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Lipid droplets (LDs) are the main cellular storage sites for triacylglycerols
(TAGs), playing an important role in energy homeostasis and cell signaling.

Hydrolysis of the stored TAGs begins with conversion of TAGs into dia-
cylglycerols (DAGs) by adipose triglyceride lipase (ATGL), followed by
hydrolysis of DAGs by hormone-sensitive lipase (HSL). Despite the central role
of HSL in lipolysis, the molecular determinants for its LD association have
remained elusive. Here, we report the cryo-EM structure of human HSL at

3.4 A. Combining this with hydrogen-deuterium exchange mass spectrometry,
biochemical and cellular assays, we identify residues 489-538, referred to as
the “H-motif”, and the N-terminal 4-helix bundle of HSL as LD-binding motifs
mediating direct interaction of HSL with LDs. LD binding mediated by the LD-
binding motifs is independent of HSL phosphorylation catalyzed by the cAMP-
dependent kinase PKA. Our findings provide insight into the LD binding
mechanism of HSL, advancing our understanding of the regulation of lipolysis.

Lipid droplets (LDs) are organelles found in most cell types, serving as
the primary storage sites for neutral lipids such as triacylglycerols
(TAGs) and sterol esters (SEs)"*. LDs have a distinctive structure
comprising a core of neutral lipids surrounded by a phospholipid
monolayer, which differs from the bilayer of other organelles”. LDs
play a crucial role in cellular energy metabolism and lipid
homeostasis®. Furthermore, LDs interact with other cellular compo-
nents, influencing processes like cell signaling and membrane
trafficking’.

The TAGs in LDs are broken down into free fatty acids (FFAs) and
glycerol during periods of energy demand’. This process, known as
lipolysis, is sequentially catalyzed by three neutral lipases, including
adipose triglyceride lipase (ATGL) for hydrolyzing a TAG into dia-
cylglycerols (DAG) and an FFA, hormone-sensitive lipase (HSL) for
hydrolyzing a DAG into monoglycerides (MAG) and an FFA, and

monoglyceride lipase (MGL) for hydrolyzing a MAG into glycerol and
an FFA®,

HSL was identified together with MGL in 1964 in a study of lipase
activities in rat and rabbit adipose tissues*. HSL was named because its
activity can be stimulated by hormones such as norepinephrine and
epinephrine®. Since then, a key question is how HSL senses hormones.
Much of what we know about the regulation of HSL comes from stu-
dies of rat HSL. Hormones can activate protein kinase A (PKA), which is
a cAMP-dependent kinase, through the GPCR-Gas-adenylyl cyclase-
CcAMP-PKA pathway*®. The activated PKA catalyzes the phosphoryla-
tion of rat HSL at S563, S659, and S660 (refs. 10,11), corresponding to
$552, S649, and S650 in human HSL, respectively. Phosphorylation by
PKA can increase the enzyme activity of HSL in cell lysates"”, which
could be explained by directly activating HSL and indirectly activating
HSL by promoting the association of HSL with LDs™ .
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Activated PKA is also known to catalyze the phosphorylation of
other LD-related proteins, including perilipin 1 (PLIN1)>™, perilipin 5
(PLIN5)®, ATGL", and CGI-58 (also called ABHD5)*. PLIN1 is a scaffold
protein on LDs and is involved in the recruitment of HSL to LDs?.
Sztalryd et al. reported that phosphorylation at three serine residues at
the N-terminal region of PLINL is essential for the recruitment of HSL to
LDs in nonadipocyte CHO (Chinese hamster ovary) cells*?, but Miyoshi
et al. demonstrated that PLIN1 mediates the translocation of HSL to
LDs independently of PLIN1 phosphorylation in MEF (murine
embryonic fibroblasts) adipocytes”. The controversial conclusions
regarding the role of PLIN1 phosphorylation in the recruitment of HSL
to LDs may be due to different cell lines that were used in the two
studies. However, both studies suggest an important role of PLINI in
the regulation of LD binding of HSL.

It has been reported that without hormone stimulation, HSL can
already bind to LDs, with the binding ratio varying in different studies.
In adipocytes from young male rats, the LD binding ratio increased
from about 40% to 80% after isoproterenol stimulation; but in mature
male rats, the ratio remained less than 20% regardless of isoproterenol
stimulation”. Another study also reported that in adipocytes from
young male rats, the LD-binding ratio of HSL increased from 60% to
80% after being stimulated with various hormones®. Inside the rat
muscle fiber, the binding ratio increased from 30% to 42% after epi-
nephrine stimulation and further increased to 59% after muscle
contraction”. These studies provided evidence that HSL associates
with LDs in its basal state, and the association can be further stimulated
by hormones in a context-dependent manner. However, the molecular
basis for the association of HSL with LDs is unclear.

In this study, we find that HSL can directly associate with LDs
through a short sequence in its regulatory domain and a 4-helix bundle
in its N-terminal domain. We determine the cryo-electron microscopy
(cryo-EM) structure of human HSL at 3.4 A resolution and analyze the
structural changes induced by LDs binding using hydrogen-deuterium
exchange mass spectrometry (HDX-MS). Using an in vitro recon-
stituted artificial lipid droplet (ALD) binding assay and a cellular ima-
ging assay, we find that the regulatory domain (residues 489-659) of
HSL is essential to its LD-binding ability. We then narrow down the LD-
binding sequence to residues 489 to 538 and define this sequence as
the “H-motif”. Deletion or mutations of the H-motif decrease the
enzymatic activity of HSL towards a long acyl chain substrate but have
no influence on the hydrolysis of pNPB, a short acyl chain substrate.
Additionally, we identify a 4-helix bundle (residues 1-136) in the
N-terminal domain of HSL as another LD-binding motif in HSL.

We further investigate the importance of the LD-binding motifs in
the context of PKA activation in both 3T3-L1 preadipocytes and adi-
pocytes. Our results demonstrate that forskolin-induced PKA activa-
tion increases HSL phosphorylation levels independently of the LD-
binding status of HSL. The LD-binding motifs are essential for HSL
binding to LDs, regardless of PKA activation. Notably, PKA-catalyzed
phosphorylation of HSL does not affect its LD-binding ability in 3T3-L1
preadipocytes but enhances HSL localization to LDs in 3T3-L1 adipo-
cytes. These findings suggest that, in addition to interactions mediated
by the LD-binding motifs, which are independent of PKA-catalyzed
phosphorylation, HSL localizes to LDs also through PKA-dependent
interactions in 3T3-L1 adipocytes. Additionally, we find that phos-
phorylation has no impact on the enzymatic activity or LD-binding
ability of purified HSL, indicating that PKA may not directly modulate
HSL’s enzymatic activity or LD binding but may indirectly facilitate HSL
localization to LDs in 3T3-L1 adipocytes.

Results

HSL interacts with artificial lipid droplets

HSL has three major isoforms: HSLtes, HSLbeta, and HSLadi, which are
expressed in the testis*, insulin-secreting B-cells”, and adipocytes®?’,
respectively. The HSL in our study refers to the adipocyte isoform of

human HSL (UniProt: Q05469-2), which contains only residues 302-
1076 of the testis isoform.

We overexpressed human HSL, which contains an N-terminal
domain, a catalytic domain, and a regulatory domain inserted in the
catalytic domain (Fig. 1a), in Expi293F cells and purified it to homo-
geneity (Fig. 1b). The enzyme activity of the purified HSL was first
evaluated using p-nitrophenyl butyrate (pNPB) as the substrate®’. The
K and ke, are 186.1 uM and 124.5 s, respectively (Fig. 1c). HSL lost its
activity when its catalytic residue S424 was mutated to alanine (Fig. 1c).
The enzyme activity of HSL was also evaluated using the EnzChek
lipase substrate (Invitrogen), which is a fluorogenic analog of TAG.
Only the wild-type (WT) HSL, but not the S424A mutant, hydrolyzed
the EnzChek lipase substrate (Fig. 1d). These results confirm that the
purified HSL is functional.

Next, we evaluated the LD-binding ability of HSL using a flotation
assay’'. We prepared artificial lipid droplets (ALDs) by mixing 1,2-dio-
leoyl-sn-glycero-3-phosphocholine (DOPC) with TAG following a
method reported previously***. Since the phospholipid monolayer of
mammalian LDs mainly consists of phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) with a molar ratio of around 3:1
(ref. 34), we also prepared ALDs by mixing DOPC and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) (DOPC:DOPE = 3:1) with TAG
(Fig. 1e). We first incubated the purified HSL with ALDs or the same
volume of an assay buffer, then separated the ALD-bound HSL from
unbound HSL using sucrose gradient centrifugation (Fig. 1f). After
centrifugation, we collected three fractions named top, middle and
bottom fractions. ALDs were enriched in the top fraction (Fig. If). In the
absence of ALDs, HSL was mainly in the bottom fraction, while in the
presence of ALDs, HSL was mainly in the top fraction (Fig. 1g). As a
control, a soluble protein maltose-binding protein (MBP) was mainly in
the bottom fraction no matter in the absence or presence of ALDs
(Fig. 1g). We qualified HSL in the top fraction under different condi-
tions and found that in the presence of ALDs prepared using the DOPC
and DOPE mixture, about 80% of HSL was in the top fraction. In con-
trast, under the same conditions, less than 10% of MBP was in the top
fraction (Fig. Lh). These results demonstrate that HSL can directly bind
to ALDs. This finding is consistent with a previous report that HSL
purified from rat adipose tissue can be incorporated into phosphati-
dylcholine vesicles®.

Cryo-EM structure of human HSL
To understand how HSL binds to LDs, we attempted to solve the cryo-
EM structure of HSL bound to ALDs but were unsuccessful. Instead, we
solved the cryo-EM structure of HSL in the absence of ALDs. Before
preparing the cryo-EM samples, we incubated HSL with HSL-IN-1, an
inhibitor of HSL*. The cryo-EM map has an overall resolution of 3.4 A
(Supplementary Table 1; Supplementary Figs. 1 & 2). The N-terminal
domain and the catalytic domain were resolved in the cryo-EM map,
while the majority of the regulatory domain (residues 492-637) was
unresolved (Fig. 2a, b). The HSL inhibitor HSL-IN-1 was not observed in
the cryo-EM map. The cryo-EM structure reveals a homodimeric state
of HSL (Fig. 2b). Based on the homodimeric structure, the N-terminal
domain is defined as residues 1-174, which contains a 4-helix bundle
(residues 1-136). The catalytic domain is divided into three sub-
domains: CD1, consisting of residues 175-262; CD2, consisting of resi-
dues 263-488; and CD3, consisting of residues 660-775 (Fig. 2a, b).

The N-terminal 4-helix bundle from one HSL protomer contacts
with the CD2 subdomain from the other protomer at the dimer
interface (Fig. 2c). In addition, the CD1 subdomains from the two HSL
protomers (Fig. 2d) also contact with each other at the dimer interface.
The residues between N198 and R214 in CD1 were not resolved in the
cryo-EM map.

Several crystal structures of bacterial homologs of human HSL
have been reported®” *. These bacterial homologs share a con-
served catalytic domain. Unlike human HSL, they do not contain the
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N-terminal domain and the regulatory domain. We aligned the cat-
alytic domain of human HSL with the crystal structure of EST2 (PDB:
1QZ3), which is a carboxylesterase from the thermophilic eubac-
terium Alicyclobacillus acidocaldarius®. CD2 and CD3 in HSL are
highly similar to those in EST2 (Fig. 2e). The three residues forming
the catalytic triad of human HSL, including S424, D693, and H723,
are located in CD2 and CD3 and align well with those in EST2
(Fig. 2e), indicating a conserved catalytic mechanism of HSL
across different species. In contrast, the CD1 subdomain shows

significant differences (Fig. 2e), which may explain why the homo-
dimeric structure of HSL has not been observed in its bacterial
homologs.

In the structure of EST2, a 1-hexadecanesulfonyl group, which
mimics the substrate of EST2, is covalently linked to the catalytic serine
residue (Fig. 2e). The tail of the long acyl chain docks into a pocket
formed by a region analogous to CD1 in human HSL, suggesting that
CD1 may be involved in the recognition of the acyl chains in DAGs by
human HSL.
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Fig. 1| Characterization of purified human HSL. a The linear diagram of human
HSL. b Size exclusion chromatography (SEC) of human HSL with a C-terminal FLAG
tag. The FLAG-tagged HSL transiently expressed in Expi293F cells was firstly pur-
ified by anti-FLAG tag affinity resins, then further purified by an SEC column
(Superdex 200 Increase). The peak fractions were analyzed by SDS-PAGE and
visualized by Coomassie blue staining. The asterisk indicates a contaminant that
was supposed to be a chaperone. We purified HSL several times, and the data in
b represent the results of one such purification. ¢, d The enzymatic activity of the
purified HSL was evaluated using pNPB (c) or the EnzChek lipase substrate (d) as
the substrate of HSL, respectively (see methods). e Illustration of artificial lipid
droplets (ALDs) preparation. ALDs were prepared by mixing phospholipids (DOPC/
DOPE) with neutral lipids triacylglycerol (TAG). Created in BioRender. Hu, Q. (2025)
https://BioRender.com/t74d619. f lllustration of the flotation assay. HSL or the
control protein MBP was incubated with ALDs for 1 h at room temperature, and

then separated by sucrose gradient centrifugation. After centrifugation, the mix-
ture was divided into three fractions, including the bottom (280 uL), middle

(260 L), and top (100 plL) fractions. The ALDs were in the top fraction. g Evaluation
of the proteins in the three fractions from the sucrose gradient centrifugation by
SDS-PAGE followed by Coomassie blue staining. T, M, and B indicate the Top,
middle, and bottom fractions, respectively. For each fraction, 20 pL of the sample
was loaded on the SDS-PAGE gel. The gels in g are the results of a representative
experiment out of three independent experiments. The asterisk indicates a con-
taminant that was supposed to be HSP70. h Quantification of the percentages of
HSL and MBP in the top fractions. HSL or MBP was incubated with the assay buffer
(no ALDs), or with ALDs prepared with DOPC (100%) or a mixture of DOPC (75%)
and DOPE (25%), and then separated by sucrose gradient centrifugation. The data in
¢, d, and h represent the mean + SD of three independent measurements. Source
data are provided as a Source Data_Fig. 1 file.

The regulatory domain is the dominant LD-binding

region in HSL

In the cryo-EM structure, three internal regions, including residues
199-213, 325-336, and the regulatory domain (residues 489-659), are
largely invisible, probably due to their inherent flexibility. To under-
stand the roles of these regions in the LD-binding ability and enzymatic
activity of HSL, we engineered HSL variants in which these regions
were deleted and subsequently overexpressed in Expi293F cells. We
successfully purified two variants, namely HSL(A325-333) and
HSL(A489-659), where residues 325-333 and residues 489-659 were
deleted, respectively. We also purified a variant, HSL(AA), which had
both residues 325-333 and residues 489-659 deleted. However, we
failed to obtain well-behaved HSL with residues 198-214 deleted.

We evaluated whether these HSL variants can still bind to the ALDs
using the flotation assay (Fig. 3a). Deletion of residues 325-333 only
slightly decreased the binding of HSL to ALDs; in contrast, deletion of
residues 489-659 significantly decreased the ratio of HSL bound to
ALDs (Fig. 3a, b). These results indicate that residues 489-659 are
essential for LD binding.

We also measured the enzymatic activities of these HSL variants.
When pNPB was used as the substrate, the activities of these variants
were close to that of the full-length HSL (Fig. 3c). However, when the
EnzChek lipase substrate was used, HSL(A489-659) showed sig-
nificantly decreased activity, while HSL(A325-333) showed an activity
similar to that of HSL(FL) (Fig. 3d).

Next, we checked the subcellular localization of HSL(FL) and
HSL(A489-659) in 3T3-L1 preadipocytes by fusing an enhanced green
fluorescent protein (EGFP) to their C-termini and transiently expres-
sing them in the 3T3-L1 preadipocytes. 3T3-L1 preadipocytes are a
mouse cell line used to study fat cell formation and lipid
accumulation*’. The LDs in the cells were stained with LipidTOX Deep
Red*®. The full-length HSL was expressed in the cytosol and showed an
obvious accumulation around the LDs (Fig. 3e, top; Fig. 3f). In contrast,
HSL(A489-659) was widely distributed in the cytosol but not accu-
mulated around the LDs (Fig. 3e, middle; Fig. 3f). Residues 489-659
alone with an EGFP fusing to its C-terminus accumulated on the LDs
when transiently expressed in the 3T3-L1 preadipocytes (Fig. 3e, bot-
tom; Fig. 3f). Similar results were also observed when we stably
expressed these EGFP-fusion proteins in Huh-7 cells (Supplementary
Fig. 3), a human liver cancer cell line frequently used to study lipid
metabolism**. These results are consistent with our findings in the
flotation assay, which suggest that the regulatory domain (residues
489-659) is necessary and sufficient for the LD binding of HSL.

Identification of LD-binding regions in HSL using HDX-MS

To identify which regions in HSL are involved in binding with LDs,
we also used hydrogen-deuterium exchange mass spectrometry
(HDX-MS). HDX-MS measures the exchange rates of hydrogen
atoms in protein amide groups with deuterium in the solvent.

Amide hydrogens involved in hydrogen bonds or buried away from
the solvent exchange more slowly than those in flexible or solvent-
accessible regions. Therefore, HDX-MS is widely used in the study
of protein conformational changes and interactions involving
proteins**¢, The purified HSL was first mixed with the ALDs or the
same volume of the assay buffer, then diluted with the same buffer
prepared with D,0 to initiate the hydrogen-deuterium exchange.
After 5, 30, or 600s, the exchange was stopped by adding a
quench buffer. The quenched sample was digested by pepsin
online and subjected to UPLC/MS analysis (Fig. 4a; Supplementary
Tables 2 & 3).

At each time point, we calculated the deuterium incorporation
ratio for each digested peptide generated from both the ALD-bound
and the ALD-free HSL samples (Fig. 4b; Supplementary Figs. 4 & 5). The
region containing residues 480-640, which almost covers the whole
regulatory domain, showed higher deuterium incorporation ratios
than other regions in both samples. This finding is consistent with the
cryo-EM data the predicted secondary structure of the regulatory
domain, which mainly consists of a long flexible and unstructured loop
(Fig. 4b). We then subtracted the deuterium incorporation ratios of the
ALD-free HSL sample from these of the ALD-bound sample to quantify
the changes in deuterium incorporation ratios upon ALD binding, and
mapped these changes onto the structure of full-length HSL predicted
by AlphaFold2 (ref. 47) (Fig. 4c). The AlphaFold2-predicted structure
closely resembles the structure of each protomer in the cryo-EM
structure of the HSL dimer (Fig. 2), but contains flexible regions that
are invisible in the cryo-EM structure. Notably, the regulatory domain
of HSL exhibited higher changes compared to other regions, with the
most significant changes observed in an a-helix comprising residues
511-535 (Fig. 4c). These results are consistent with our finding that the
regulatory domain is essential for LD binding, and suggest that the
region containing residues 511-535 may be the core of the LD-binding
region.

In addition, the HDX-MS data show that the deuterium incor-
poration ratios of certain peptides from the N-terminal 4-helix bundle
decreased by more than 10% upon ALD binding. This suggests that the
N-terminal 4-helix bundle may also be involved in the binding of HSL to
lipid droplets.

Identification of the LD-binding motif in the HSL

regulatory domain

To evaluate the findings from the HDX-MS data, and to identify the
core region that is responsible for the LD-binding ability of the reg-
ulatory domain, we fused different truncations of the regulatory
domain to the C-terminus of MBP (Fig. 5a), overexpressed them in E.
coli, and purified them to homogeneity. We designed these constructs
because residues 489-509 and residues 510-535 are predicted as two a-
helices, while residues 536-659 are predicted as a flexible loop by
AlphaFold2 (ref. 47).
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Fig. 2 | Cryo-EM structure of human HSL. a The color-coded diagram of human
HSL. The catalytic domain (CD) of HSL consists of three subdomains: CD1, CD2, and
CD3. b The overall structure of HSL. Residues between N198 and R214, between
$324 and Q337, between T491 and A638 (the majority of the regulatory domain),
and residues before R4 and after P752 were not built in the structure. ¢ The dimer
interface between the N-terminal domain of one protomer and the CD2 subdomain

of the other protomer. d The dimer interface between the CD1subdomain from two
HSL protomers. e Alignment of the cryo-EM structure of the catalytic domain of
HSL with the crystal structure of the carboxylesterase EST2 (PDB: 1QZ3). The root
mean square deviation (RMSD) over 1179 backbone atoms is 1.843 A. EST2 is
colored gray, with the 1-hexadecanesulfonyl group that mimics the substrate of
EST2 colored yellow. The catalytic triads of HSL and EST2 are shown as sticks.
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Fig. 3 | Identification of the regulatory domain as an LD-binding region in HSL.
a, b Evaluation of the ALD-binding abilities of full-length (FL) human HSL and its
variants using the flotation assay. HSL(A325-333) and HSL(A489-659) are human
HSL variants with residues 325-333 and 489-659 deleted, respectively. HSL(AA)
refers to the human HSL variant with both residues 325-333 and residues 489-659
deleted. ¢ Measurement of the enzymatic activities of FL HSL and its truncates
using pNPB. Each k., value was calculated by dividing the corresponding V;,,ax value
by the concentration of HSL (20 nM) in the assay system. d Measurement of the
enzymatic activities of FL HSL and its truncates using the EnzChek lipase substrate
as the substrate. e Subcellular localization of human HSL and its variants in 3T3-L1
preadipocytes. HSL (FL), HSL (A489-659), and the regulatory domain (residues

489-659) of HSL, each with an EGFP fused to its C-terminus, were transiently
expressed in 3T3-L1 preadipocytes. The cells were incubated with 0.2 mM oleic acid
for 15 h, then fixed with 4% PFA and stained using LipidTOX Deep Red, a fluorescent
dye to visualize neutral lipid accumulation. The images were taken by using a ZEISS
LSM 980 microscopy. f Quantification of the EGFP signal of human HSL and its
variants on lipid droplets in 3T3-L1 preadipocytes (a total of 15 cells were analyzed
from three independent measurements.) The data in a and e each are the results of
a representative experiment out of three independent experiments. The data in
b, ¢, d, and f represent the mean + SD of three independent measurements. The
data in b, d, and f were analyzed using the unpaired ¢-test in Prism to calculate the
two-tailed P-values. Source data are provided as a Source Data_Fig. 3 file.

Nature Communications | (2025)16:3497


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58887-z

a
HSL + Buffer
D-0 labeling Q ha
——— | bonsin dimestion | —|UPLCMS
= 0s.5s, epsin digestion
HSL + %~ | 30s,600s
ALDs
Regulatory domain
489 [659
N-terminal domain Catalytic
1 174 775
60 Residues 480-640
—e—Buffer

—e—ALDs

% Deuterium
incorporation at 5 s

5%to 10 %
5%t05%
-10%to-5%
-18 % to -10 %
<-18 %

D No coverage

Increase
—

Decrease

$649/S650

310 465
Centre of peptide

Fig. 4 | Identification of the LD-binding regions in HSL using HDX-MS. a The
workflow of the HDX-MS experiment. The ALDs were prepared using a mixture of
DOPC (75%) and DOPE (25%). Created in BioRender. Hu, Q. (2025) https://
BioRender.com/t74d619. b Deuterium incorporation ratios of human HSL peptides
after labeling the HSL by D,O for 5 s in the absence or presence of ALDs. The x and y
axes of each point represent the central residue of a single peptide and the deu-
terium incorporation ratio of that peptide. The gray box indicates residues that
showed higher deuterium incorporation ratios than other regions in both groups.

¢ Changes in the deuterium incorporation ratios of human HSL upon association
with ALDs were mapped on a structure of human HSL predicted by AlphaFold2
(ref. 47). Each peptide was colored based on the change in its deuterium incor-
poration ratio. The changes were calculated by subtracting the incorporation ratio
of each peptide in the absence of ALDs from the incorporation ratio of the corre-
sponding peptide in the presence of ALDs. Source data are provided as a Source
Data_Fig. 4 file.

We compared the LD-binding abilities of these fusion proteins
with that of MBP alone using the flotation assay (Fig. 5b). We found that
MBP fused with residues 489-659 of HSL, named MBP-HSL(489-659),
had an ALD-binding ratio of about 30%. The ALD-binding ratio of MBP-
HSL(489-538) was about 25%, slightly lower than that of MBP-HSL(489-
659). In contrast, the ALD-binding ratio of MBP-HSL(539-659) was only
about 8%, which is similar to that of MBP alone (Fig. 5b, c). MBP fused
to a shorter construct, either residues 489-509 or residues 509-538,
showed a significantly decreased ALD-binding ratio (Fig. 5b, c).

We then deleted residues 489-538 from HSL, referred to as
HSL(A489-538), and tested its ability to bind to the ALDs using the
flotation assay (Fig. 5d, e). The ALD-binding ratio decreased from 76%
for HSL(FL) to 32% for HSL(A489-538). When transiently expressed in
3T3-L1 preadipocytes, HSL(A489-538) with an EGFP fused to its
C-terminus lost the ability to bind to LDs (Fig. 5f, middle; Fig. 5g), in
comparison with the HSL(FL)-EGFP fusion protein (Fig. 5f, top; Fig. 5g).
In contrast, residues 489-538 fused with EGFP was accumulated
around LDs in the 3T3-L1 preadipocytes (Fig. 5f, bottom; Fig. 5g).

Taken together, our data suggest that residues 489-538 of the
regulatory domain are the LD-binding motif in the HSL regulatory
domain. We named this motif the “H-motif”.

Aromatic residues in the H-motif are essential for LD binding

We further checked which residues in the H-motif are involved in LD
binding. Previous studies reveal that membrane-binding motifs are
typically rich in hydrophobic or amphipathic amino acids, allowing
them to interact with the phospholipid layer’. We first focused on
residues 511-535 since our HDX-MS data suggest that this sequence
may be the core of the LD-binding motif. According to the structure of
the H-motif predicted by AlphaFold2 (ref. 47), three aromatic residues,
including F519, W526, and F530, line up on the same side of the
H-motif; while two positively charged residues, R517 and R520, are on
the other side (Fig. 6a). We aligned the protein sequences of HSL from
different species, and found that the H-motif is highly conserved in

species ranging from human to mice; residues 508-532 are also con-
served in Xenopus tropicalis and Danio rerio (Fig. 6b).

We fused the wild-type human H-motif and its mutants to the
C-terminus of MBP and overexpressed them in E. coli. The MBP
fused with the WT H-motif, or with H-motifs carrying mutations
F519V/W526V/F530V, F519A/W526A/F530A, and R517A/R520A4, is
named MBP-WT, MBP-3V, MBP-3A, and MBP-R2A, respectively. The
LD-binding abilities of the purified proteins were evaluated using
the flotation assay. We found that MBP-R2A had a similar ALD-
binding ratio to that of MBP-WT, but MBP-3V and MBP-3A showed
significantly decreased ALD-binding ratios (Fig. 6¢, d), indicating
that the three aromatic residues, but not the two arginine residues,
are essential for LD binding. We also confirmed the importance of
the three aromatic residues by testing the LD-binding ability of the
H-motif when it’s fused to EGFP and transiently expressed in 3T3-L1
preadipocytes. Mutating the three aromatic residues to alanine or
valine almost completely disrupted the ability of the H-motif to bind
to LDs (Fig. 6e, f).

The N-terminal 4-helix bundle is also an LD-binding motif in HSL
The HDX-MS data suggest that the N-terminal 4-helix bundle (resi-
dues 1-136) of HSL may also contribute to its LD-binding ability. We
fused the 4-helix bundle to the C-terminus of MBP and found that
this 4-helix bundle significantly increased the ALD-binding ratio of
MBP (Fig. 7a, b).

Upon examining the AlphaFold2 predicted structure, we iden-
tified an amphipathic loop containing residues 97 to 103 (RRSIFFR)
within this 4-helix bundle (Fig. 7c). We hypothesized that two
hydrophobic residues, 1100 and F101, in this loop are essential for
the lipid droplet-binding ability of the 4-helix bundle. To test this,
we introduced the I100A and F101A double mutations into HSL to
generate the HSL mutant HSL(I1I0OA/F101A), and introduced the
H-motif mutations (F519A/W526A/F530A) into HSL to generate
HSL(FL, 3A). By further combining the I1100A and F101A mutations
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Fig. 5| Residues 489-538 is the LD-binding motif in the HSL regulatory domain.
a The linear diagrams of full-length HSL and truncations of the HSL regulatory
domain with an MBP fused to their N-termini. b, ¢ Evaluation of the ALD-binding
abilities of the MBP fusion proteins using the flotation assay. d, e Evaluation of the
ALD-binding abilities of full-length HSL and HSL with residues 489-538 deleted
using the flotation assay. f Subcellular localization of human HSL and its variants in
3T3-L1 preadipocytes. HSL (FL), HSL (A489-538), and the LD-binding motif (resi-
dues 489-538) of HSL, each with an EGFP fused to its C-terminus, were transiently

expressed in 3T3-L1 preadipocytes. Then the cells were treated and imaged as
described in Fig. 3e. g Quantification of the EGFP signal of human HSL and its
variants on lipid droplets in 3T3-L1 preadipocytes (a total of 15 cells were analyzed
from three independent measurements). The data in b, d, and f each are the results
of a representative experiment out of three independent experiments. The data in
¢, e, and g represent the mean + SD of three independent measurements. The data
in ¢, e, and g were analyzed using the unpaired ¢-test in Prism to calculate the two-
tailed P-values. Source data are provided as a Source Data_Fig. 5 file.

with the H-motif mutations, we generated another HSL mutant,
HSL(FL, 5A). We found that the ALD-binding ratio of HSL(II00A/
F101A) was significantly decreased compared to the wild-type HSL,
and the ALD-binding ratio of HSL(FL, 5A) was even lower than that of
HSL(I100A/F101A) (Fig. 7d, e). We also checked the LD-binding
ability of these HSL mutants in 3T3-L1 preadipocytes, and the results
are consistent with the ALD-binding results (Fig. 7f, g). These find-
ings indicate that in addition to the H-motif, the N-terminal 4-helix
bundle is also an LD-binding motif of HSL.

LD-binding motifs but not phosphorylation determine LD
binding of HSL in 3T3-L1 preadipocytes

Phosphorylation is known to regulate the activity of HSL. Human HSL
can be phosphorylated at S552, S649, and S650 by PKA'®", and phos-
phorylated at S554 by AMPK (corresponding to S565 in rat HSL*®. Upon
treating 3T3-L1 adipocyte cells with isoproterenol (an agonist of 3
adrenoceptor) to promote cAMP production to activate PKA, rat HSL
was reported to translocate from the cytosol to LDs, and mutating
$659 and S660 of HSL to alanine blocked this translocation™.
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Fig. 6 | Identification of the key residues in the H-motif. a Structure of the
H-motif predicted by AlphaFold2 (ref. 47). The protein contact potential was gen-
erated in PyMOL. b Alignment of the protein sequence of the H-motif in human HSL
with these in HSL from other species using SnapGene. The three aromatic residues
(F519, W526, F530) and the two arginine residues (R517, R520) were indicated by
arrows and triangles, respectively. ¢, d Evaluation of the ALD-binding abilities of the
human H-motif and its variants fused with an MBP at their N-termini using the
flotation assay. MBP-WT represents the wild-type H-motif-MBP fusion protein,
while MBP-3A, MBP-3V, and MBP-R2A represent MBP fusion proteins in which the
H-motif carries the F519A/W526A/F530A triple mutations (3 A), F519V/W526V/
F530V triple mutations (3 V), and R517A/R520A double mutations (R2A), respec-
tively. e Subcellular localization of human H-motif and its variants in 3T3-L1
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preadipocytes. The wild-type H-motif (residues 489-538), H-motif carrying the
F519A/W526A/F530A triple mutations (3 A), and that carrying the F519V/W526V/
F530V triple mutations (3 V), each with an EGFP fused to its C-terminus, were
transiently expressed in 3T3-L1 preadipocytes. Then the cells were imaged as
described in Fig. 3e. f Quantification of the EGFP signal of human H-motif and its
variants on lipid droplets in 3T3-L1 preadipocytes (a total of 15 cells were analyzed
from three independent measurements). The data in ¢ and e each are the results of
a representative experiment out of three independent experiments. The data in
d and f represent the mean + SD of three independent measurements. The data in
d and f were analyzed using the unpaired t-test in Prism to calculate the two-tailed
P-values. Source data are provided as a Source Data_Fig. 6 file.
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We first tested the effect of PKA activation on the subcellular
localization of HSL in 3T3-L1 preadipocytes. We transiently expressed
human HSL with an EGFP fused to its C-terminus in 3T3-L1 pre-
adipocytes and then treated the cells with forskolin, an activator of
adenylyl cyclases to promote cAMP production. Without forskolin
treatment, HSL had already accumulated around the LDs, and forskolin
treatment did not noticeably increase the accumulation (Fig. 8a, top;
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Fig. 8b). The phosphorylation of HSL, induced by forskolin treatment,
was verified by Western blot (Fig. 8c). Consistent with this finding, we
found that the S552A/S649A/S650A triple mutant and the S552A/554A/
S649A/S650A quadruple mutant of human HSL maintained the ability
to accumulate on the LDs in 3T3-L1 preadipocytes (Supplementary
Fig. 6a). In addition, the S552E/S554E/S649E/S650E quadruple mutant,
which mimics the phosphorylated state of HSL, showed an ALD-
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Fig. 7 | Identification of the N-terminal 4-helix bundle as another LD-binding
region in HSL. a, b Evaluation of the ALD-binding abilities of the H-motif and the
N-terminal 4-helix bundle using the flotation assay. MBP-HSL(489-538) and MBP-
HSL(1-136) refer to the H-motif and the N-terminal 4-helix bundle (residues 1-136)
of HSL fused with an MBP to its N-terminus, respectively. ¢ The AlphaFold2 pre-
dicted structure of the amphipathic loop containing residues 97 to 103 (RRSIFFR) in
the N-terminal 4-helix bundle. d, e Evaluation of the ALD-binding abilities of HSL
and its variants using the flotation assay. HSL(FL, 3A) is the full-length HSL carrying
the F519A/W526A/F530A triple mutations. HSL(FL, 5A) carries two additional
mutations, I100A and F101A, compare to HSL(FL, 3A). f Subcellular localization of

human HSL and its variants in 3T3-L1 preadipocytes. The wild-type HSL, HSL(I100A,
F101A), and HSL(FL,5A), each with an EGFP fused to its C-terminus, were transiently
expressed in 3T3-L1 preadipocytes. Then the cells were imaged as described in
Fig. 3e. g Quantification of the EGFP signal of human HSL and its variants on lipid
droplets in 3T3-L1 preadipocytes (a total of 15 cells were analyzed from three
independent measurements). The data in a, d, and f, each are the results of a
representative experiment out of three independent experiments. The data in

b, e, and g represent the mean + SD of three independent measurements. The data
inb, e, and g were analyzed using the unpaired ¢-test in Prism to calculate the two-
tailed P-values. Source data are provided as a Source Data_Fig. 7 file.

binding ability similar to that of the S552A/S554A/S649A/S650A
quadruple mutant in the flotation assay (Supplementary Fig. 6b, c). We
also evaluated the effect of phosphorylation on the LD-binding ability
of HSL using purified dephosphorylated and phosphorylated HSL
(Supplementary Fig. 7a, b), and found that phosphorylation had little
effect on the ALD-binding ability of human HSL (Supplementary
Fig. 7c-e).

We have identified that both the H-motif and the N-terminal 4-
helix bundle are essential for the LD-binding ability of HSL. Deletion or
mutation of either region can disrupt the colocalization of HSL with
LDs (Figs. 5 & 7). To test whether LD-binding plays a role in the reg-
ulation of HSL by phosphorylation, we transiently expressed EGFP-
fused wild-type HSL and its variants in 3T3-L1 preadipocytes and
treated the cells with forskolin. Firstly, we confirmed that regardless of
forskolin treatment, the HSL(FL, 3A) and HSL(FL, S5A) mutants could
not accumulate on LDs (Fig. 8a, b). Similar results were observed when
we fused mBaojin*’, a bright and stable monomeric GFP derived from
StayGold, to the C-termini of wild-type HSL, HSL(A489-538), and
HSL(FL, 3A) (Supplementary Fig. 8). We also checked the effect of
forskolin-induced phosphorylation on the subcellular localization of
HSL in HEK 293T and Huh-7 cells, and the results are similar to these in
3T3-L1 preadipocytes (Supplementary Figs. 9 and 10). Secondly, we
found that both HSL(FL, 3A) and HSL(FL, 5A) had similar phosphor-
ylation levels as the wild-type HSL when transiently expressed in 3T3-L1
preadipocytes, and their phosphorylation levels were increased upon
forskolin treatment (Fig. 8c). These results suggest that the LD-binding
motifs are necessary for the binding of HSL to LDs but not for the
phosphorylation of HSL in 3T3-L1 preadipocytes.

We also checked the effect of phosphorylation on the enzymatic
activity of HSL using in vitro assays. We have shown that deletion of the
regulatory domain decreased the activity of HSL to hydrolyze the
EnzChek lipase substrate (Fig. 3d) but not the pNPB substrate (Fig. 3c).
In consistent with this finding, deletion of the H-motif, or mutation of
F519/W526/F530 to alanine or valine, affected the enzymatic activity of
HSL in a similar way (Supplementary Fig. 7f, g). But phosphorylation
showed minimal effect on the activity of HSL to hydrolyze the EnzChek
lipase substrate (Supplementary Fig. 7h, i) or DAG (1,2 Dioleoyl-rac-
glycerol), a natural substrate of HSL (Supplementary Fig. 7j, k). These
findings indicate that phosphorylation has minimal effect on the
enzymatic activity of purified HSL.

H-motif and phosphorylation independently influence the LD
binding of HSL in 3T3-L1 adipocytes

The results from the 3T3-L1 preadipocytes assay are consistent with
those from the ALD-binding assay. However, the LDs in 3T3-L1 pre-
adipocytes lack certain components, such as PLIN1, compared to 3T3-
L1 adipocytes®®. Therefore, we next examined the roles of the H-motif
and phosphorylation in regulating the LD-binding ability of HSL in 3T3-
L1 adipocytes (Fig. 9).

Firstly, we found that the colocalization of HSL(FL, WT) with LDs
was enhanced upon forskolin treatment (Fig. 9a, top; Fig. 9b); such an
enhancement was observed even when the H-motif was deleted
(Fig. 9a, middle; Fig. 9b) but was absent when three phosphorylation
sites (5552/S649/S650) in HSL were mutated to alanine (Fig. 9a,

bottom; Fig. 9b). Western blot analysis confirmed increased phos-
phorylation levels of both HSL(FL, WT) and the H-motif deleted mutant
following forskolin treatment (Fig. 9c). These observations suggest
that in 3T3-L1 adipocytes, PKA-catalyzed phosphorylation of HSL
promotes its localization to LDs, independent of the H-motif.

Secondly, we found that deletion of the H-motif significantly
reduced the colocalization of HSL with LDs, regardless of forskolin
treatment (Fig. 9a, b). Moreover, the H-motif deletion did not affect
forskolin-induced phosphorylation of HSL at S650 (Fig. 9c). These
results indicate that the H-motif facilitates HSL localization to LDs in a
phosphorylation-independent manner and does not influence PKA-
catalyzed phosphorylation of HSL.

To understand the differences between the results from 3T3-L1
preadipocytes and those from 3T3-L1 adipocytes, we focused on
PLIN1. We confirmed that the mRNA level of PLIN1 was very low in
3T3-L1 preadipocytes but significantly increased upon differentia-
tion of 3T3-L1 preadipocytes into 3T3-L1 adipocytes (Supplemen-
tary Fig. 11a). Previous studies have reported that PLIN1 is a scaffold
protein on LDs and can recruit HSL to LDs?, and this recruitment is
regulated by PKA-catalyzed phosphorylation of PLIN1?>. We exam-
ined the effect of PLIN1 on the LD-binding ability of HSL using the
in vitro floatation assay. Unexpectedly, we found that PLIN1, in both
its unphosphorylated and phosphorylated states, decreased the
ALD-binding ability of purified HSL (Supplementary Fig. 11 b-i).
These findings suggest that PLINI, at least by itself, cannot explain
the phosphorylation-dependent localization of HSL to LDs in 3T3-L1
adipocytes.

Discussion

We have identified the H-motif and the N-terminal 4-helix bundle of
HSL as two LD-binding motifs of HSL, providing evidence that HSL can
directly bind to LDs in the absence of the LD scaffold protein PLINI and
elucidating the molecular mechanism for the LD binding of HSL.
Though the possibility that HSL may be recruited to LDs through
interactions with other LD-bound proteins cannot be excluded, our
findings reveal that direct binding, mediated by the LD-binding motifs,
is essential for the localization of HSL to LDs and may explain the LD
binding of HSL in its basal state.

We have demonstrated that in 3T3-L1 preadipocytes, the binding
of HSL to LDs is predominantly attributed to interactions mediated by
the LD-binding motifs and is not affected by PKA-catalyzed phos-
phorylation (Fig. 8). In contrast, in 3T3-L1 adipocytes, PKA-catalyzed
phosphorylation enhances HSL localization to LDs independently of
the H-motif-mediated LD binding. The results in 3T3-L1 adipocytes are
consistent with previous studies showing that phosphorylation of HSL
by PKA induced the translocation of HSL from the cytosol to LDs"™.
However, the H-motif remains essential for the localization of HSL to
LDs in 3T3-L1 adipocytes, as its deletion significantly decreases the
colocalization of HSL with LDs, regardless of PKA-catalyzed phos-
phorylation (Fig. 9). Taken together, these findings suggest that in 3T3-
L1 adipocytes, HSL localizes to LDs through two distinct mechanisms:
one dependent on PKA-catalyzed phosphorylation and the other
mediated by the LD-binding motifs, which operates independently of
PKA-catalyzed phosphorylation.
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Fig. 8 | LD-binding and phosphorylation of HSL are independent processes in
3T3-L1 preadipocytes. a Subcellular localization of human HSL and its variants in
3T3-L1 preadipocytes. The cells were treated with 1 mM IBMX (a PDE inhibitor) and
10 uM forskolin or the same volume of DMSO control. Wild-type HSL, HSL(FL, 3A),
and HSL(FL, 5A), each with an EGFP fused to its C-terminus, were transiently

expressed in 3T3-L1 preadipocytes. The cells were imaged as described in Fig. 3e.
b Quantification of the EGFP signal of human HSL and its variants on lipid droplets
in 3T3-L1 preadipocytes (a total of 15 cells were analyzed from three independent

P <0.0001
P=0.05

e - Forskolin
e + Forskolin

60

LD-targeted Protein (%)

Cc K R K R R R
S £ K K
E L ELELL
& T & g
N N N N N N
e»”g %Vg 9”8 %Vg %Vg %Vg
FEEEEE
X
Forskolin - - - + + + Wypa
ant-EGFP A ———— %
N o3
anti-HSL p_— 130
-pS650 e 03
anti-HSL s S— 30
-pS554 93
opadiies=
53
anti-B-actin

W - |

Lane 1 2 3 4 5 6

measurements). ¢ Upon treatment with forskolin or DMSO, the protein expression
and phosphorylation levels of human HSL and its variants in 3T3-L1 preadipocytes
were analyzed using Western blot. The data in a and c, are the results of a repre-
sentative experiment out of three independent experiments. The data in

b represent the mean + SD of three independent measurements. The data in b were
analyzed using the unpaired ¢-test in Prism to calculate the two-tailed P-values.
Source data are provided as a Source Data_Fig. 8 file.

We have demonstrated that phosphorylation had minimal effects
on the enzymatic activity of purified HSL and on the LD-binding ability
of both purified HSL and HSL expressed in 3T3-L1 preadipocytes
(Supplementary Figs. 6-10). These findings suggest that the observed
enhancement of HSL localization to LDs in 3T3-L1 adipocytes, induced
by forskolin treatment, may not be a direct effect of PKA-catalyzed HSL
phosphorylation. Other factors present in 3T3-L1 adipocytes but not in
3T3-L1 preadipocytes may be involved in this enhancement. PLIN1L
appears to be such a factor, given that previous studies have reported
that phosphorylated PLINI can recruit HSL to LDs***. However, our
in vitro data showed that both unphosphorylated and phosphorylated
PLIN1 negatively affect the LD-binding ability of purified HSL

(Supplementary Fig. 11 b-i). Thus, we propose that additional factors
beyond PLIN1 are likely involved and remain to be identified.

Two types of motifs have been identified to directly associate with
LDs in previous studies®. One is amphipathic a helices, which undergo
conformational changes from a disordered structure to an amphi-
pathic a helix upon association with the membrane'®*?, These
amphipathic o-helices align parallel to the membrane surface when
they associate with it***%. The other is hydrophobic regions, usually
hydrophobic hairpins, that insert into the membrane®*. The H-motif
identified in our study is predicted by AlphaFold2 to form two short
helices connected by two arginine residues (Fig. 6). A recent study
reported that a hairpin structure adopts a shallow open-V shape
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imaged as described in Fig. 3e. b Quantification of the EGFP signal of human HSL
and its variants on lipid droplets in 3T3-L1 adipocytes (a total of 15 cells were
analyzed from three independent measurements). ¢ Upon treatment with forskolin
or DMSO, the protein expression and phosphorylation levels of human HSL and its
variants in 3T3-L1 adipocytes were analyzed using Western blot. The data in a and
¢, are the results of a representative experiment out of three independent experi-
ments. The data in b represent the mean + SD of three independent measurements.
The data in b were analyzed using the unpaired t-test in Prism to calculate the two-
tailed P-values. Source data are provided as a Source Data_Fig. 9 file.

conformation when it associates with the phospholipid monolayer of
LDs*. We speculate that the H-motif may be associated with LDs
through a mechanism similar to that of hydrophobic hairpins.
Regarding the N-terminal 4-helix bundle of HSL, the other LD-binding
motif identified in our study, it may be classified into hydrophobic
regions and may interact with LDs through one end of the 4-helix
bundle structure, which contains an amphipathic loop (residues 97 to
103: RRSIFFR) (Figs. 4 & 7). Further studies to figure out the coordi-
nation between the H-motif and the N-terminal 4-helix bundle when
they bind to LDs, as well as the effects of the LD-binding on the overall
structure of HSL, are important for understanding the functional
mechanism of HSL.

Previous studies suggest that HSL can form homodimers®*>,
Shen et al. reported that the HSL from rat adipose tissue formed
homodimers, and the enzymatic activity of dimeric HSL was about 40-
fold higher than that of monomeric HSL**. Krintel et al. reported that all
three isoforms of HSL recombinantly expressed in insect cells mainly
formed head-to-head homodimers in the negative stain electron
microscopy (EM) images™. In our study, we have determined the cryo-
EM structure of human HSL, in which HSL forms a homodimer, but the

dimers are assembled by two HSL protomers through head-to-tail
interactions (Fig. 2b—d). The CD1 subdomain of HSL, which is less
conserved in bacterial homologs of human HSL, is located at the center
of the HSL homodimer (Fig. 2b, d). Structural alignment suggests that
the CD1 subdomain may interact with the acyl chains of its natural
substrates, DAGs (Fig. 2e). However, the formation of the homodimer
seems to block access to the catalytic residue S424 of HSL (Fig. 2e). In
addition, the key residues in the 4-helix bundle, which mediate the LD-
binding of HSL, are buried by the dimer interface, indicating that the
dimer may dissociate upon binding to LDs. One possibility is that the
observed homodimer in the cryo-EM structure represents an inactive
state of HSL, and binding of HSL to LDs may dissociate the homodimer,
thereby activating HSL. Further studies are required to test this
hypothesis.

Methods

Genes and cloning

The cDNA of the human testis HSL (LIPE, 1076 aa, accession number in
PubMed: NP_005348.2) and human PLIN1 (NM_002666) were pur-
chased from YouBio. The HSL in our study refers to the adipocyte
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isoform of human HSL (UniProt: Q05469-2), which contains only
residues 302-1076 of the testis isoform. For protein expression and
purification, the gene encoding adipocyte HSL and the gene encoding
PLINI with a C-terminal FLAG tag were cloned into a pCAGGS vector.
The regulatory domain (residues 489-659) of human HSL and its var-
iants were each cloned into a modified pET15d vector. The expressed
constructs each have an N-terminal maltose-binding protein (MBP) tag
followed by a DrICE cleavage site. For cell assays, the gene encoding
adipocyte HSL with an N-terminal FLAG tag and a C-terminal EGFP was
cloned into a pcDNA3.1 vector. Site-directed mutagenesis was per-
formed to generate the expression constructs of HSL variants.

Expression and purification of human HSL, HSL variants,

and PLIN1

The plasmid of Human HSL in the pCAGGS vector was transfected in
Expi293F cells (Invitrogen). Cells were cultured in SMM 293-TI
Expression Medium (Sino Biological) at 37 °C with 5% CO, to a den-
sity of 2x10° cells per mL. For 0.8 L cell culture, 1.5 mg of HSL(FL)
plasmid was pre-mixed and transfected with 3mg of poly-
ethylenimines (PEIs, Polysciences). The transfected cells were cultured
for 58 h, then harvested by centrifugation at 3000 x g for 10 min and
resuspended in a lysis buffer (25 mM Tris-HCI pH 8.0, 150 mM NacCl, 5%
Glycerol, 5mM ATP, 5mM MgCl,) supplemented with a protease
inhibitor cocktail (1.3 pg/mL aprotinin, 5pg/mL leupeptin, 1pg/mL
pepstatin). The cells were lysed by incubating with 1.0% n-Dodecyl-B-D-
Maltopyranoside (DDM) at 4 °C for 1 h. The cell lysate was centrifuged
at 20,000 x g for 1h at 4 °C, then the supernatant was collected and
incubated with anti-FLAG tag affinity resin (GenScript. Inc. Cat. No.:
L00432-25) at 4°C for 2h. After washing the beads with buffer A
(25 mM Tris-HCI pH 8.0, 150 mM NaCl, 5% Glycerol, 0.02% DDM), and
buffer B (25 mM Tris-HCI pH 8.0, 150 mM NacCl, 5% Glycerol, 0.02%
DDM, 5mM ATP, 5mM MgCl,), the target protein was eluted using
buffer A plus 0.4 mg/mL FLAG peptide (EveryLab, Cat No:PF01-50).
The eluate was concentrated and further purified by gel filtration
(Superdex 200 increase, 10/30, GE Healthcare) with a running buffer
containing 25 mM Tris-HCI pH 8.0, 150 mM NaCl, and 0.01% GDN. The
peak fractions were collected and used for cryo-EM sample prepara-
tion and biochemical assays. The PLIN1 and the HSL variants each have
a C-terminal FLAG tag and were expressed and purified following the
same protocol, except that the eluate of PLIN1 was concentrated and
purified by gel filtration (Superdex 200 increase, 10/30, GE Healthcare)
with a running buffer containing 25 mM Tris-HCI pH 8.0, 150 mM NacCl,
0.02% DDM, and 0.002% cholesteryl hemisuccinate Tris salt (CHS,
Anatrace).

Expression and purification of MBP and MBP fusion proteins

The plasmids of MBP and MBP fusion proteins in the modified pET15d
vector were transformed into BL21(DE3) cells. The transformed cells
were grown in LB medium supplemented with 100 pg/mL ampicillin at
37 °C until ODggg reached 0.8-1.0, and then cooled to 18 °C followed
by the addition of 0.5 mM f-p-thiogalactopyranoside (IPTG). The cells
were cultured at 18 °C for additional 15 h, and then harvested by cen-
trifugation at 4000 x g for 10 min and resuspended in a lysis buffer
(25 mM Tris-HCI pH 8.0, 150 mM NaCl, 5% Glycerol, 1mM DTT). After
adding the protease inhibitor PMSF (1 mM), the cells were immediately
disrupted by ultrasonication. The cell lysate was incubated with 1%
DDM for 1h, and then centrifuged at 20,000 x g for 1h at 4 °C. The
supernatant was incubated with MBP Resin (Dextrin Beads, Smart-
Lifescience, Cat. No.: SA077025) at 4 °C for 2h, then the resin was
washed with a wash buffer (25 mM Tris-HCI pH 8.0, 150 mM NaCl, 5%
Glycerol, 1mM EDTA, 1 mM DTT, 0.02% DDM). The protein was eluted
from the resin with an elution buffer B (25 mM Tris-HCI pH 8.0, 150 mM
NaCl, 5% Glycerol, 1mM EDTA, 1mM DTT, 0.02% DDM, 10 mM mal-
tose). The eluate was concentrated and further purified by gel filtration
(Superdex 200 increase, 10/30, GE Healthcare) with a running buffer

containing 25 mM Tris-HCI pH 8.0, 150 mM NaCl, and 0.01% GDN. The
peak fractions were pooled and concentrated and then used for
flotation assay.

Hydrogen deuterium exchange mass spectrometry

80 uL of purified HSL (17.8 uM in 25 mM Tris-HCI pH 8.0, 150 mM
NaCl) was incubated for 1h at room temperature with 40 uL of
ALDs (ODgoo=21.98) in an assay buffer (25mM HEPES pH7.4,
150 mM NaCl) or with 40 pL of the assay buffer without ALDs. The
HDX reactions were initiated by adding 34 pL of labeling buffer
(25 mM HEPES, 150 mM NaCl in D,0, pD=7.4) to 6 pL of the HSL
sample, giving a final concentration of 85% D,0. The exchange
reaction was carried out for 0, 5, 30, and 600 s (each time point
was carried out in triplicate). The reaction was quenched by
adding 40 uL of quench buffer (0.7 M guanidine-HCI, 1.05% For-
mic acid) on ice. Then 65 pL of each sample was rapidly injected
into a M-class UPLC system with HDX manager (Waters) and run
over an Enzymate BEH Pepsin column (Waters, 2.1 x 30 mm, 5 um)
at 15°C with a flowrate of 100 pL/min for 4 min. The digested
peptic peptides were trapped into a VanGuard precolumn
(Waters, 2.1 x 5mm, 1.7 um) and subsequently separated by an in-
line Acquity BEH C18 UPLC column (Waters, 1.0 x100 mm,
1.7 pm). The mobile phases were 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B). The gradient of mobile phase
B was increased from 2% to 35% in 6 min, with a flow rate of 50 pL/
min. It was then held at 35% for 1 min and further increased to 85%
in 0.5min. After being held at 85% for 1 min, the gradient was
decreased to 2% in 0.5min and maintained for the post-
equilibration. Mass spectra were acquired on a Synapt XS mass
spectrometer (Waters) using an electrospray ionization source
operated at 80 °C and a spray voltage of 3.0 kV. The mass range
was from 50 to 2000 m/z. The MSF method was used for peptide
fragmentation and mapping (Low trap collision energy of 4 V and
High ramp trap collision energy of 20-45V).

According to the guidelines®®, the summary of the HDX-MS
experiment details was presented in Supplementary Table 2. The
peptide mapping was performed using ProteinLynX Global Server
3.03 software from Waters, with the processing parameters detailed in
Supplementary Table 3. Then, the peptides were filtered upon
importing into DynamX with these parameters: the Minimum intensity
is 1481; the Minimum and Maximum sequence lengths are 3 and O,
respectively; the Minimum products is 2; the Minimum products per
amino acid is 0.11; the consecutive products is 1; the Minimum sum
intensity for products is 472; the Minimum score is 6.62; the Maximum
MH+ error(ppm) is 10; the Replication-File threshold is 3. Next, the
deuterium incorporation of each peptic peptide was automatically
annotated using the DynamX. All peptides were manually inspected for
correct charge state, correct retention time, and appropriate selection
of isotopic distribution. The fully denatured HSL protein served as the
maximally labeled control, with an average back-exchange degree of
29.87%. The deuterium incorporation ratios of the ALD-free HSL
sample were subtracted from those of the ALD-bound sample to cal-
culate the changes in deuterium incorporation ratios upon LD binding.
These changes were mapped onto the structure of full-length HSL
predicted by AlphaFold2. Following a protocol described*®, differences
in exchange in a peptide were considered significant if they met all
three of the following criteria: > 5% change in exchange, > 0.4 Da mass
difference in exchange, and a P-value < 0.01 using a two-tailed Stu-
dent’s t-test.

Measurement of the HSL activity using the EnzChek lipase
substrate

The assay was done by following the protocol in a previous study with
slight changes®’. Specifically, the EnzChek lipase substrate (Invitrogen,
REF E33955) was prepared as a 100 uM stock in DMSO. The stock was
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diluted to 0.75 uM using a reaction buffer containing 25 mM HEPES pH
7.4, 150 mM NaCl, and 1.5% fatty acid-free BSA (GOLDBIO, CAS: 9048-
46-8). 20 uL of the diluted EnzChek lipase substrate was mixed with
5pL of HSL (100 nM) in 25 mM Tris-HCI pH 8.0, 150 mM NaCl, and
0.01% GDN in a black 384-well plate (Corning, REF 3575) at 37 °C. The
fluorescence signals were immediately monitored in a microplate
reader (Spark) with an excitation wavelength of 482 nm and an emis-
sion wavelength of 515 nm. The fluorescence signals increased linearly,
at least within 300s. The signals were then converted to the con-
centration of BODIPY-CI2 (Invitrogen, Cat. No.: D3823), which is a
product of the EnzChek lipase substrate hydrolysis reaction, and then
the slope of the curve from 0 to 200 s was calculated to measure the
catalytic activity of HSL.

Measurement of the HSL activity using pNPB

The pNPB assay was done by following the protocol in a previous
study?. Specifically, the p-nitrophenyl butyrate (Bide Pharmatech Co.,
Ltd., CAS: 2635-84-9) was prepared as a 200 mM stock in acetonitrile
and diluted to 1.25mM using a reaction buffer containing 25mM
HEPES pH 7.4 and 150 mM NaCl. 20 L of the diluted pNPB was mixed
with 5 uL of HSL (100 nM) in 25 mM Tris-HCI pH 8.0, 150 mM Nacl, and
0.01% GDN in a transparent 384-well plate (Corning, REF 3640) at
37°C. The absorbance at 380 nm was immediately monitored in a
microplate reader (Spark). The K, and k., were calculated using the
Michaelis-Menten equation with GraphPad Software (GraphPad
Inc., USA).

Measurement of the HSL activity using native substrate DAG
Native substrate DAG (1,2 Dioleoyl-rac-glycerol) (Sigma, Cat. No.:
D8394) was used to measure the enzymatic activities of HSL and
HSL(A489-538) in their unphosphorylated and phosphorylated states.
DAG was prepared as a 1mM stock in DMSO and diluted to 100 pM
using a reaction buffer containing 25 mM HEPES pH 7.4, 150 mM Nadl,
1.5% BSA. 15 pL of the diluted DAG substrate was incubated with 15 pL
of different phosphorylation states’ HSL or HSL(A489-538) (74 nM) at
room temperature. The enzymatic reactions were stopped by adding
5L of isopropyl alcohol containing 10% formic acid. Subsequently,
60 pL of methanol, 210 uL of MTBE, and 60 pL of ultrapure water were
added, and the mixture was vortexed for 30 s and then centrifuged for
10 min at 20,000 x g. Then, 150 uL of the supernatant was transferred
to a fresh 1.5 mL microtube, and the organic solvent in the tube was
slowly evaporated under nitrogen. The samples were then redissolved
in the buffer containing 65% isopropyl alcohol, 30% acetonitrile, and
5% water. 50 pL of redissolved samples were added to a 384-well plate,
and the plate was transferred to the Acoustic Ejection Mass Spectro-
metry (SCIEX, EchoTM MS) device for MS analysis. The amount of the
released free fatty acid in each reaction was calculated according to the
standard curve using oleic acid (aladdin, CAS: 112-80-1).

Cryo-EM sample preparation and data acquisition

4 plL of the purified HSL protein (1.14 mg/mL in 25 mM Tris-HCI pH 8.0,
150 mM Nacl, and 0.01% GDN) was incubated with HSL-IN-1 (100 uM)
at 4°C for 2h. The sample was then applied onto a freshly glow-
discharged holey carbon grid (Quantifoil, Au 300 mesh, R1.2/1.3),
blotted for 4 s, and rapidly plunged into liquid ethane using Vitrobot
Mark IV operating at 8 °C and 100% humidity. Movies were recorded
on a Titan Krios at 300 kV equipped with a Gatan K3 Summit direct
electron detector and GIF Quantum energy filter (slit width 20 eV,
Gatan) in super-resolution mode.

Structure determination and model building

All structure determination procedures were performed in
cryoSPARC®, A workflow chart is available in Supplementary Fig. 1. In
summary, 15,292 micrographs went through patch-based CTF esti-
mation and iterative particle auto-picking, yielding 21,915,892

particles, which were subjected to multiple rounds of 2D classifica-
tions, resulting in 429,837 selected particles. Among them, the “laid-
down” views (the first three classes in the representative 2D images of
the workflow chart) were found to dominate. Therefore, to generate a
reliable initial model, these particles underwent 2D class rebalancing,
resulting in 157,244 particles with evenly distributed views. Subse-
quently, these particles were subjected to a round of ab-initio recon-
struction (number of classes=2, maximum resolution=5A) with
C1 symmetry applied, where 25,625 particles (16.3%) produced an
initial map with a monomeric shape and 131,619 particles (83.7%)
produced an initial map with a dimeric shape. Next, these particles
were applied for non-uniform refinement, generating a monomeric
shape map at a resolution of 6.8A and a dimeric shape map at a
resolution of 3.7 A with C2 symmetry applied. To further enhance the
resolution to a level where side chain densities are more discernible,
seed-facilitated 3D classifications® were applied to the initial auto-
picked 21,915,892 particles, using the 3.7 A map as the good reference
and four bad references generated by refining noise to high fre-
quencies with a reversed protein mask. The seed-facilitated 3D classi-
fications were performed sequentially under four-fold, two-fold, and
one-fold binnings, progressively sieving particles from 5,509,131 to
3,110,919, and finally to 384,309. Ultimately, the 384,309 particles were
used for non-uniform refinement, resulting in a map with a final
resolution of 3.4 A with C2 symmetry applied.

The HSL homodimer was manually built using Coot®®. Two copies
of the AlphaFold2 prediction”” of the human HSL monomer were
manually fitted into the density map to serve as the starting model. The
model was then manually adjusted, using aromatic residues as land-
marks due to their clear visibility in the cryo-EM map. Each residue was
carefully inspected, with their chemical properties considered during
modeling. In total, 1150 amino acid residues were modeled. The model
was subsequently refined in Phenix®, employing with secondary
structure and geometry restraints to prevent overfitting. Statistics
related to data collection, 3D reconstruction, and model refinement
can be found in Supplementary Table 1. All figures in this article related
to HSL structure were generated using PyMOL®’, Chimera®, and
ChimeraX®*.

Preparation of artificial lipid droplets (ALDs)

The artificial lipid droplets (ALDs) were prepared following a protocol
described previously with slight modifications®. Specifically, the 1,2
dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti, CAS: 4235-95-4)
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, Avanti,
CAS: 4004-05-1) were dissolved in chloroform. Then the chloroform
was evaporated under a nitrogen gas stream. 2 mg of the dried lipids
(100% DOPC, or 75%DOPC + 25%DOPE) were resuspended in the lipid
droplet buffer (25 mM HEPES pH 7.4, 150 mM NaCl) and then mixed
with 5mg of glyceryl trioleate (Sigma, T7140, CAS: 122-32-7). The
mixture was vortexed for 60 cycles of 10s on and 10 s off. The con-
centration of ALDs was determined by absorbance at 600 nm.

Flotation assay

The flotation assay was done by following a protocol described
previously®. Specifically, 15 pg or 30 pg of each protein was incubated
at room temperature for 1 h with ALDs (ODgoo = 2) in 210 L of an assay
buffer containing 25 mM HEPES pH 7.4 and 150 mM NaCl. Then 140 pL
of 75% sucrose in the assay buffer was added to give a final sucrose
concentration of 30%. To prepare the sucrose density gradient, firstly,
60 uL of the assay buffer was added to the bottom of a new 1.5mL
microtube; secondly, 260 uL of 25% sucrose in the assay buffer was
carefully loaded at the bottom of the tube using the pipette; thirdly,
320 L of the protein-ALDs mixture in 30% sucrose solution was loaded
at the bottom of the tube. The tube was centrifugated at 21,100 x g for
99 min at 23 °C. After centrifugation, three fractions (bottom: 280 uL;
middle: 260 pL; top: 100 uL) were collected from the bottom to top.
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The same volume of each fraction was then analyzed by SDS-PAGE
followed by Coomassie blue staining. The intensities of the protein
bands on the SDS-PAGE gels were quantified by ImageJ. The binding
ratio of each protein with ALDs was calculated using the following
equation:

Binding ratio (%) = Dy x 100/(D; x100 + Dy, x 260 + Dy x 280) x 100%

in which D1, Dy, and Dg represent the intensities of HSL from the
top (100 pL), middle (260 puL), and bottom (280 uL) fractions on the
SDS-PAGE gels, respectively.

Generation of stably transduced Huh-7 cells

To generate the lentivirus, 10 mL of the HEK293T cells (3 x 10° cells/mL)
were plated in a 10-cm dish. Once the cells were grown to 60% con-
fluency, they were transfected with 9 ug of pCDH (Addgene plasmid #
72265), 5 pg of pMDL, 3 ug of VSVG and 2 pg of REV plasmids using 38 ug
of linear polyethylenimine 25,000 (Polysciences, Cat. No.: 23966). The
medium was exchanged 8 h after transfection. The cells were cultured
for 48 h after transfection, then the supernatant was harvested and fil-
tered through a 0.22 um syringe filter. The filtrate containing the virus
was used immediately or stored at —-80 °C.

To generate Huh-7 cells stably expressing EGFP or EGFP fusion
proteins, Huh-7 cells seeded on 6-well plates (Corning, Cat. No.: 3516)
at 40-60% confluency were infected with a mixture of 1 mL/well of
DMEM medium supplemented with 10% FBS and 16 pg of polybrene
(Merck, Cat. No.: TR-1003-G) and 1 mL/well of the virus. After 24 h, the
medium was replaced with fresh DMEM medium supplemented
with 10% (v/v) fetal bovine serum (FBS) (Cellmax, SA211.02) and 1%
penicillin/streptomycin (P/S) (Cytiva, SV30010). 48 h after infection,
the medium was replaced with DMEM medium supplemented with 10%
FBS, 1% P/S, and 2 ug/mL puromycin (invivogen, Cat. No.: ant-pr). The
cells were maintained under puromycin selection for 7 days to get the
stably transfected Huh-7 cells, passaging as required.

Cell imaging assay

3T3-L1 preadipocytes (ATCC Number: CL_173), HEK293T (ATCC, Cat.
No.: CRL-3216), and Huh-7 (Cat. No.: TCHu182) were cultured in the
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, C11995500BT)
supplemented with 10% (v/v) FBS and 1% P/S at 37 °C with 5% CO,.
Then the cells were seeded to six-well glass bottom plates (NEST,
801004). After 24 h, the confluency reached around 80%. Then the
cells were transfected with the plasmids of human HSL and its variants
in pcDNA3.1 vector using Lipo3000 (Invitrogen, L3000008). 11 h after
transfection, the medium was replaced with fresh DMEM medium
supplemented with 10% (v/v) FBS , 1% P/S , and 200 uM of oleic acid
(aladdin, CAS: 112-80-1) conjugated to fatty acid-free BSA (GOLDBIO,
CAS: 9048-46-8) (oleic acid:BSA = 6:1, molar ratio)®. The cells were
cultured for additional 15 h to enable the formation of lipid droplets.
Then the cells were fixed by treating the cells with 4% paraformalde-
hyde (Beyotime, PO099) for 30 min at room temperature. After fixa-
tion, the fixed cells were gently washed with PBS buffer for 3 times to
remove residual formaldehyde. Then the neutral lipids in the fixed cells
were stained with LipidTOX Deep Red (Invitrogen, HCS LipidTOX™,
H34477) at room temperature for at least 30 min before imaging. The
cells were imaged with 63x oil objectives on a ZEISS LSM 980 in the
Airyscan super-resolution mode. The images were processed using the
ZEISS ZEN lite software.

For stably transfected Huh-7 cells, the cells at 60% confluency
were treated with oleic acid (200 uM) for 15 h to facilitate the forma-
tion of lipid droplets. The cells were then fixed with 4% paraf-
ormaldehyde and imaged following the protocol detailed above.

To study the effect of PKA activation on HSL localization and
phosphorylation, after treating the cells for 15 h with oleic acid con-
jugated to fatty acid-free BSA, the cells were cultured in DMEM

medium supplemented with 2% fatty acid-free BSA for 1h. Then the
culture medium was replaced by fresh DMEM medium supplemented
with 2% fatty acid-free BSA, 1mM IBMX, and 10 uM forskolin (or the
same volume of DMSO), and the cells were cultured for 2 h at 37 °C.
The cells were then fixed with 4% paraformaldehyde and imaged fol-
lowing the protocol detailed above.

Induced differentiation of 3T3-L1 adipocytes

To generate 3T3-L1 preadipocytes stably expressing EGFP fusion pro-
teins, 3T3-L1 preadipocytes seeded on 6-well plates (Corning, Cat. No.:
3516) at 40-60% confluency were infected with a mixture of 1 mL/well
of DMEM medium supplemented with 10% FBS and 16 pg of polybrene
(Merck, Cat. No.: TR-1003-G) and 1 mL/well of the lentivirus as men-
tioned before. After 24 h, the medium was replaced with fresh DMEM
medium supplemented with 10% FBS and 1% P/S. After 48 h of infec-
tion, the medium was replaced with DMEM medium supplemented
with 10% FBS, 1% P/S. Three rounds of lentivirus infections were carried
out with HSL-EGFP fusion constructs, passaging as required. The cells
were maintained under puromycin selection for 2 rounds to get the
stably transfected 3T3-L1 preadipocytes.

The differentiation of 3T3-L1 adipocyte was followed by Abcam’s
protocol originally adapted from a prior report®. Briefly, the stably
transfected 3T3-L1 preadipocytes were seeded on six-well plates and in
DMEM medium until 70% confluency. 2 days later, the medium was
replaced with DMEM supplemented with 10% FBS, 1% P/S, 1uM dex-
amethasone (Beyotime, Cat. No.: ST1258), 0.5 mM IBMX (Beyotime,
Cat. No.: ST1398), and 10 pg/mL insulin (Beyotime, Cat. No.: P3376).
After 2 days, cells were maintained in DMEM medium containing 10%
FBS, 1% P/S, 10 pg/mL insulin for 2 days, then in DMEM medium con-
taining 10% FBS, 1% P/S, without insulin for an additional 3-4 days
before use. To study the effect of PKA activation on HSL localization
and phosphorylation, the cells were cultured in DMEM medium sup-
plemented with 2% fatty acid-free BSA, 1 mM IBMX, and 10 uM forskolin
(or the same volume of DMSO0), and the cells were cultured for 2 h at
37 °C. The cells were then measured for the phosphorylation level by
Western blot or fixed with 4% paraformaldehyde and imaged with 63x
oil objectives on a ZEISS LSM 980 confocal microscope.

Reverse transcription and qPCR analysis
The total RNA of 3T3-L1 preadipocytes, 3T3-L1 preadipocytes treated
with OA, and 3T3-L1 adipocytes was extracted with TRIzol reagent
(Invitrogen). 1 pg of the total RNA was reversely transcribed into cDNA
using HiScript Il 1st Strand cDNA Synthesis Kit (Vazyme). The cDNA
was then used as the template for qPCR analysis using Hieff qPCR SYBR
Green Master Mix (YEASEN) on the CFX Connect Real-Time PCR
Detection System (Bio-Rad). The mRNA expression levels were nor-
malized to (-actin. The qPCR primers used in this study are listed as
follows:

PLINI:

Forward sequence (5-3"): GGGACCTGTGAGTGCTTCC

Reverse sequence (5'-3'): GTATTGAAGAGCCGGGATCTTTT

B-actin:

Forward sequence (5-3’): GGCTGTATTCCCCTCCATCG

Reverse sequence (5'-3"): CCAGTTGGTAACAATGCCATGT

Image quantification and statistics

The LD-targeted signal was calculated and analyzed following a
protocol described previously®’. Specifically, ImageJ software was
used to analyze all the images®®. To determine the LD area in the cell,
Otsu thresholding was applied to the LipidTOX channel, and the
resulting area was measured. The image was background-corrected,
and the mean EGFP signal in that region was quantified. Then, the
size and the mean EGFP signal of the whole cell were measured. To
quantify the %LD-targeted signal for different HSL-EGFP constructs,
the total EGFP signal on LDs was calculated as a ratio to the total
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EGFP signal in the entire cell. The results represented the mean + SD
of three independent experiments (n=15, a total of 15 cells were
analyzed from three independent measurements) and were ana-
lyzed using the unpaired t-test in Prism to calculate the two-tailed
P-values.

Detection of the phosphorylation level of HSL that was tran-
siently expressed in cells

After the cells were treated with 1 mM IBMX, and 10 uM forskolin (or
the same volume of DMSO), they were collected and washed once
with 1x PBS and then lysed with 100 uL of RIPA buffer (Beyotime
#P0013B) supplemented with a protease inhibitor cocktail (VWR
International). The concentration of each sample was determined
by BCA assay (Thermo Fisher Scientific, Cat. No.: 23225 and Cat. No.:
23227). Equal amounts of each sample were mixed with 5x SDS
Loading buffer and boiled at 98 °C for 5min. The samples were
subjected to SDS-PAGE and then transferred to a 0.22 um poly-
vinylidene fluoride membrane. After blocking with 5% milk, the
membrane was probed with the primary antibodies, including anti-
FLAG (Sigma-Aldrich, F1804), anti-GFP (Proteintech, HRP-66002),
anti-PLIN1-pS522 (Vala Sciences, 4856), anti-HSL-pS660 (CST,
45804S), anti-HSL-pS565 (CST, 4137T), anti-GAPDH (immunoWay,
YM3029), anti-B-actin (immunoWay, YM3028), and the secondary
antibodies including goat anti-rabbit IgG horseradish peroxidase
(Sigma #AP156P) and goat anti-mouse IgG horseradish peroxidase
(Sigma #AP157P) at a dilution ratio of 1:10,000 in TBST buffer. The
chemiluminescence signal of the horseradish peroxidase was
detected using Amersham Imager 680 (Cytiva).

Phosphorylation and dephosphorylation of purified HSL

and PLIN1

Purified HSL (final concentration: 17.5 uM) was phosphorylated by
PKA (final concentration: 5.7 puM) in 1mL of a phosphorylation
buffer (25 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.01% GDN, 10 mM
DTT, 50 mM MgCl,, 10 mM ATP) for 2h at 4 °C. Then HSL in the
sample was purified by gel filtration (Superdex 200 increase, 10/30,
GE Healthcare) with a running buffer containing 25 mM Tris-HCI pH
8.0, 150 mM NaCl, and 0.01% GDN. The peak fractions were col-
lected and used for biochemical assays. Purified HSL was depho-
sphorylated by incubating HSL (final concentration: 17.5 pM) with
PPla (final concentration: 2.5 uM) in 1 mL of a dephosphorylation
buffer (25mM Tris-HCI pH 8.0, 150 mM NacCl, 0.01% GDN, 5 mM
MnCl,) for 2 h at 4 °C. Then HSL in the sample was purified by gel
filtration (Superdex 200 increase, 10/30, GE Healthcare). After
phosphorylation or dephosphorylation, the HSL samples were
analyzed by Western Blot. After phosphorylation or depho-
sphorylation, the HSL samples were analyzed by mass spectrometry
and Western blot. The phosphorylation or dephosphorylation of
purified PLIN1 was performed using the same protocol as HSL.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The cryo-EM structure of human HSL has been deposited in the Protein
Data Bank (www.rcsb.org) with the accession code 8ZVQ. The cryo-EM
map has been deposited in the Electron Microscopy Data Bank with the
accession code EMD-60512. All other data are available in the manu-
script or the supplementary materials. The crystal structure of the
carboxylesterase EST2 (PDB: 1QZ3) was used for structural analysis in
this study. Mass spectrometry proteomics data are available in PRIDE
with the dataset identifier PXD062014. Source data are provided with
this paper.
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