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Abstract

The consensus pentapeptide GXSXG is found in virtually all lipases/esterases and generally contains the active site serine. The primary sequence
of hormone-sensitive lipase contains a single copy of this pentapeptide, surrounding Ser-423. We have analyzed the catalytic role of Ser-423 by
site-directed mutagenesis and expression of the mutant hormone-sensitive lipase in COS cells. Substitution of Ser-423 by several different amino acids
resulted in the complete abolition of both lipase and esterase activity, whereas mutation of other conserved serine residues had no effect on the catalytic

activity. These results strongly suggest that Ser-423 is the active site serine of hormone-sensitive lipase.
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1. Introduction

Hormone-sensitive lipase (HSL; EC 3.1.1.3) catalyzes
the rate-limiting step in the hydrolysis of stored tria-
cylglycerols and is therefore a key enzyme in lipid metab-
olism and overall energy homeostasis [1,2]. Its activity is
under acute neural and hormonal control, exerted via
phosphorylation of a single serine residue (Ser-563 in rat
HSL) by cAMP-dependent protein kinase [3,4]. Lipolytic
hormones, such as catecholamines, cause a phosphoryla-
tion and concomitant activation of HSL, whereas anti-
lipolytic hormones, of which insulin is the most impor-
tant, cause a net dephosphorylation and deactivation of
HSL.

HSL in the rat is a protein of 768 amino acids, which
shows no significant overall homology with any of the
other sequenced mammalian lipases [3,5]. In particular,
it shares no obvious sequence homology with the mem-
bers of the lipase gene family, i.e. pancreatic lipase, lipo-
protein lipase and hepatic lipase. However, HSL has
several biochemical and functional features in common
with these lipases. For instance, both HSL and lipopro-
tein lipase hydrolyze long-chain triacylglycerols, have
similar positional specificity, are inhibited by serine-di-
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Abbreviations: cDNA, complementary DNA; DFP, diisopropyl fluoro-
phosphate; HSL, hormone-sensitive lipase; PBS, phosphate-buffered
saline; PCR, polymerase chain reaction; SDS-PAGE, polyacrylamide
gel elecrophoresis in sodium dodecyl sulphate.

rected reagents and most likely function as dimers [1,2,6].
On the other hand, HSL has some unique features. The
most noticeable is its dramatic activation upon phospho-
rylation by cAMP-dependent protein kinase, and its abil-
ity to hydrolyze cholesteryl esters [1,2]. Moreover, it has
been shown that HSL shows a relatively higher catalytic
activity at low temperatures than both lipoprotein lipase
[6] and carboxyl ester lipase [7]. This property was dis-
covered after an unexpected homology between HSL
and lipase 2 of Moraxella TA 144, an antarctic, psychro-
trophic bacterium, had been found [5,8]. It may reflect
a cold-adaptability property of HSL [5] and could be of
vital importance in hibernators and poikilotherms. The
sequence relationship found between HSL and the Mo-
raxella lipase was recently extended to include several
other bacterial proteins from distantly related eubacteria
[9,10], and it was suggested that HSL is closely related
to a group of bacterial proteins, and only very distantly
related to lipoprotein lipase, hepatic lipase and pancre-
atic lipase [10].

In common with virtually all other hitherto sequenced
mammalian and microbial lipases and esterases {11,12],
HSL contains a GXSXG motif, in this case surrounding
Ser-423 [3,5]. Site-directed mutagenesis has been used to
show that the pentapeptide serine is analogous to the
active site serine in several lipases, including hepatic li-
pase, lipoprotein lipase and pancreatic lipase [13-17].
Structural evidence for the catalytic site serine of these
related lipases was obtained upon determination of the
crystal structure of pancreatic lipase, which revealed that
the serine of this motif is part of a catalytic triad also
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including an aspartic acid and a histidine [18]. However,
the GXSXG motif has a wide occurrence and is found
in approximately every tenth protein in the existing data-
bases, including many proteins with no hydrolytic func-
tion [12]. This fact, together with the observation that
HSL seems to be closely related to some not very well-
characterized bacterial proteins rather than to the mam-
malian lipases, where the GXSXG is known to contain
the active site serine, prompted us to investigate the func-
tional role of Ser-423.

We have used site-directed mutagenesis to produce
mutants with conservative substitutions for Ser-423. In
addition, other serine residues, randomly picked, but
conserved between rat and human HSL, were mutated
to serve as controls. Activities of the resulting mutants
are consistent with the conclusion that Ser-423 is the
catalytic serine in HSL.

2. Materials and methods

2.1. Construction of mutants

Mutations were introduced into rat HSL ¢cDNA using the PCR
overlap extension method [19] and Vent DNA polymerase with proof-
reading activity (New England Biolabs.) to amplify sequences from
full-length rat HSL cDNA in the pSVL vector [20]. Briefly, each mutant
construct was composed of two PCR fragments, joined at the site of
the mutation, and together encompassing the complete rat HSL coding
sequence. Primers for the C-terminal fragment consisted of a 27-mer
containing the desired mutation as its central codon and a 27-mer
containing the reverse complement of the cDNA 8 nucleotides down-
stream of the stop codon. Similarly, the N-terminal fragment was
flanked by primers beginning at the ATG start codon and ending with
reverse complement of the mutant oligo described above. The two PCR
fragments were purified by Centricon 100 (Amicon), separated from the
template by agarose gel-electrophoresis and joined in a final PCR reac-
tion using overlap extension. The final product was purified by Centri-
con 100, digested with Xhol and Sacl (sites for these enzymes were
included in the end primers), isolated by agarose gel-electrophoresis
and then ligated into pSVL. A ¢cDNA without mutations was also
constructed using Vent DNA polymerase and the same cDNA template
and end primers as above. This was ligated into pSVL and used as
control DNA in the transfection experiments (referred to as wild-type
DNA).

2.2. DNA sequencing

The identity of each mutant and the absence of PCR mistakes in the
inactive HSL Ser-423 mutants was confirmed by dideoxynucleotide
sequencing of double-stranded DNA using the Tag Dyedoxy termina-
tor cycle sequencing kit (Applied Biosystems) and a model 373A DNA
sequencer (Applied Biosystems). Besides the introduced mutations,
some differences from the reported cDNA sequence [3] were observed
in all mutants, and also in the wild-type DNA (see above). First of all,
as detected previously (Z. Li, M. Sumida, A. Birchbauer, M.C. Schotz
and K. Reue, personal communication), at position 2850 [21] an extra
C was found, which changes and extends the C-terminal region of the
deduced amino acid sequence from GRPRSCACSASG to
RQAAELCVQRIRLILTPPAAPLT. Secondly, in the sequence coding
for the region immediately upstream of the phosphorylation sites,
which is predicted to be a connecting loop in the rat protein but is
absent in the human protein [5], a reported G at position 2239 [21] could
not be confirmed, and at position 2281 [21] an extra C was found. This
changes the deduced amino acid sequence in the region from amino
acids 542-556 from VACNRDTAPHGFWAL to LPATETPRPTDS-
GRL. The observed differences from the reported ¢cDNA sequence
[3.21] have been confirmed by re-sequencing the original cDNA clones
from the Agtll library [3,21] subcloned into pUCI19.
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2.3. Transfection and expression of HSL ¢DNA

Transfection of COS cells by lipofectin (BRL) was performed as
previously described using 1 ug of DNA per 60 mm dish [20]. Cells were
harvested after 72 h by centrifugation in PBS, followed by homogeniza-
tion in 0.25 M sucrose, ] mM EDTA, 1 mM dithioerythritol, 20 xzg/ml
leupeptin, 2 ug/ml antipain and 1 gg/ml pepstatin at 4°C. Total protein
in the cell homogenates was measured according to Bradford [22] using
bovine serum albumin as the standard.

2.4. Western blot analysis

The HSL protein concentration in the cell homogenates was esti-
mated by subjecting aliquots of the different homogenates to SDS-
PAGE, followed by Western blot analysis using a polyclonal HSL
antibody, anti-rabbit IgG, conjugated to alkaline phosphatase, and a
chromogenic substrate (Protoblot II AP Systems; Promega, Madison,
WI) [23,24].

2.5. HSL assay

The lipase activity of homogenized cells was measured using a phos-
pholipid-stabilized emulsion of 1 (3)-mono [*H]oleoyl-2-oleylglycerol,
a diacylglycerol ether analogue [25]. HSL activity is expressed in mU
where 1 mU = 1 nmol fatty acid released per min at 37°C.

2.6. Esterase assay

Activity toward water-soluble substrate was measured using p-nitro-
phenylbutyrate [26]. Briefly, aliquots of the homogenized cells were
incubated in 1 ml of 0.1 M NaH,PO,, 0.9% NaCl, 1 mM dithioerythritol
and 0.5 mM p-nitrophenylbutyrate for 10 min at 37°C. Enzyme reac-
tions were terminated by the addition of 3.25 ml methanol/chloroform/
heptane (10:9:7) to form a two-phase partition system. Absorbance of
the p-nitrophenol-containing supernatant was measured at 400 nm.

3. Results and discussion

The serine of the GXSXG motif in rat HSL, i.e. Ser-
423, was mutated to either Gly, Ala, Thr or Cys (Table
1). These substitutions for serine have been shown to
minimize disturbance in protein structure [27]. Four
other serine residues, randomly picked but conserved
between the rat and human sequence [3,5], were also
mutated (Table 1). The different HSL ¢<DNAs were sub-
cloned in pSVL and expressed in COS cells. Homoge-
nates of harvested cells were analyzed for expression of
HSL protein by Western blot analysis with an anti-rat
HSL antibody. All the different mutants were shown to
be expressed to approximately the same level as wild-
type HSL (Fig. 1).

The lipase activity of the different mutants were meas-
ured in the cell homogenates using a diacylglycerol ana-

Table 1
Site-specific mutations in HSL
Plasmid Amino acid Resultant
amino acid
pSVL/423-SG Ser-423 Gly
pSVL/423-SA Ser-423 Ala
pSVL/423-SC Ser-423 Cys
pSVL/423-ST Ser-423 Thr
pSVL/185-SA Ser-185 Ala
pSVL/320-SA Ser-320 Ala
pSVL/412-SA Ser-412 Ala
pSVL/533-SA Ser-533 Ala
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Fig. 1. Expression of HSL mutants in COS cells. (A) pSVL plasmids
containing HSL ¢cDNAs encoding mutations of Ser-423 to Gly, Ala,
Cys or Thr, and (B) pSVL plasmids containing HSL cDNAs encoding
mutations of Ser-185 to Ala, Ser-320 to Ala, Ser-412 to Ala and Ser-533
to Ala, Gly, Cys or Thr, were used to transfect COS cells. Aliquots of
the cell homogenates, corresponding to equal amounts of total protein,
were analyzed by SDS-PAGE and Western blot analysis, as described
in section 2. The different mutations are denoted as follows: SG,
glycine; SA, alanine; SC, cysteine; ST, threonine. W.T.HSL, wild-type
HSL; pSVL, the pSVL vector alone without HSL cDNA.

log as substrate. None of the Ser-423 mutants had any
significant lipase activity above that of cells transfected
with the pSVL vector alone (Fig. 2A) whereas the activ-
ities of other serine mutants were not significantly differ-
ent from the wild-type HSL (Fig. 3).

To distinguish between an effect due to a mutation in
the catalytic site from a mutation in the interfacial bind-
ing site, esterase activity measurements were performed
against p-nitrophenylbutyrate. This substrate, in con-
trast to the lipid emulsion used above, does not form
interfaces. Also using this substrate, the Ser-423 mutants
were shown not to have any significant activity com-
pared with that of cells transfected with the pSVL vector
alone (Fig. 2B).
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These results strongly suggest that Ser-423 is the active
site serine of HSL. The fact that the Ser-423 mutants
were devoid of both lipase and esterase activity rules out
the possibility that Ser-423 is part of an interfacial bind-
ing site rather than the catalytic site. This is also in
agreement with what has been found for the serine of the
GXSXG motif of the other mammalian lipases [13-18].

Much has been learnt regarding the catalytic site of
lipases from the determination of the three-dimensional
structure of pancreatic lipase [18] and several microbial
lipases, such as the Rhizomucor miehi lipase [28] and the
Geotrichum candidum lipase [29]. The three-dimensional
structure of these lipases have shown that the serine of
the GXSXG motif is part of a catalytic triad, including
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Fig. 2. Transfection of COS cells with HSL (Ser-423) mutants. 1 ug each
of pSVL plasmids containing HSL cDNAs encoding a mutation of
Ser-423 to Gly, Ala, Cys and Thr, respectively, were used to transfect
COS cells. Cell homogenates were analyzed for HSL lipase activity,
esterase activity and total protein. Shown is the HSL activity in mU/mg
protein (A) and the esterase activity in gmol p-nitrophenol released per
min and ug protein (B). The bars represent the mean = S.D. from three
60 mm plates for each construct. None of the mutants were significantly
different from pSVL alone (P > 0.01) by Student’s ¢-test. The different
mutations are denoted as in Fig. 1.
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Fig. 3. Transfection of COS cells with HSL cDNAs encoding mutations
in some conserved serine residues. pSVL plasmids (1 gg/dish) contain-
ing HSL ¢cDNAs encoding mutations of Ser-185 to Ala, Ser-320 to Ala,
Ser-412 to Ala and Ser-533 to Ala, Gly, Cys or Thr, respectively, were
used to transfect COS cells. Cell homogenates were analyzed for HSL
lipase activity and total protein. Shown is the HSL activity in mU/mg
protein. The bars represent the mean + S.D. from three 60 mm plates
for each construct. None of the mutants were significantly different
(P > 0.05) from wild-type HSL by Student’s t-test. The different muta-
tions are denoted as in Fig. 1B.

also an aspartic acid, or in the case of Geotrichum can-
didum lipase a glutamic acid, and a histidine. In all these
three lipases the catalytic triad, situated in a pocket, is
covered by one or two surface loops or lids. Co-crystalli-
zation experiments with inhibitors and cofactors have
shown for both Rhizomucor miehi lipase and human pan-
creatic lipase that during interfacial activation the lid is
displaced, uncovering the catalytic site, and inducing
other conformational rearrangements that create a hy-
drophobic binding site for the substrate as well as the
oxyanion hole [30,31]. Since the catalytic triad of pancre-
atic lipase is known, it has been possible, by sequence
analogy, to assign the active site aspartic acid and histid-
ine of lipoprotein lipase [16]. However, in contrast to the
active site serine, there is no strong consensus sequence
environment for the active site aspartic acid or histidine,
making it difficult to identify these residues in lipases
lacking sequence identity to lipases with known three-
dimensional structures.

Since the GXSXG motif is found in virtually all micro-
bial and mammalian lipases/esterases with known pri-
mary structures, it is reasonable to assume that the
GXSXG motif of these proteins is derived from a com-
mon ancestral gene. In this context, it can be noted that
different functional regions of HSL are encoded by dif-
ferent exons. The GXSXG motif is encoded by exon 6,
the regulatory phosphorylation site by exon 8 and a
putative lipid binding site by exon 9, thus suggesting that
HSL is a mosaic protein [5]. The GXSXG motif is also
found around the active site serine of serine proteases.
However, it has been shown for serine proteases of the
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chymotrypsin and subtilisin family that the structure
around the GXSXG motif is very different from that of
the lipases, and therefore they may not be related except
by convergent evolution [12]. The glycines of the motif
appear to be invariant in the lipases due to packing
considerations and not due to restraints imposed by sec-
ondary structure, which is the case in the chymotrypsin
and subtilisin family. Furthermore, the serine of the
motif adopts the very unusual &-type conformation in the
lipases, which is not the case in the proteases [12], and
the internal order between the residues of the catalytic
triad is different between the lipases and serine proteases.
A recently described family of serine proteases, the prolyl
oligopeptidase family, however, has been suggested to be
related to the lipases, based on the finding that they seem
to have the catalytic residues in the same order as the
lipases, and thus the reverse order of what is found in the
chymotrypsin and subtilisin family [32].

In surnmary, we have used mutagenesis experiments to
show that Ser-423 of rat HSL is the active site serine.
This is the first demonstration in HSL of a relationship
between catalytic function and structure. Future experi-
ments solving the three-dimensional structure of HSL
and more mutagenesis experiments will allow a more
detailed description of the active site and the regions
important for interaction with the lipid substrate.

Acknowledgements: We thank Birgitta Danielsson and Ulla Johannes-
son for excellent technical assistance. This work was supported by
grants from the following: The Swedish Society of Medicine, Stock-
holm, A. Pahlsson, Malmd, M. Bergvall, Stockholm, P. Hikansson,
Eslov, the Medical Faculty, Lund University, L. Hierta, Stockholm, the
Royal Physiographic Society, Lund, the Swedish Medical Research
Council (Grant 3362 to Per Belfrage), the National Institutes of Health
(HL28481), and the Veterans Administration.

References

[1] Fredrikson, G., Stralfors, P., Nilsson, N.O. and Belfrage, P. (1981)
J. Biol. Chem. 256, 6311-6320.

[2] Strélfors, P., Olsson, H. and Belfrage, P. (1987) in: The Enzymes,
vol. 18. (Boyer, P.D. and Krebs, E.G., eds.) pp. 147-177, Academic
Press, New York.

[3] Holm, C., Kirchgessner, T.G., Svenson, K.L., Fredrikson, G.,
Nilsson, S., Miller, C.G., Shively, J.E., Heinzmann, C., Sparkes.
R.S., Mohandas, T., Lusis, A.J., Belfrage, P. and Schotz, M.C.
(1988) Science 241, 1503-1506.

[4] Garton, A.J., Campbell, D.G., Cohen, P. and Yeaman, S.J. (1988)
FEBS Lett. 229, 68-72.

[5] Langin, D., Laurell, H., Stenson Holst, L., Belfrage, P. and Holm,
C. (1993) Proc. Natl. Acad. Sci. USA 90, 4897-4901.

[6] Garfinkel, A.S. and Schotz, M.C. (1987) in: Plasma Lipoproteins
(Gotto Jr., A M., ed.) pp. 335-357, Elsevier, Amsterdam.

[7] Rudd, E.A. and Brockman, H.L. (1984) in: Lipases (Borgstrom,
B. and Brockman, H.L., eds.) pp. 185-204, Elsevier, Amsterdam.

[8] Feller, G., Thiry, M. and Gerday, C. (1991) DNA Cell Biol. 10.
381-388.

[9] Langin, D. and Holm, C. (1993) Trends Biochem. Sci. 18, 466-467.

[10] Hemila, H., Koivula, T.T. and Paalva, I. (1994) Biochim. Biophys.
Acta 1210, 249-253.



238

[11] Derewenda, Z.S. and Sharp, A.M. (1993) Trends Biochem. Sci. 18,
20-25.

[12] Derewenda, Z.S. and Derewenda, U. (1991) Biochem. Cell Biol.
69, 842-851.

[13] Davis, R.C., Stahnke, G., Wong, H., Doolittle, M.H., Ameis, D.,
Will, H. and Schotz, M.C. (1990) J. Biol. Chem. 265, 6291-6295.

[14] Semenkovich, C.F., Luo, C.-C., Nakanishi, M.K., Chen, S.-H.,
Smith, L.C. and Chan, L. (1990) J. Biol. Chem. 265, 5429-5433.

[15] Faustinella, F., Smith, L.C., Semenkovich, C.F. and Chan, L.
(1991) J. Biol. Chem. 266, 9481-9485.

[16] Emmerich, J., Beg, O.U., Peterson, J., Previato, L., Brunzell, J.D.,
Brewer Jr., H.B. and Santamarina-Fojo, S. (1992) J. Biol. Chem.
267, 4161-4165.

[17} Lowe, M.E. (1992) J. Biol. Chem. 267, 17069-17073.

[18] Winkler, FK., D’Arcy, A. and Hunziker, W. (1990) Nature 343,
771-774.

[19] Horton, R.M., Cai, Z., Ho, S.N. and Pease, L.R. (1990) BioTech-
niques 8, 528-535.

[20] Holm, C., Davis, R.C., Fredrikson, G., Belfrage, P. and Schotz,
M.C. (1991) FEBS Lett. 285, 139-144.

[21] Holm, C., Kirchgessner, T.G., Svenson, K.L., Lusis, AJ,
Belfrage, P. and Schotz, M.C. (1988) Nucl. Acids Res. 16, 9879.

C. Holm et al. | FEBS Letters 344 (1994) 234-238

[22] Bradford, M.M. (1976) Anal. Biochem. 72, 248-254.

[23] Fredrikson, G., Nilsson, S., Olsson, H., Bjorck, L., Akerstrom, B.
and Belfrage, P. (1987) J. Immunol. Methods 97, 65-70.

[24] Holm, C., Belfrage, P. and Fredrikson, G. (1987) Biochem. Bio-
phys. Res. Commun. 148, 99-105.

[25] Tornqvist, H., Bjorgell, P., Krabisch, L. and Belfrage, P. (1978)
J. Lipid Res. 19, 654-656.

[26] Shirai, K. and Jackson, R.L. (1982) J. Biol. Chem. 257, 1253-1258.

[27] Bordo, D. and Argos, P. (1991) J. Mol. Biol. 217, 721-729.

[28] Brady, L., Brzozowski, A.M., Derewenda, Z.S., Dodson, E.,
Dodson, G., Tolley, S., Turkenburg, J.P., Christiansen, L.,
Huge-Jensen, B., Norskov, L., Thim. L. and Menge, U. (1990)
Nature 434, 767-770.

[29] Schrag, J.D., Li, Y., Wu, S. and Cygler, M. (1991) Nature 351,
761-764.

[30] Brzozowski, A.M., Derewenda, U., Derewenda, Z.S., Dodson,
G.G., Lawson, D.M., Turkenburg, J.P., Bjorkling, F., Huge-
Jensen, B., Patkar, S.A. and Thim, L. (1991) Nature 351, 491-494.

[31] Van Tilbeurgh, H., Egloff, M.-P., Martinez, C., Rugani, N.,
Verger, R. and Cambillau, C. (1993) Nature 362, 814-820.

[32] Polgar, L. (1992) FEBS Lett. 311, 281-284.



