKWIVQMVNELDMPFDTIHLIGONVGAHVAGAAAQEF TRLTGHKLRRVTGLDPSKIVAKSKNTL
droyp2 GEIIGNRLVELTNTVNVPQEI IBLIGSGPAAHVAGVAGRQF TRQTGHKLRRI TALDPTKI YGKPEERL
droyp3 . GAMIGQTLIDLTN. KGVPQEIIBLIG{X;ISAHVAGMGNKYTAQTGHKLRRITGLDPAKVLSKRPQIL
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humlpl SRLSPDDADFVDVLHTFTRGSP . GRSIGIQKPVGHVDIYPNGGTFQPGGNIGEAIRVIAERGLGDVD . QLVKE SHERSTHLF IDSLLNEENPSKAY!
bovlpl SRLSPDDADFVDVLHTFTRGSP . GRSIGIQKPVGHVDIYPNGGTFQPGENIGEALRVIAERGLGDVD . QL'
muslpl SRLSPDDADFVDVLHTFTRGSP . GRSIGIQKPVGHVDIYPNGGTFQPGE
Gplpl SRLSPDDAQFVDVLHTFTRGSP . GRSIGIQKPVGHVDIYPNGGSFQPGENIQDALRVISQKGFGDMD . QL!
cknlpl IRLSPDDADFVDVLHTYTRGSP . DRSIGIQKPVGHIDIYPNGGGFQPGENLGEALRLIAEKGFSDVD. QL
humhl NRLSPDDANFVDAIHTFTREHM. GLSVGIKQPIGHYDFYPNGGSFQPGRHSLELYRHIAQHGFNAIT.QTI
rabhl DRLSPDDANFVDAIHTFTREHM. GLSVGIKQPVGHYDFYPNGGSFQPGEHF LELYKHIAQHGLNALS . QTI
rathl ERLSPDDANFVDAIHTFTREHM. GLSVGIKQPIAHYDFYPNGGSFQPGEHF LELYKHIAEHGLNAIT. QTI
humpl VRLDPSDAKFVDVIHTDGAPIVENLGEGMSQVVGHLDFFPNGGVEMPGEKKNILSQIVDIDGIWEGTRDFA
pigpl VRLDPSDAKFVDVIHTDAAPI IPNLGF GMSQTVGHLDFFPNGGKQOMPGEQKNILSQIVDIDGIWEGTRDF V)
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humlpl YEINKVRAKR. . . SSKMYLKTRSQMPYKVFHYQVKIHF SGTESETHTNQAFEISLYGTVAESENIPFTLP. . EVS'
bovlpl YEINKVRAKR. . . SSKMYLKTRSQMPYKVFHYQVKIHF SGTESNTYTNQAFEISLYGTVAESENIPFTLP . .EVS
muslpl YEINKVRAKR. . . SSKMYLKTRSQMPYKVFHYQVKIHF SGTENGKQHNQAFEISLYGTVAESENIPFTLP . . EVS
gplpl GYEINKVRAKR. . . SSKMYLKTRSQMPYKVFHYQVKIYFSGTETTTYTNQAFEISLYGTVAESENIPFTLP. .EV.
cknlpl 'YKVNRVRTKR. . . NTKMYLKTRAQMPYKVFHYQVKI HFF(@(V‘DOPFLISLYGTLDESENIPF‘H.P. .EVS
humhl YHVRQEPRSK. . . SKRLFLVTRAQSPFKVYHYQLKIQF . TPIQTTFTMSLLGTKEKMOKIPITLGKGIA.
rabhl YHIRQEPLSK. . . GKRLFLVTQAQSPFRVYHYQFKIQF . INQI EKPLEPTFTMSLLGTKEEMOKIPITLGEGIT.
rathl . . SKTLFLITRAQSPFKVYHYQFKIQF . INOMEKPIEPTFTMTLLGTKEEIKKIPITLGEGIT.
humpl . .VSLFGNKGNSKQYEIFKGTLKPDS . .T
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humlpl YSFLIYTEVDIGELLMLKLKWKS. .......... DSYFSWSDWWSSPGFAIQKIRVKAGETQKKVI
bovlpl YSFLLYTEVDIGELLMLKLKWIS. . . DSYFSWSNWWSSPGFDIGKIRVKAGETQKKVI
muslpl YSFLIYTEVDIGELLMMKLKWMS. . . DSYF SWPDWWSSPSFVIERIRVKAGETQKKVI

gplpl YSFLIYTEVDIGELLMLKLKWIT. . .ESYFSWSSWWGRPTFTIEKIRVKAGETQKKI
cknlpl FSFLIYTEVDIGDLLMLKLQWEK DTFFSWSDWWTPFAFTIQRVRVKSGETQKI
humhl YSFLITLDVDIGELIMIKFKWENSAVWANVWDTVQTI IPWSTGPRHSGLVLKTIRVKAGETQQR
rabhl YSFLITLNLDIGELMVIKFKWENSAVWANVWNTVQTIIPWGIKPRNSGLILKTIRVKAGETQQOR
rathl YSLLITLDKDIGELIMLKFKWENSAVWANVWNTVQT IMLWDTEPHYAGLI LKTIWVKAGETQQR
humpl HSNEFDSDVDVGDLQMVKFIWYNNV. . ... .. INPTL sents wiviels PRVGASKIIVET . NVGKQI
pigpl HSDEFDSDVEVGDLQKVKFIWYNNNV. . . . .. . PRVGASKITVEA . NDGKVYD)
dogpl HSNEFDAKLDVGTIEKVKFLWNNNVV. . . . ... e . PKVGAAKI TVQKGEEKTVHSF¢
droypl
droyp2
droyp3
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muslpl
gplpl
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Fig. 2. Phylogenetic relationships of the lipase superfamily and
Drosophila YP1. Maximum parsimony analysis was performed using
PROTPARS from the phylogenetic computer analysis package
PHYLIP (57). This method finds a tree that requires the minimum
number of amino acid substitutions to explain the observed dif-
ferences among sequences. Comparisons with Drosophila yolk
proteins were made from alignment residue positions 132-242. In
all cases gapped residues were not included in the comparison. The
method of parsimony analysis is broadly used to resolve relation-
ships at the sequence level between genes of different species. We
have chosen this method in order to present a quantifiable relation-
ship between the proteins making up the lipase superfamily. A max-
imum parsimony analysis of the aligned lipase sequences produced
a consensus phylogeny shown in Fig. 2. In order to locate the root
of the tree, we used the distant but phylogenetically useful
Drosophila yolk proteins as an outgroup. Four trees of equal length
(equal number of substitutions) resulted, each having the same
position for the root and the same branching order for the three
lipases. The trees differed only in the order of the branches within
the LPLs. One of the trees was identical in branching order to a
tree produced by analyzing the lipases alone.

tron loss, and another duplication to mammalian LPL
and HL. After the initial duplication event a different
path gave rise via intron loss to mammalian PL. Yet
another path after the initial duplication event
resulted in the gain of an exon, loss of introns, and
gene duplication, leading to the three Drosophila yolk
proteins. The theoretical basis for the model (13) was
not presented.

Relationships within lipoprotein lipases

Lipoprotein lipase is a highly conserved protein and
its phylogeny demonstrates several features that are of
interest with respect to the evolution of mammals.

Guinea pig LPL appears to have diverged prior to
mouse LPL (Fig. 2). Although this finding is not com-
patible with the traditional view that the guinea pig is
a rodent, it is consistent with the recent analysis of the

170  Journal of Lipid Research Volume 33, 1992

relationship of guinea pigs (a caviomorph) to the
myomorph rodents (mice and rats) using available se-
quences from these species (15), which suggests that
the guinea pig does not belong to the same order as
the mouse and rat (myomorpha) but represents a
separate evolutionary lineage (caviomorpha) that had
diverged very early in the evolution of the eutherian
mammals. This conclusion is consistent with the anal-
ysis of rates of nucleotide substitution among the LPLs
of different species published by Semenkovich et al.
(16). It was noted that the rate of nonsynonymous sub-
stitutions between human and murine is lower than
between human and guinea pig. Also, the rate of non-
synonymous substitutions between bovine and guinea
pig appeared higher than the rate of nonsynonymous
substitutions between bovine and murine. Although it
was determined that the rate of nonsynonymous sub-
stitutions is much higher in guinea pigs than in other
rodent lineages, this observation fits well with the
recently proposed phylogeny of the myomorpha and
caviomorpha (15).

The eutherian radiation is commonly thought to
have occurred about 80 million years ago. The bovine
lineage separated from other lineages at about this
time (17, 18). Molecular data suggests that rodents
may have separated from other mammals considerably
earlier (19). Parsimony analysis of the lipoprotein
lipases shows that the caviomorph lineage and then
the rodent lineage separated from the other lineages
before the bovine lineage (Fig. 2). Thus the branching
order of mammals represented in the lipoprotein
lipase phylogeny is in agreement with the order
proposed by Li et al. (19), in which rodents were one
of the earliest groups to separate off from other mam-
mals.

The distance between two proteins can be deter-
mined by aligning them and comparing the rates of
substitution of amino acid residues at each site. Dif-
ferences in amino acids can be quantified as a percent
difference or can be expressed according to empirical-
ly corrected (20) or theoretically predicted (21) pat-
terns of substitution. Empirical methods such as the
Dayhoff correction (20) make an allowance for more
than one substitution to have occurred at a particular
site during the course of the evolution of the protein.
When the average corrected Dayhoff distances (d) be-
tween an outgroup (chicken LPL) and the mam-
malian LPLs are compared (see Table 1), it appears
that guinea pig LPL has a relatively higher rate of sub-
stitution than other mammals. Human, murine, and
bovine LPLs have similar distances from chicken LPL
(15.5%, 14.6%, and 16.0%, respectively) while in con-
trast, guinea pig LPL has the highest amount of se-
quence divergence (20.7%).
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Relationships within hepatic lipases

Three mammalian HL sequences have been publish-
ed: human, rabbit, and rat (14, 22-24). The rabbit has
traditionally been regarded as an animal essentially
devoid of HL activity. Interestingly, HL mRNA is
present in the liver of the rabbit. The low HL activity in
this species is apparently the result of a low level ex-
pression of HL mRNA in the liver of the rabbit (23).
When compared to human LPL as an outgroup,
human (d =72.3%), rodent (d=74.2%), and rabbit
(d =69.7%) hepatic lipase show similar rates of amino
acid substitution (Table 1).

Hepatic lipase is much less conservative than LPL
(13, 14). This is demonstrated by the divergence be-
tween human and mouse {or rat), which is 23.6% for
HL but is only 2.2% for LPL (see also Fig. 3).

TABLE 1. Genetic distances between lipase sequences

Species Proportion of Dayhoff
Differences (%) Distance (%)

Lipoprotein Lipase

Human vs. mouse 2.2 2.2
Human vs. cow 4.0 4.2
Human vs. guinea pig 8.8 9.4
Human vs. chicken 14.0 15.5
Mouse vs. cow 4.0 4.2
Mouse vs. guinea pig 8.5 9.0
Mouse vs. chicken 13.2 14.6
Cow vs. chicken 14.3 16.0
Cow vs. guinea pig 9.9 10.7
Guinea pig vs. chicken 18.0 20.7

Hepatic Lipase

Human vs. rat 20.2 23.6
Human vs. rabbit 15.4 17.3
Rabbit vs. rat 19.1 22.1

Pancreatic Lipase

Human vs. pig 9.2 9.8
Human vs. dog 26.8 33.2
Pig vs. dog 26.8 33.2

Gene Families

Human LPL vs. human HL 47.1 72.3
Human LPL vs, rat HL 47.8 74.2
Human LPL vs. rabbit HL 46.0 69.7
Human LPL vs. human PL 64.7 131.2
Human HL vs. human PL 64.3 129.5

Protein sequences were aligned and compared to determine the number of
amino acid differences between them. The proportion of differences between
two amino acid sequences is represented in the table as the number of dif-
ferences per 100 residues. The distance matrix was constructed correcting for
multiple substitutions at the same residue position using the method of
Dayhoff (20). The Dayhoff method uses an empirical matrix made by deter-
mining the substitution patterns in 30 mammalian proteins. It is thus possible
to estimate the most likely number of substitutions that have occurred at a
particular amino acid residue position.

Relationships within pancreatic lipases

The phylogeny of the PLs in Fig. 2 is not in agree-
ment with the commonly accepted phylogeny of the
mammals, in which the Carnivora are usually grouped
with the Artiodactyla (18). We used HL as an out-
group for the phylogenetic reconstruction of the PLs.
As the HLs have a large number of amino acid sub-
stitutions when compared to the PLs, they do not rep-
resent an ideal outgroup. In our reconstruction,
porcine and human PL share a root, separate from
canine. Without a suitable outgroup, we are unable to
obtain the correct order of branching within the PLs.

The rate of amino acid substitution in canine PL is
distinctly faster than in either porcine or human PL
(human PL vs. pig HL. d=9.8%; pig PL vs. dog PL
d = 33.2%; dog PL vs. human PL d = 33.2%).

A previous analysis has suggested that PLs are
structurally much less conserved and demonstrate a
much higher rate of amino acid substitution than the
other lipases (14). We note, however, that human and
porcine (artiodactyl) PL. have not diverged very fast
(d =9.8%) in comparison with human and bovine (ar-
tiodactyl) LPL (d = 4.2%) or when compared to the di-
vergence between human and rat HL (d=23.6%).
The human PL sequence was not available for the
previous analysis of Datta et al. (14), which was in-
fluenced by the unusually rapid rate of substitution in
canine PL.

Between family distance comparisons

Human LPL and HL are less distant from each
other (d=72.3%) than either is from human PL
(human LPL vs. human PL d = 1381.2%; human HL vs.
human PL d=129.5%). This is consistent with the
closer relationship between LPL and HL (Fig. 2). LPL
has not always been a slowly evolving géne. As noted
above, LPL has evolved much slower than HL within
the higher vertebrates. However, both LPL and HL
have a similar distance from PL (Table 1). This sug-
gests that prior to the time at which LPL. and HL
evolved within the higher vertebrates, LPL evolved at a
faster rate than HL.

Exon/intron structure of the lipases

The exon/intron structure of human LPL and HL
and canine PL has recently been analyzed in detail (8,
13, 25-27). We compared the exon/intron boundaries
against the conservation profile as shown in Fig. 3 (see
below). Exon/intron boundary positions are not con-
sistently coincident with peaks or valleys of conserva-
tion. Human LPL has 10 exons, human HL has 9
exons, and dog PL has 13 exons. Exon sizes and
boundary positions are very similar in HL. and LPL, al-
though LPL has an extra exon comprised exclusively
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Fig. 3. Conserved structural features of lipase sequences. Pairs of proteins from within each family were aligned and given a consensus score
for conserved residues at each site. A score of 1 was given when residues were the same at a particular position. A score of 0 was given when
residues differed at the same position. A window size of 9 residues was found to give the most useful resolution for comparison of conser-
vation. The average identity (conservation index) for each 9-residue window was determined, and the index value was plotted against the
median residue position. The conservation indexes (CI) for two species of LPL. (human and mouse), HL (human and rat), and PL (human
and dog) are shown plotted against median residue position. N-linked glycosylation sites (N-G) that are conserved in the two species com-
pared are marked with arrows; sites that are unique to only one of the two species are not shown. The locations of the three catalytic
residues serine (S), aspartic acid (D), and histidine (H) are marked with arrows. Conserved cysteine residues are represented by solid circles
above each plot. The o-helical “flap” is represented by a short bar. An outline box encloses the putative lipid-binding domain. Percent
differences between each protein pair are shown as a value of d in each figure. Solid arrows below each plot represent the positions of
exon/intron boundaries. Open arrows represent exon/intron boundaries in the PL gene that are absent in HL and LPL.

of the 3’ untranslated region of the gene. The
similarity in exon/intron boundary distribution be-
tween LPL and HL suggests they have diverged more
recently than PL (13, 25-27).

PL has a distinctly different organization of exon/in-
tron boundaries with respect to the other lipases. PL
has extra introns, “splitting” the exon organization.
For example, exons 4 and 5 of PL are analogous to
exon 3 of HL and LPL and exons 7 and 8 of PL are
analogous to exon 5 of HL and LPL.

HL and LPL may have lost several introns after di-
vergence from a common ancestor of the lipases. As it
is likely that PL has greater similarity to an ancestral
gene, it is therefore likely that the ancestral lipase from
which the lipase gene family arose contained the same
number of, or more, introns than modern PL (13).

Drosophila yolk proteins

By screening the Protein Identification Resource
(PIR) and National Biomedical Research Foundation
(NBRF) data banks, defined regions of Drosophila yolk
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proteins have been shown by many workers to have se-
quence similarity with the vertebrate lipases (9-11).
Bownes et al. (12) have also independently detected a
similarity between the yolk proteins and porcine PL.
Persson et al. (10) determined that the similarity ex-
tends even to large parts of the hydrophobicity
profiles. The three yolk protein genes are a distinct
group of proteins that occur only in the higher diptera
(28) and have 60% protein sequence similarity to one
another. The best conserved regions in Drosophila yolk
proteins are those which show similarity to the ver-
tebrate lipases (10).

The region in the lipases that shows similarity to YP
structure is also a well-conserved region containing the
active site and proposed to be involved in lipid bind-
ing (10, 29, 30). Drosophila yolk proteins are generally
termed vitellogenins and are analogous in function to
the vitellogenins of other species. Vitellogenins are
produced in the insect fat body as a food source, and
are transported in the hemolymph to be taken up by
the developing oocyte. The process involves receptor-
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mediated endocytosis (31). Although the YP proteins
show significant sequence similarity to the lipases, the
catalytic Ser-Asp-His triad present in all lipases (8, 32)
is not conserved in YP. The catalytic serine residue in
the triad is replaced by an asparagine in YP1 and a
glycine in YP2, which suggests that YP is not catalytical-
ly active (9). Catalytic activity has not been demon-
strated for the YP protein family (11). Interestingly,
the histidine in the triad is still conserved. A serine or
another amino acid from a different part of the
primary structure could possibly act as a catalytic
residue if properly positioned, or different conditions
may be necessary for catalytic activity (9). It is highly
unlikely, however, that YP proteins show the same
catalytic activity as the lipases. Yolk proteins have been
demonstrated to bind fatty acid ecdysteroid conjugates
(12). The tightly bound ecdysteroids are released as
yolk proteins are proteolytically degraded. Embryo-
genesis could thus be influenced by timed release of
bound ecdysteroids. Fatty acid ecdysteroid binding in
Drosophila and lipid binding in vertebrates are func-
tions that may be reflected in the sequence similarity
of the conserved region of the lipase gene superfamily.

CONSERVATION AND STRUCTURAL SIMILARITY

Conservation and structure

Regions of a protein that serve an essential function
are usually evolutionarily better conserved in structure
than regions that have a less important function. For
example, the catalytic triad residues, Ser-Asp-His, are
essential to the catalytic activities of LPL, HL, and PL.

N-G S

i

08
0.6
0.4
0.2
0.0

Therefore, all three residues are strictly conserved in
all species (Fig. 1). However, inspection of Fig. 1
reveals that many other residues in addition to the
catalytic triad are completely conserved in all the avail-
able sequences. Furthermore, there are clusters of
these residues in each of the lipases, suggesting that
some regions of each protein are conserved as struc-
tural domains. An objective method for inferring the
relative conservation of structural domains across the
linear sequence within each protein is to calculate the
relative proportion of conserved residues in a window
that scans the whole sequence from the N-terminus to
the C-terminus. When a moving window of nine amino
acid residues is used for analysis of each lipase (desig-
nated a conservation index, or CI), the variation in
structural conservation spanning the entire lipase
protein becomes apparent (Fig. 3 and Fig. 4). A num-
ber of previously identified putative functional resi-
dues and domains can be re-examined in the light of
the degree of conservation of local protein structure.
In such comparisons the genetic distance between
each protein pair is important. Since the three lipases
have not been sequenced from the identical species,
the CI analyses of LPL and HL have been performed
on pairs of species (human/mouse for LPL, human/
rat for HL) that have identical distances, and on PL in
a pair (human/dog) that has a distance more similar
to the human/rodent pair than the other available
pairs (human/pig or pig/dog). It is clear from inspec-
tion of Fig. 3 that LPL is the most highly conserved of
the three lipases whereas HL and PL are roughly
similar in their degree of conservation. Therefore, the
CI index analysis of sequence domain conservation is
in agreement with that revealed in Table 1.

Lipoprotein Lipase C.I.

sl 400

T K 100 A I'%s ][ﬁ: l|%o T 300 A
142 156 176188
194 243 244

Fig. 4. Conserved structural features of lipoprotein lipases. Protein sequences of the LPLs were aligned and given a consensus score for
conserved residues at each site. A score of 1 was given when all residues were the same at a particular position. A score of 0 was given when
any differences in residues occurred at the same position. A window size of 9 residues was used. The average identity (conservation index)
for each 9-residue window was determined, and the index value was plotted against the median residue position. The conservation indexes
(CI) for complete, mature proteins of five species of LPL. (human, mouse, cow, guinea pig, and chicken) are shown plotted against median
residue position. N-linked glycosylation sites (N-G) that are conserved in all five species are marked with arrows; sites that are not present
in all five species are not shown. The locations of the three putative catalytic residues serine (S), aspartic acid (D), and histidine (H) are
marked with arrows. Conserved cysteine residues are represented by solid circles above the plot. The o-helical “flap” is represented by a
short bar. Outline boxes enclose the putative lipid-binding domains. Solid arrows below each plot indicate the position of exon/intron
boundaries. Vertical bars represent the location of residues at which natural amino acid substitution mutations have resulted in impaired
function of LPL in patients with familial LPL deficiency. Amino acid substitutions are: 142, Gly—Glu (58); 156, Asp—Gly (59); 176,
Ala>Thr (60); 188, Gly—=Glu (61); 194, lle—>Thr (62); 207, Pro—Leu (63); 243, His—Arg (62); 244, Ser—>Thr (64).
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Catalytic residues and lipid binding regions

The most highly conserved feature in all lipases is a
9-amino acid segment containing some hydrophobic
side-chains ranging in hydropathy indices from 0.7 to
14.3 (8) with a consensus sequence Gly-Xaa-Ser-Xaa-
Gly (Fig. 1), which agrees with analogous sequence
surrounding the active site serines in serine esterases
and serine proteases (33). This segment is very similar
in vertebrate lingual/gastric lipase, prokaryotic lipases,
and vertebrate lecithin:cholesterol acyltransferase (8,
10). This 9-residue sequence has been described by
some investigators as part of a lipid-binding segment
(29, 30), although this is not agreed upon by other
workers, Mickel et al. (8) determined that the residues
in this region are hydrophobic and that this may
facilitate the action of hydrolysis at the aqueous lipid
interface. Winkler, D’Arcy, and Hunziker (32) have
shown that the hydrophobicity can be explained by
packing of these residues with other hydrophobic side-
chains and point out that they are not likely to take
part in lipid-binding in PL. In fact, another putative
lipid-binding region in rat and human HL has been
predicted on the basis of similarity to the conserved
hydrophobic region (24). We have annotated both
regions in our alignment (see Fig. 1) and note that
they are highly conserved (Figs. 3 and 4) and are
similar in terms of hydrophobicity profile (data not
shown). PL does not show a second putative lipid-
binding region. We have found that the predicted
probability of the second putative lipid-binding
domain being present on the surface of the folded
structures of LPL and HL is low (34).

X-ray crystallography of human PL has shown that
the catalytic serine residue of PL is located in the N-
terminal domain of the edge of a doubly wound paral-
lel B-sheet, and is part of a Ser-Asp-His triad (32). The
crystalline structure of human PL suggests that a sub-
stantial conformational change occurs before it can
bind substrate in this postulated active site. There is a
surface loop between disulfide-bridged residues (237
to 261) that covers the active site with a short one-turn
o-helix. This “flap” has to be repositioned before the
site can become accessible to substrate. Each amino
acid of the three-part catalytic triad lies in a segment
showing a high degree of conservation (CI > 0.8 for PL
and CI = 1.0 for HL. and [.PL).

The PL crystal structure is likely to be analogous to
that of LPL and HL in the region in which they share
high amino acid sequence similarity (consensus align-
ment residues 108-320). We have performed surface
prediction analyses that show that PL and LPL have
marked similarities in predicted structural surface fea-
tures in this region (data not shown). A recent study
of the in vitro expression and activity of substitutions
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of highly conserved serine residues in LPL (35)
demonstrated that single amino acid substitution
mutants involving conserved Ser residues likely to be
on the surface of the LPL molecule show the least im-
pairment in LPL enzyme activity in comparison with
the native enzyme. In contrast, the mutant LPL is to-
tally inactive when the putative catalytic Ser'* residue
in LPL is substituted by Ala, Thr, or Asp (35). Similar-
ly, replacement of the analogous Ser'*” with glycine in
rat HL. abolished its catalytic activity, suggesting that
this residue may also be an active-site serine (36). Fur-
thermore, a detailed comparison of the enzymatic ac-
tivities of a large number of site-specific mutants of
LPL produced in vitro indicates that LPL has a three-
dimensional structure very similar to that of PL (35).

It is evident from Figs. 1, 3, and 4 that the amino
acid sequence of the PL flap region is not highly con-
served among the different lipases. There are, how-
ever, consistently aligned cysteine residues in all the
lipases bounding the flap region. Reference to Figs. 3
and 4 indicates that the flap region has varying
degrees of conservation within each of the lipases. In
this region then, it is possible that the functional site
of lipases is covered in each protein by a loop of
amino acid residues serving only as structural com-
ponents of a short a-helical flap which may be quite
flexible in primary structure. Predicted o-helical mo-
ment data for the region in each of the lipases shows
that despite the highly dissimilar amino acid sequen-
ces, it is probable that an o-helix is present in the
“flap” region in all of the lipases (data not shown).

Brozozowski et al. (37) have modeled interfacial ac-
tivation, using the X-ray crystal structure of the fungal
Rhizomucor miehet triacylglycerol lipase. They have
demonstrated that a helical flap structure is displaced
during the conformational change associated with
lipid binding and catalytic activity. The fungal lipase
has the structurally analogous Ser-Asp-His catalytic
triad present in human PL (32). A hydrophobic side
of the flap becomes exposed, thus expanding the
amount of non-polar surface around the active site.
This effectively represents a “seal” against solvent (37,
38) allowing access of the lipid interface to the active
site. Brozozowski et al. (37) have postulated that a
similar mechanism may exist in human PL, but point
out that other structural modifications are probably
needed for substrate access in this enzyme.

Peptides in the postulated helical flap region in
human LPL and human HL show similar Eisenberg
hydrophobic moment profiles. In contrast, PL shows a
substantially different hydrophobic moment profile in
its helical flap region (data not shown).

In PL there are two sets of four hydrophobic
residues that flank the o-helical flap region (32).
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These residues are annotated on our alignment. We
note that the first flanking region is similar in
hydrophobicity profile with aligned amino acid
residues in LPL and HL (see Fig. 1 for location). How-
ever, the similarity between PL, and HL and LPL does
not extend to the second set of hydrophobic PL flank-
ing residues.

N-linked glycosylation sites

Two putative N-linked glycosylation sites are con-
served in the mammalian lipoprotein and hepatic
lipases (the second site differs in position in chicken
LPL). Both show significant surface probability values
in human LPL (data not shown). The regions in which
they lie are not as highly conserved as the lipid-bind-
ing domains but show conservation at or above 0.8
(Fig. 3). The positions are conserved in HL and LPL
for both sites. There is a single N-linked glycosylation
consensus sequence in human and pig PL and also
one at a different location in dog PL (Fig. 1). These
potential sites, which also appear to be on the surface
of the enzyme (32), have no homologs at similar loca-
tions in LPL or HL. It is interesting that human (39)
and probably mouse (40) and rat (41) LPL require
proper N-linked glycosylation for activity.

Distribution of cysteine residues

There are eight cysteine residues that can be
aligned to the same place in all members of the lipase
family (Fig. 1). The conserved position of these
residues probably reflects their role in the formation
of disulfide bridges required for maintenance of en-
zyme structure and function. This is supported by the
known disulfide-bridging demonstrated by porcine PL
(30) and bovine LPL (42). Six of the eight residues
are found in the central very highly conserved region
of the family. One of the residues, at median residue
position 268 in LPL, lies in a region that has a CI £ 0.8
for the equivalent position in LPL, HL, and PL. HL
has a more varied CI profile than LPL, and lower CI
values at its conserved cysteine residues. This reflects
the greater structural variation within the HLs, and
the greater genetic distance of the two proteins being
compared. The final cysteine residue at median resi-
due position 470 in HL is very near the end of the
protein, has a low CI, but may have a structural role in
all the lipases. It apparently has a bridging function in
PL. Because the window of comparison between
proteins is nine residues in size, it is not possible to
perform adequate comparisons of conservation when
within nine residues of the end of proteins being com-
pared.

Structural conservation in LPL

As the LPLs are highly conserved, we found it infor-
mative to perform an additional CI analysis on the

data from all the available LPL sequences (Fig. 4).
There is a marked degree of conservation at regions
sharing known functions. CI values of 1.0 are
demonstrated at the putative lipid-binding site and
catalytic triad residues Ser!*2, Asp'®, and His?** (values
refer to the corresponding position in human LPL).
Possibly structurally important conserved cysteine
residues also demonstrate interesting CI values. Of the
eight cysteines conserved throughout the lipase super-
family, the first (CI=0.9) and second (CI=1.0) are
bridging residues at the conserved boundaries of the
putative flap region involved in conformational
change of LPL induced by its substrate (Fig. 1)
analogous to the situation in human PL (32). The
third and fourth cysteines of LPL correspond to bridg-
ing residues in PL yet the third cysteine lies in a rela-
tively poorly conserved region (CI=0.7). The fourth,
fifth, and sixth conserved cysteines all lie in a region of
absolute conservation (CI=1.0). The seventh (CI=
0.9) and eighth (CI=0.6) cysteine residues lie at or
very near peaks of CI values, surrounded by poorly
conserved regions. This raises an interesting possibility
that functional disulfide bonding with cysteine
residues may require the conservation of secondary
structural characters in the surrounding residues on
either side of the cysteine. This provides a possible ex-
planation as to why the cysteine residues in LPL ap-
pear to be associated with groups of conserved amino
acids.

N-linked glycosylation sites of LPL, common to all
known species, are placed within conserved regions.
The first and second N-linked glycosylation sites have
CI values of 0.8, In vitro expression of site-specific
mutants of human LPL indicates that the first but not
the second N-linked glycosylation site is required for
LPL activity (35, 39). Chicken LPL has an additional
predicted C-terminal N-linked glycosylation site at con-
sensus residues 360-362 (Fig. 1) (43).

Mutant variants of human LPL

A number of single amino acid changes have been
reported in human LPL mutants who present with
Type I hyperlipoproteinemia (Fig. 4). Substitutions af-
fecting in vivo function of LPL are located at residues
that have a CI of at least 0.8. Clearly, substitutions in
highly conserved regions of the protein can cause loss
of function. The substitutions that have been charac-
terized to date are localized in exons 4, 5, and 6 of
human LPL. This gives further evidence that the cru-
cial residues involved in the catalytic function of LPL
may be contained within exons 4, 5, and 6.

Domains and exons

Exon shuffling has been proposed as a mechanism
for the evolution of multidomain proteins. Separate
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domains are confined to separate exons, and combina-
tion (or shuffling) of exons results in the emergence
of discrete multidomain proteins. Loss of introns
results in exons “fusing” to form structures that con-
tain more than one domain. This process has been in-
ferred for the evolution of low density lipoprotein
receptor (44) and serine proteases (45).

Exon shuffling has been put forward as one
mechanism in the evolution of the lipases (13) and we
discuss here pertinent points of that hypothesis. For
example, the putative lipid-binding domain common
to members of the lipase gene family is contained
within a distinct exon. The equivalent lipid-binding
domain located in exon 4 of HL and LPL and exon 6
of PL is bounded on either side by an exon/intron
boundary. A major domain border, determined by sen-
sitivity to proteolytic cleavage, has been suggested
around residue 228 in human LPL (46). An exon/in-
tron boundary lies just downstream of this residue in
the sequence.

Pancreatic lipase has a marked degree of similarity
in CI profile with HL between median residues 140-
350 (Fig. 3). In particular, the putative lipid binding
domain is near a peak of high CI value, and cysteine
residues and the residues of the catalytic triad are at
conserved peaks. The conserved region is represented
by exons 4, 5, and 6 in LPL and HL. The same region
is represented by exons 6, 7, 8, 9, and 10 in PL. Thus
it appears that HL and LPL have lost two introns from
the conserved region, resulting in the formation of
multidomain exons after divergence from a common
ancestral gene to the PL.

Drosophila vitellogenins do not have the same intron
structure as the vertebrate lipases. In particular, the
conserved putative lipid-binding domain present in
the vitellogenins does not have a comparable intron
distribution. This is in agreement with the consider-
able divergence between the vitellogenins and a com-
mon ancestor to the lipases. However, it is likely that
the exon containing the putative lipid-binding domain
was present in a common ancestor. Exon shuffling
could thus have been a mechanism for the accumula-
tion of other exons, resulting in proteins as different
as the vitellogenins and the lipases.

Catalytic function

The catalytic function of the lipases may have arisen
after the lipid-binding function. The region of
similarity with the Drosophila vitellogenins contains a
putative lipid binding region (Fig. 1). Although highly
similar to lipase sequences, this region in the vitel-
logenins misses the conserved “catalytic” serine
residue, which is replaced by an asparagine in YP1 and
a glycine in YP2, suggesting that YP is not catalytically
active. It has been postulated that the serine residue in
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porcine PL that is equivalent to human PL Ser'*? may
not be an active-site residue (29). However, that is not
consistent with results of site-directed mutagenesis ex-
periments on human LPL (35), rat HL (36), mutation-
al screening, and structural evidence from human PL
(32).

If the YP proteins contain domains that share an-
cestry with the lipases, and if exon shuffling was one of
the processes which shaped the structure of the
modern lipases, then the catalytic function of lipases
has probably arisen after the lipid-binding function.
The putative lipid-binding domains are contained
within discrete exons, but the three-part putative
catalytic site is made up of residues in discrete exons
(which are contiguous in HL and LPL, but noncon-
tiguous in PL [Fig. 3]). Thus, the catalytic function
could not have been directly derived from an exon-
shuffling event. 88
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