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ABSTRACT: Hormone-sensitive lipase (HSL) is a rate-limiting enzyme in lipolysis that displays broad
substrate specificity. HSL function is regulated by reversible phosphorylation that occurs within a 150 aa
“regulatory module” of the protein. The current studies used mutational analysis to dissect the contribution
of the “regulatory module” in HSL activity and substrate specificity. Deletion of the entire “regulatory
module” or replacement of the “regulatory module” with the “lid” of lipoprotein lipase resulted in
enzymatically inactive proteins. Deletion of sequentially longer stretches of the “regulatory module” resulted
in a stepwise reduction in hydrolytic activity. Analysis of 7-19 amino acid deletional mutants that spanned
the “regulatory module” showed that the N-terminal partial deletion mutants retained normal hydrolytic
activity and activation by PKA. In contrast, the C-terminal partial deletion mutants displayed reduced
hydrolytic activities, with preferential loss of activity against lipid-, as opposed to water-soluble, substrates.
Single amino acid mutations of F650C, P651A, and F654D reduced activity against lipid-, but not water-
soluble, substrates. The current results suggest that the length of the “regulatory module” and specific
sequences within the C-terminal portion of the “regulatory module” of HSL (amino acids 644-683) are
crucial for activity and appear to be responsible for determining lipase activity.

In mammals, free fatty acids derived from the breakdown
of stored triacylglycerols in adipose tissue are a major energy
source for most tissues. The critical enzyme that catalyzes
this step is thought to be hormone-sensitive lipase (HSL).1

HSL activity is tightly regulated by hormones and catechol-
amines to provide appropriate FFA on demand (1). Two
distinctive features of HSL are its regulation by reversible
phosphorylation, which is unique among known lipases, and
its broad substrate specificity. HSL hydrolyzes triacylglyc-
erols, diacylglycerol, 1(3)monoacylglycerol, cholesteryl es-
ters, lipoidal esters of steroid hormones, and retinyl esters
in adipose tissue as well as water-soluble butyrate substrates;
however, HSL lacks phospholipase activity (1).

The primary sequence of HSL is unrelated to any other
known mammalian lipases; however, it shares amino acid
sequence homology with several fungal and bacterial lipases
and esterases (2-6). Limited proteolysis and denaturation
studies (7, 8) suggested that HSL, like other lipases (9),
contains two major domains. The N-terminal domain has
been shown to interact with adipocyte lipid-binding protein
(10) and has been proposed to function as a docking domain
for protein-protein interactions. The C-terminal portion of
HSL is composed ofR/â hydrolase folds that accommodate
the catalytic sites (11); Ser-423, Asp-703, and His-733

constitute the catalytic triad for rat HSL (12). Also located
within this C-terminal portion is a∼150 amino acid stretch
that contains known phosphorylation sites and has been
termed the “regulatory module”. Early evidence suggested
that S563 was phosphorylated by PKA (13, 14); however,
later studies have shown that PKA phosphorylates S559 and
S660, which are required for the phosphorylation-induced
increase in hydrolytic activity toward triacylglycerol substrate
(15), as well as the translocation of HSL to the lipid droplet
(16). The model of the topological organization of HSL
places the “regulatory module” between theâ6 and theâ7
sheets (11). In other lipases, these surface loops often form
“lids” that shield the catalytic site (17). The “lid” of many
lipases confers functions, in addition to interfering with
substrate access to the catalytic site, by contributing to the
substrate specificity of the lipase (18-20). By exchanging
the “lids” of lipoprotein lipase (LPL) and hepatic lipase, it
has been demonstrated that the “lid” of LPL confers
preferential triacylglycerol hydrolysis and the lid of hepatic
lipase confers preferential phospholipase activity (21). Ad-
ditionally, the surface loop may contribute to interfacial
binding (22), although other elements appear to be more
important in interfacial activation (23).

The current work used mutational analysis to investigate
the function of the “regulatory module” in influencing HSL
hydrolytic activity and substrate specificity. We found that
the N-terminal portion of the “regulatory module” (amino
acids 535-647) contributed minimally to HSL activity,
whereas the distal C-terminal portion of the “regulatory
module” (amino acids 644-683) was crucial for HSL activity
and appears to be responsible for determining lipase, but not
esterase, activity.
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EXPERIMENTAL PROCEDURES

Materials.All chemicals were from Sigma unless other-
wise indicated. Bovine serum albumin (fraction V) was from
Intergen Co., Purchase, NY; fetal bovine serum from Gemini
Bio-Products, Inc., Calabasas, CA; Coon’s F12/Dulbecco’s
modified Eagle’s media, pfx DNA polymerase, Lipofectin
reagent from Invitrogen, Carlsbad, CA; ECL Western blotting
detection reagents, horseradish peroxidase-linked whole
antibody anti-rabbit IgG, cholesteryl [1-14C]oleate, glycerol
tri[9,10(n)3H]oleate,L-3-phosphatidylcholine, 1, 2-di[1-14C]
palmitoyl from Amersham Life Sciences Products, Arlington
Heights, IL; 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
from Avanti Polar Lipids, Inc. Alabaster, AL; nitrocellulose
paper from Schleicher and Schuell, Keene, NH; QuikChange
mutagenesis kit from Stratagene, La Jolla, CA. Organic
solvents were from J. T. Baker (Phillipsburg, NJ); cyclic
AMP-dependent protein kinase (Sigma Chemical Co., St.
Louis, MO).

Chimeric, Deletional, and Mutational Constructs of HSL.
The previously described pcDNA3-rat HSL (14) served as
the template in the construction of all the HSL mutants. For
the HSL-LPL chimeric protein, we created an EcoRV site
and a KpnI site at amino acid positions 644 and 684,
respectively, for cloning convenience. An oligonucleotide
encoding the 22 amino acid lid of LPL (18) with a Kpn I
site at the C-terminus was synthesized, and the HSL-LPL

chimera was obtained by ligating the LPL lid oligonucleotide
to pcDNA3-HSL644-683. All substitution and deletion
mutations were prepared using specific oligonucleotide
primers (Table 1) and the polymerase chain reaction with
pfx DNA polymerase. Single amino acid mutations of HSL
were carried out using the Stratagene “QuikChange” mu-
tagenesis kit. The identity of all mutant constructs was
verified by restriction endonuclease analysis and DNA
sequencing.

Cell Culture and Transfection.COS7 cells were grown
in Coon’s F12/Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum at 37°C under 5% CO2.
For transient transfection experiments, cells were subcultured
at a density of 1× 106 cells/well in 100 mm plates the day
prior to incubation with 6µg of pcDNA3-HSL or pcDNA3-
HSL mutants in 30µL of Lipofectin reagent. Cells were
transfected following Invitrogen instructions and harvested
48 h after transfection for measurement of HSL activity or
immunoblotting.

Immunoblotting.Cells were scraped and briefly sonicated
(3 s) in 0.3 mL of ice-cold lysis buffer containing 50 mM
Tris-HCl, 1 mM EDTA and 1 unit/mL leupeptin. Homoge-
nates were centrifuged at 10000g for 15 min, and the
supernatants were taken for electrophoresis. Samples were
electrophoresed on 10% polyacrylamide gels under reducing
conditions, transferred to nitrocellulose, incubated with anti-
rat HSL/fusion protein IgG, or with anti-full-length rat His-

Table 1: Primer Pairs Used for Mutagenesis of HSL

mutation primers

regulatory module deletion 5′-GCCCCTGACGTCATGCTGAAG
3′-CCCACTTAACTCCAGGAAGGAG

LPL lid fragment 5′-TGCAACATTGGAGAAGCCATTCGT
3′-GCACTTCACCAGCTGGTCCACATC

mutant I 5′-CGG CAAGCTAAGCAGGCGGCT
3′-GAG AACCCACTGCTTACT

mutant II 5′-ACACTTGGCCCCTCCACACC
3′-GAG AACCCACTGCTTACT

mutant III 5′-GCTGCCTTCCCTGATGGTTTC
3′-GAG AACCCACTGCTTACT

mutant IV 5′-CACATGCCCCTCTACTCGTCA
3′-GAG AACCCACTGCTTACT

mutant 1 5′-TTGCCTGCAACAGAGACACTG
3′-CCCACTTAACTCCAGGAAGGAG

mutant 2 5′-AGGAGTGTGTCTGAGGCAGCC
3′-CAATGGGGTCTTATGGGGCTT

mutant 3 5′-CTGGGCACAGATTCCTTGAAG
3′-CCTGCGCATAGACTCCGTAAG

mutant 4 5′-GGCAACTCAGAGCCATCAGAC
3′-ATCTGTGCCCAGCAAGCCCT

mutant 5 5′-ACACTTGGCCCCTCCACACC
3′-TGAGTTGCCCTTAAAGCTCAAGTC

mutant 6 5′-AATTCCCAGGAAGAGGCTGAA
3′-TGTCTCCATTGACTGTGACATCTC

mutant 7 5′-GCTGCCTTCCCTGATGGTTTC
3′-CTCTTCCTGGGAATTCCCGGA

mutant 8 5′-TCAAGCCAAGGTGTCCTCCAC
3′-GATTCCGTCCATGGGGCTTAT

mutant 9 5′-CACATGCCCCTCTACTCGTCA
3′-TGGGTGGAAACCATCAGGGAA

mutant 10 5′-GCCCCTGACGTCATGCTGAAG
3′-GTGGAGGACACCTTGGCTTGA

F650C 5′-GACGGAATCCCTAGGGTGCGCGCTGCCTGCCCTGATGGT
3′-ACCATCAGGGCAGGCAGCGCGCACCCTAGGGATTCCGTC

P651A 5′-GCTGCCTTCGCTGATGGTTTCCACCCTAGGCGCTCA
3′-TGAGCGCCTAGGGTGGAAACCATCAGCGAAGGCAGC

F654D 5′-TTCCCTGATGGTGATCACCCTAGGCGCTCAAGC
3′-GCTTGAGCGCCTAGGGTGATCACCATCAGGGAA

1954 Biochemistry, Vol. 44, No. 6, 2005 Wang et al.



HSL, and visualized by chemiluminescence as described
previously (24).

Measurement of HSL and LPL ActiVity. Measurement of
HSL lipase activity was performed using cholesteryl ester
and triacylglycerol substrates as described previously (14).
Esterase activity was measured usingp-nitrophenyl butyrate
(pNPB) as substrate, which is water soluble under the
conditions employed. Briefly, aliquots (15-20 µL) of COS
cell homogenates and 10µL of substrate (200 mMpNPB in
acetonitrile) were mixed in 0.9% NaCl, 0.1 M sodium
phosphate, pH 7.25 in a total volume of 1 mL. After
incubation for 10 min, the reactions were terminated by
addition of 3.25 mL of methanol-chloroform-heptane (10:
9:7, v/v/v). After vortex mixing (10 s per tube) and
centrifugation (20 min at 800g), the tubes were heated at 42
°C for 3 min and the absorbance (optical density) of the upper
phase was measured at 400 nm. An extract from cells
transfected with the expression vector alone served as a
negative control. LPL lipase activity of the chimeric protein
were measured using triacylglycerol as substrate with pre-
incubation with or without serum and high or low NaCl
concentration, as described previously (25).

ActiVation of HSL by PKA.COS7 cells that were tran-
siently transfected with different HSL constructs were grown
in COON’s F12/Dulbecco’s Modified Eagles media until
confluent, and then harvested in lysis buffer (50 mM Tris-
HCl, 1 mM EDTA, 1 U/mL leupeptin). After a brief
sonication, the cells were centrifuged at 14000g for 10 min
at 4°C. In vitro phosphorylation was carried out as described
previously (14). A total of 50 µL of cell lysate was mixed
with reaction buffer (3.33 mM imidazole (pH 7.0), 5 mM
MgCl2, 2 mM DTT, 0.1% C13E12, 0.2 mM ATP, and 180
unit/mL of the catalytic subunit of cyclic AMP-dependent
protein kinase). The mixture was incubated at 37°C for 30
min, and the reaction was stopped by adding an excess
amount of ice-cold 10 mM EDTA and 2 mM DTT, and HSL
activity against cholesteryl ester substrate was assayed as
described above.

Statistical Analysis.Data are expressed as mean( SD.
Statistical analyses were performed by unpaired two-tailed
Student’st test using StatView (Abacus Concepts, Berkeley,
CA) and InStat (GraphPad Software, San Diego, CA)
software for Macintosh.

RESULTS

Deletion of the “Regulator Module” and Generation of
an HSL-LPL Chimera. The model of the topological
organization of HSL predicts that the “regulatory module”
is located between theâ6 andâ7 sheets and comprises amino
acids 535 to 683 of rat HSL (11). In other lipases these
surface loop elements often form lids that shield the catalytic
site or confer substrate specificity (9, 17). To begin to explore
the role of the “regulatory module” in influencing HSL
activity and potential substrate specificity, we first generated
a deletional mutant in which the entire “regulatory module”
(amino acids 535-683) was removed. When this mutant
protein (HSL∆535-683) was expressed in COS7 cells, the
deletion of the “regulatory module” resulted in a completely
inactive protein that failed to hydrolyze lipid- (cholesteryl
ester) or water-soluble (pNPB) substrates (Figure 1). Thus,
it appears that the “regulatory module” is essential for

enzymatic activity of HSL. To determine whether lid
sequences from other lipases could substitute for the “regula-
tory module”, we replaced the “regulatory module” of HSL
with the “lid” of LPL, creating a chimeric protein. When
expressed in COS7 cells, the HSL-LPL “lid” chimera also
failed to hydrolyze lipid- (cholesteryl ester) or water-soluble
(pNPB) substrates (Figure 1). In addition, the chimera failed
to hydrolyze triacylglycerol in the absence or presence of
serum (data not shown), conditions under which LPL is
normally activated. These results suggest that “the regulatory
module” is required for proper folding and activity of HSL
and that analogous surface loop sequences from LPL are
unable to substitute.

Influence of Length of the “Regulatory Module”.In view
of the discrepancy in length of the “regulatory module”
(∼150 amino acids) of HSL and the surface loop of LPL
(22 amino acids), it was possible that the “lid” of LPL was
too short to provide proper folding of HSL. To address
whether there is a critical length of the “regulatory module”
that is required for activity, progressively longer deletions
of the “regulatory module” were introduced. As shown in
Figure 2, deletion of the first 41 amino acids (∼25%) of the
“regulatory module” yielded a protein (HSL∆535-575) with

FIGURE 1: Hydrolytic activity of a deletion mutant of the full-length
“regulatory module” of HSL and of an HSL-LPL “lid” chimera.
Cell extracts from COS7 cells transfected with pcDNA3-HSL
(control) or with pcDNA3-HSL∆535-683 or with pcDNA3-HSL-
LPL “lid” were incubated with 100µM cholesteryl ester (CE) (A)
or 2 mMpNPB (B) and enzymatic activity determined as described
in the Experimental Procedures. The activity of full-length HSL
was 85 nmol h-1 mg-1 for CE and 34 mmol h-1 mg-1 for pNPB
and was set as 1. The results are the mean( SD from three
independent experiments.

FIGURE 2: Hydrolytic activity of progressively longer deletions of
the “regulatory module”. Cell extracts from COS7 cells transfected
with pcDNA3-HSL (control, Wt) or with pcDNA3-HSL∆535-575
(I), pcDNA3-HSL∆535-608 (II), pcDNA3-HSL∆535-647 (III),
or pcDNA3-HSL∆535-664 (IV) were incubated with 100µM
cholesteryl ester (CE) or 2 mMpNBP substrates as described in
the Experimental Procedures. Activity is expressed relative to
control wild-type HSL, which was 79 nmol h-1 mg-1 for CE and
36 mmol h-1 mg-1 for pNPB and was set at 100. Results are the
mean ( SD of duplicate wells and are representative of 3-4
independent experiments. *,p < 0.001 compared to control.
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activity against lipid- and water-soluble substrates that was
not significantly different from wild-type HSL. Deletion of
the first 74 amino acids (∼50%) of the “regulatory module”
yielded a protein (HSL∆535-608) with activity against lipid-
and water-soluble substrates that was reduced∼50% (p <
0.001), whereas deletion of the first 113 (∼75%, HSL∆535-
647) or 130 (∼85%, HSL∆535-664) amino acids of the
“regulatory module” yielded proteins with activity against
lipid- and water-soluble substrates that were reduced∼90%
(p < 0.001). Thus, the length of the “regulatory module”
appears to be important for normal HSL activity.

Sequence-Specific Influence of the “Regulatory Module”.
Since up to 40 amino acids could be deleted from the
“regulatory module” without a significant impact on HSL
function, a series of 10 mutants, in which 7-19 amino acids
were deleted, was generated that spans the entire region of
the “regulatory module” (Table 2). Each of these deletional
mutants contains 90-95% of the full-length “regulatory
module”. All mutants were expressed in COS7 cells and were
detected by immunoblotting using two different antibodies
(Figure 3). The antibody used in panel A was generated from
a fusion protein encoding amino acids 399-608, whereas
the antibody used in panel B was generated using a full-
length HSL protein. As detected equally by both antibodies,
mutants 1, 4, 5, 6, 7, 8, 9 were expressed at levels comparable
to wild-type HSL, whereas the apparent expression, i.e.,
detection, of mutants 2, 3, and 10 varied depending on the
antibody used. Thus, the anti-fusion protein antibody weakly
detected mutants 2 and 3, but their expression levels were
comparable to wild-type HSL when anti-full-length HSL
antibodies were used. In contrast, mutant 10 was detected
by the anti-fusion protein antibody, but poorly detected by
the anti-full-length HSL antibodies. These results indicate
that amino acids 547-577 (deleted in mutants 2 and 3) and
666-683 (deleted in mutant 10) are either the direct epitopes
or alter the conformation to disrupt the epitopes recognized
by these different antibodies.

The relative activities of cell extracts of COS7 cells
expressing the various HSL mutants were determined using
cholesteryl ester, triacylglycerol, andpNPB substrates (Figure
4). Deleting 7-19 amino acid segments from amino acid
535 through 647 had no effect on hydrolytic activities against
lipid- or water-soluble substrates (mutants 1-7). Moreover,
none of these mutants showed a significant alteration in
preference for cholesteryl ester or triacylglycerol as a
substrate. In contrast, deletional mutations in the final 40
amino acids of the “regulatory module” resulted in marked
alterations in hydrolytic activity. Thus, mutant 8 displayed

loss of its ability to hydrolyze cholesteryl esters (p < 0.0001)
and triacylglycerol (p < 0.001), yet retained its ability to
hydrolyzepNPB. Mutant 9 also displayed loss of its ability
to hydrolyze cholesteryl esters and triacylglycerol (p <
0.001), as well as some loss ofpNPB hydrolysis (p < 0.001).
Mutant 10 appeared to be completely devoid of activity
against any substrate. Since the hydrolytic activities of the
mutants in these experiments were determined at only a
single substrate concentration, substrate concentration curves
were performed using cholesteryl ester, a lipid substrate, and
pNPB, a water-soluble substrate, on the constructs displaying
reduced activities, mutants 8, 9, and 10 (Figure 5). Under
these conditions, mutant 8 and mutant 9 displayed∼60-
70% reductions in their ability to hydrolyze cholesteryl ester
without any significant changes in theKm of the enzyme
(Table 3). However, both mutant 8 and mutant 9 displayed
kinetics similar to wild-type control HSL againstpNPB
(Figure 5B and Table 3). In contrast, mutant 10 lost 90-
95% of its activity against both cholesteryl ester andpNPB.
The differential loss of activity against lipid- versus water-
soluble substrates observed for mutants 8 and 9 suggests that
a lipid binding site might exist in this region. Furthermore,
the almost complete loss of activity in mutant 10, where 90%
of the “regulatory module is intact, suggests that specific
sequences within this portion are critical for proper function.
As another means for assessing the structural integrity of

Table 2: Partial Deletions of the “Regulatory Module” of HSL

amino acid deletion

construct position
number
deleted sequence

mutant 1 535-541 7 RKPHKTP
mutant 2 543-561 19 PATETLRPTDSGRLTESMR
mutant 3 563-575 13 SVSEAALAQPEGL
mutant 4 580-592 13 SLKKLTIKDLSFK
mutant 5 596-608 13 EPSDSPEMSQSME
mutant 6 610-625 16 LGPSTPSDVNFFLRSG
mutant 7 631-647 17 AETRDDISPMDGIPRVR
mutant 8 644-658 15 PRVRAAFPDGFHPRR
mutant 9 657-664 8 RRSSQGVL
mutant 10 666-683 18 MPLYSSPIVKNPFMSPLL

FIGURE 3: Immunoblot of HSL. COS7 cells were transfected with
pcDNA3-HSL (control) or with pcDNA3-HSL deletional mutants
(see Table 2). Cell extracts (10µg (A) and 15µg (B) of total
protein) were electrophoresed on SDS-PAGE, transferred to
nitrocellulose filters, immunoblotted with anti-HSL/fusion protein
IgG (A) or with anti-full-length HSL IgG (B), and visualized by
enhanced chemiluminescence. The films were developed after a
2-10 s exposure.

FIGURE 4: Hydrolytic activity of partial deletions of the “regulatory
module” of HSL. Cell extracts from COS7 cells transfected with
pcDNA3-HSL (control) or with deletional mutants (see Table 2)
were incubated with 100µM cholesteryl ester (CE), 1.67 mM
triacylglycerol (TG), or 2 mMpNPB as described in the Experi-
mental Procedures. Activity is expressed relative to control wild-
type HSL, which was 95 nmol h-1 mg-1 for CE, 9 nmol h-1 mg-1

for TG, and 39 mmol h-1 mg-1 for pNPB and was set at 100.
Results are the mean( SD of triplicate wells and are representative
of 3-5 independent experiments. *,p < 0.001 compared to control.
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the mutant proteins, the ability of PKA induced phospho-
rylation to increase HSL activity against cholesteryl ester
substrate was measured (Figure 6). Deletion mutants 1-7
could be activated to the same extent as native HSL, whereas
mutants 8 and 9, albeit possessing lower basal hydrolytic
activity, displayed no activation by PKA. This is consistent
with the disruption or loss of the PKA sites S659 and S660
in mutants 8 and 9. Mutant 10 is not depicted in Figure 6
since its basal and stimulated activities were so low.

Lipid Binding Site.It has been suggested that HSL might
contain a lipid binding groove within the “regulatory module”
to accommodate the acyl chain (26). The observation that
mutant 8 has markedly diminished activity against cholesteryl
ester and triacylglycerol, while retaining activity against

pNPB, suggested that a lipid binding site might exist within
residues 644-658. Since large nonpolar amino acids are
involved in the formation of lipid binding sites ofCandida
rugosa lipase, a fungal lipase related to HSL (22), site
directed mutagenesis was used to change the hydrophobic
residues within amino acids 644-658 (F650, P651, and
F654). As shown in Figure 7, F650C, P651A, and F654D
showed significantly reduced activities against cholesteryl
ester (p < 0.001) as well aspNPB substrate (p < 0.05);
however, there was a more pronounced loss of activity
against cholesteryl ester. Experiments using a wide range
of substrate concentrations confirmed that these mutations
resulted in∼50% reduction in activity against cholesteryl
ester, but no significant alteration in activity againstpNBP
(data not shown). Therefore, F650, P651, and F654 appear

FIGURE 5: Substrate concentration curves of partial deletions of
the “regulatory module” of HSL. Cell extracts from COS7 cells
transfected with pcDNA3-HSL (Wt, control) or with deletional
mutants M8, M9, or M10 were incubated with the indicated
concentrations of cholesteryl ester (CE) (panel A), orpNPB (panel
B) as described in the Experimental Procedures. Activity for CE
substrate is expressed as nmol h-1 mg-1; activity for pNPB substrate
is expressed as mmol h-1 mg-1. Results are representative of two
independent experiments.

Table 3: Km andVMax Values of HSL Speciesa

substrate

cholesteryl ester pNPB

HSL species Km (µM)

Vmax

(nmol h-1

mg-1) Km (µM)

Vmax

(mmol h-1

mg-1)

wild type 15( 1 82( 2 462( 21 162( 1
mutant 8 24(2 36( 11 389( 61 163( 36
mutant 9 25( 6 28( 9 427( 105 199( 60
mutant 10 21( 6 4 ( 3 268( 24 20( 13

a Cell extracts from COS7 cells transfected with pcDNA3-HSL (wild
type, control) or with deletional mutants 8, 9, or 10 were incubated
with the cholesteryl ester (0.1 to 250µM) or pNPB (0.06 to 4 mM) as
described in Experimental Procedures.Km andVmax values were then
calculated after linear transformation of the data. Results are the mean
( SE.

FIGURE 6: PKA-induced activation of hydrolytic activity of partial
deletions of the “regulatory module” of HSL. COS7 cells were
transfected with pcDNA3-HSL (wild type, control) or with dele-
tional mutants (see Table 2). Homogenates were incubated with
the catalytic subunit of PKA for 30 min at 37°C prior to assessing
activity against cholesteryl ester substrate. Activation (the ratio of
activity of phosphorylated to nonphosphorylated HSL) is expressed
relative to the activation of wild-type HSL (activation of wild-type
HSL ranged from 50 to 200% among experiments). The results
are the mean( SD of duplicate or triplicate transfections and are
representative of three independent experiments. *,p < 0.01
compared to control; **,p < 0.05 compared to control.

FIGURE 7: Hydrolytic activity of amino acid substitutions within
the “regulatory module” of HSL. Cell extracts from COS7 cells
transfected with pcDNA3-HSL (control) or with HSL-F650C, HSL-
P651A, HSL-G653A, HSL-F654D, or HSL-H655A mutants were
incubated with 100µM cholesteryl ester (CE) or 2 mMpNBP as
described in Experimental Procedures. Activity is expressed relative
to control wild-type HSL, which was 73 nmol h-1 mg-1 for CE
and 44 mmol h-1 mg-1 for pNPB and was set at 100. Results are
the mean( SD of duplicate wells and are representative of three
independent experiments. *,p < 0.001 compared to control; **,p
< 0.05 compared to control.
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that they might be involved in a lipid binding pocket that
allows HSL to recognize hydrophobic substrates.

Psychrotolerant Properties of HSL.A characteristic prop-
erty of HSL is the retention of hydrolytic activity at low
temperatures, a feature which most other lipases lack and
which could be of importance in hibernating mammals (27).
To explore whether any portions of the “regulatory module”
contribute to the psychrotolerant properties of HSL, the
activity of the deletion mutants which still possessed activity
was compared at temperatures of 37, 22, 16, and 4°C. At
all temperatures tested, the “regulatory module” deletion
mutants showed similar activity against cholesteryl ester and
pNPB as wild-type HSL (data not shown). Thus, the
regulatory module is not responsible for the psychrotolerant
properties of HSL.

DISCUSSION

HSL is a member of theR/â hydrolase fold family of
enzymes (6, 11). Although the members of this family
frequently do not share significant similarity in protein
sequence, they do share structural similarities that provide
them with the scaffold necessary to form the catalytic site
of a variety of enzymes with varied substrate targets (28).
TheR/â hydrolase scaffold is able to accommodate a number
of different insertions that vary from a few to many amino
acids in length. These insertions form surface loops or lids
that can shield the accessibility of substrate to the active site,
contribute to substrate specificity, or allow interfacial activa-
tion, where lipase activity is enhanced by contact with a
lipid-water interface (22, 28). The regulatory module of
HSL is found between theâ6 andâ7 sheets and is among
the largest insertions found in theR/â hydrolase fold family;
the lack of any sequence similarity has precluded analysis
of the structure of the regulatory module. In the current work,
we have investigated the function of the regulatory module
in contributing to HSL activity and substrate specificity.

Deletion of the entire regulatory module resulted in
complete loss of hydrolytic activity of HSL against both
lipid- and water-soluble substrates. Among lipases within
the R/â hydrolase fold family, some, such as pancreatic
cholesterol esterase, contain no lid structure (29), whereas
others contain lid structures, yet retain hydrolytic activity
after deletion of the lid, such as human pancreatic lipase and
acetylcholinesterase (30, 31). Deletion of the lid from LPL
has been reported to result in loss of hydrolytic activity
against emulsified substrates, but enhanced activity against
short chain fatty acid triglycerides (18). Interestingly, the
lid region from LPL was unable to substitute for the
regulatory module of HSL; the HSL-LPL lid chimera
displaying no activity against either lipid- or water-soluble
substrates. This contrasts with the exchange of lids between
LPL and hepatic lipase where hydrolytic activity is retained,
but substrate specificity altered (21).

It is noteworthy that the regulatory module of HSL is
among the largest insertions found in theR/â hydrolase fold
family. Although recent kinetic studies suggested that HSL
might lack a functional “lid” (32), the current studies using
mutational analysis support an important role for sequences
within the regulatory module. Figure 8 is a representation
of the structure of the C-terminal region of HSL, which
contains the catalytic triad (Ser-423, Asp-703, His-733) and

the “regulatory module”, and was modeled based on structure-
aided sequence alignment with brefeldin A esterase (6).
However, since direct structural data for the “regulatory
module” is lacking, the structure of the “regulatory module”
is hypothetical and is based in part on the results from the
deletional studies reported here. When progressively longer
deletions were introduced from the N-terminal end of the
regulatory module, there was a reduction in activity against
both lipid- and water-soluble substrates that appeared to
parallel the length of the segment of the regulatory module
that was deleted. This finding suggests that the length of
the regulatory module of HSL is important in maintaining
the structural integrity of the catalytic triad. Although the
length of the regulatory module seems to be important for
basal activity, sequences within the C-terminal region of the
regulatory module appear to be critical for activity against
both lipid- and water-soluble substrates. Thus, small deletions
(7-19 amino acid segments) within the first∼110 amino
acids of the regulatory module had no effects on HSL
activity. This topology of the regulatory module of HSL
appears to differ from that of the closely related brefeldin A
esterase, where the insertion between theâ6 andâ7 sheets
contains twoR helices in the N-terminal region that appear
to form a cap over the active site (6). In contrast, small
deletions within the C-terminal 40 amino acids of the
regulatory module resulted in either preferential loss of
activity against lipid substrates or loss of activity against both
lipid- and water-soluble substrates. Site-directed mutagenesis
of the hydrophobic residues within amino acids 644-658
confirmed that F650, P651, and F654 appear to be involved
in a lipid binding pocket that allows HSL to recognize
hydrophobic substrates, since there was a reduction in activity
against lipid-soluble substrate, while normal activity against
a water-soluble substrate was maintained. The production
of a protein that is almost completely inactive following
deletion of residues 666-683 suggests that this region is vital
for the normal function of the enzyme. The fact that S659
and S660, the serines which are phosphorylated by PKA (15),

FIGURE 8: Structural model of rat HSL C-terminal region. HSL
was modeled based on structure-aided sequence alignment with
brefeldin A esterase (6). The thick red ribbons representR-helices;
the broad yellow arrows representâ-sheets. TheR carbon trace is
presented as a green ribbon with the N-terminus depicted in light
blue and the C-terminus in dark blue. The “regulatory module” is
shown in purple with the dark purple depicting the critical
sequences. The structure of the “regulatory module” is hypothetical.
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are located adjacent to these important regions within the
regulatory module suggests possible mechanisms whereby
phosphorylation results in increased activity against tri-
acylglycerol and cholesteryl ester substrates by altering the
conformation of these microdomains.

In conclusion, our results suggest that the N-terminal
portion of the regulatory module (amino acids 535-647)
contributes minimally to HSL activity, whereas the C-
terminal portion of the regulatory module (amino acids 644-
683) is crucial for HSL activity. The regulatory module does
not contribute to the substrate specificity of HSL; however,
amino acids within its C-terminal 40 amino acids appear to
be involved in a lipid binding pocket and amino acids 666-
683 are vital for the normal function of the enzyme.
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4. Hemilä, H., Koivula, T. T., and Palva, I. (1994) Hormone-sensitive
lipase is closely related to several bacterial proteins, and distantly
related to acetylcholinesterase and lipoprotein lipase: identification
of a superfamily of esterases and lipases,Biochim. Biophys. Acta
1210, 249-253.

5. Vernet, T., Ziomek, E., Recktenwald, A., Schrag, J. D., de
Montigny, C., Tessier, D. C., Thomas, D. Y., and Cygler, M.
(1993) Cloning and expression ofGeotrichum candidumlipase
II gene in yeast. Probing of the enzyme active site by site-directed
mutagenesis,J. Biol. Chem. 268, 26212-26219.

6. Wei, Y., Contreras, J. A., Sheffield, P., Osterlund, T., Derewenda,
U., Kneusel, R. E., Matern, U., Holm, C., and Derewenda, Z. S.
(1999) Crystal structure of brefeldin A esterase, a bacterial
homolog of the mammalian hormone-sensitive lipase,Nat. Struct.
Biol. 6, 340-345.

7. Østerlund, T., Danielsson, B., Degerman, E., Contreras, J. A.,
Edgren, G., Davis, R. C., Schotz, M. C., and Holm, C. (1996)
Domain-structure analysis of recombinant rat hormone-sensitive
lipase,Biochem. J. 319, 411-420.

8. Østerlund, T., Beussman, D. J., Julenius, K., Poon, P. H., Linse,
S., Shabanowitz, J., Hunt, D. F., Schotz, M. C., Derewenda, Z.
S., and Holm, C. (1999) Domain identification of hormone-
sensitive lipase by circular dichroism and fluorescence spectros-
copy, limited proteolysis, and mass spectrometry,J. Biol. Chem.
274, 15382-15388.

9. Wong, H., and Schotz, M. C. (2002) The lipase gene family,J.
Lipid Res. 43, 993-999.

10. Shen, W.-J., Sridhar, K., Bernlohr, D. A., and Kraemer, F. B.
(1999) Interaction of rat hormone-sensitive lipase with adipocyte
lipid-binding protein,Proc. Natl. Acad. Sci. U.S.A. 96, 5528-
5532.

11. Contreras, J. A., Karlsson, M., Østerlund, T., Laurell, H., Svensson,
A., and Holm, C. (1996) Hormone-sensitive lipase is structurally
related to acetylcholinesterase, bile salt-stimulated lipase, and
several fungal lipases: building of a three-dimensional model for
the catalytic domain of hormone-sensitive lipase,J. Biol. Chem.
271, 31426-31430.

12. Østerlund, T., Contreras, J. A., and Holm, C. (1997) Identification
of essential aspartic acid and histidine residues of hormone-
sensitive lipase: apparent residues of the catalytic triad,FEBS
Lett. 403, 259-262.

13. Garton, A. J., Cambell, D. G., Cohen, P., and Yeaman, S. J. (1988)
Primary structure of the site on bovine hormone-sensitive lipase

phosphorylated by cyclic AMP-dependent protein kinase,FEBS
Lett. 229, 68-72.

14. Shen, W.-J., Patel, S., Natu, V., and Kraemer, F. B. (1998)
Mutational analysis of structural features of rat hormone-sensitive
lipase,Biochemistry 37, 8973-8979.

15. Anthonsen, M. W., Ro¨nnstrandt, L., Wernstedt, C., Degerman,
E., and Holm, C. (1998) Identification of novel phosphorylation
sites in hormone-sensitive lipase that are phosphorylated in
response to isoproterenol and govern activation properties in vitro,
J. Biol. Chem. 273, 215-221.

16. Su, C.-L., Sztalryd, C., Contreras, J. A., Holm, C., Kimmel, A.
R., and Londos, C. (2003) Mutational analysis of the hormone-
sensitive lipase translocation reaction in adipocytes,J. Biol. Chem.
278, 43615-43619.

17. Hui, D. Y., and Howles, P. N. (2002) Carboxyl ester lipase:
structure-function relationship and physiological role in lipopro-
tein metabolism and atherosclerosis,J. Lipid Res. 43, 2017-2030.

18. Dugi, K. A., Dichek, H. L., Talley, G. D., Brewer, H. B., Jr. and
Santamarina-Fojo, S. (1992) Human lipoprotein lipase: the loop
covering the catalytic site is essential for interaction with lipid
substrates,J. Biol. Chem. 267, 25086-25091.

19. Jennens, M. L., and Lowe, M. E. (1994) A surface loop covering
the active site of human pancreatic lipase influences interfacial
activation and lipid binding,J. Biol. Chem. 269, 25470-25474.

20. Carrière, F., Thirstrup, K., Hjorth, S., Ferrato, F., Nielsen, P. F.,
Withers-Martinez, C., Cambillau, C., Thim, L., and Verger, R.
(1997) Pancreatic lipase structure- function relationships by
domain exchange,Biochemistry 36, 239-248.

21. Dugi, K. A., Dichek, H. L., and Santomarina-Fojo, S. (1995)
Human hepatic and lipoprotein lipase: the loop covering the
catalytic site mediates lipase substrate specificity.,J. Biol. Chem.
270, 5396-25401.

22. Grochulski, P., Li, Y., Schrag, J. D., Bouthillier, F., Smith, P.,
Harrison, D., Rubin, B., and Cygler, M. (1993) Insights into
interfacial activation from an open structure ofCandida rugosa
lipase,J. Biol. Chem. 268, 12843-12847.

23. Lowe, M. E. (2002) The triglyceride lipases of the pancreas,J.
Lipid Res. 43, 2007-2016.

24. Kraemer, F. B., Patel, S., Saedi, M. S., and Sztalryd, C. (1993)
Detection of hormone-sensitive lipase in various tissues. I.
expression of an HSL/bacterial fusion protein and generation of
anti-HSL antibodies,J. Lipid. Res. 34, 663-671.

25. Tavangar, K., Murata, Y., Pedersen, M. E., Goers, J. F., Hoffman,
A. R., and Kraemer, F. B. (1992) Regulation of lipoprotein lipase
in the diabetic rat,J. Clin. InVest. 90, 1672-1678.

26. Østerlund, T. (2001) Structure-function relationships of hormone-
sensitive lipase,Eur. J. Biochem. 268, 1899-1907.

27. Laurell, H., Contreras, J., Castan, I., Langin, D., and Holm, C.
(2000) Analysis of the psychrotolerant property of hormone-
sensitive lipase through site-directed mutagenesis,Protein Eng.
13, 711-717.

28. Nardini, M., and Dykstra, B. W. (1999)R/â hydrolase fold
enzymes: the family keeps growing,Curr. Opin. Struct. Biol. 9,
732-737.

29. Chen, J. C.-H., Miercke, L. J. W., Krucinski, J., Starr, J. R., Saenz,
G., Wang, X., Spilburg, C. A., Lange, L. G., Ellsworth, J. L., and
Stroud, R. M. (1998) Structure of bovine pancratic cholesterol
esterase ar 1.6 Å: novel structural features involved in lipase
activation,Biochemistry 37, 5107-5117.

30. Velan, B., Barak, D., Ariel, N., Leitner, M., Bino, T., Ordentlich,
A., and Shafferman, A. (1996) Structural modifications of theΩ
loop in human acetylcholinesterase,FEBS Lett. 395, 22-28.

31. Bezzine, S., Ferrato, F., Ivanova, M. G., Lopez, V., Verger, R.,
and Carrie`re, F. (1999) Human pancreatic lipase: colipase
dependence and interfacial binding of lid domain mutants,
Biochemistry 38, 5499-5510.

32. Ben Ali, Y., Chahinian, H., Petry, S., Muller, G., Carriere, F.,
Verger, R., and Abousalham, A. (2004) Might the kinetic behavior
of hormone-sensitive lipase reflect the absence of the lid domain?,
Biochemistry 43, 9298-306.

BI049206T

HSL Regulatory Module Biochemistry, Vol. 44, No. 6, 20051959


