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ABSTRACT OF THE THESIS
Characterization of the novel H82R mutation in CGI-58 that causes Neutral Lipid Storage
Disorder in humans

By SARAH HASSANIEN

Thesis Director:

Dr. Dawn L. Brasaemle

Comparative gene identification-58 (CGI-58) interacts with and co-activates
adipose triglyceride lipase (ATGL). The H82R mutation in human CGI-58 causes a
neutral lipid storage disorder (NLSD) characterized by ichthyosis and excessive
triacylglycerol storage in many types of cells. We studied the comparable H84R mutation
in mouse CGI-58, and H84 A mutated CGI-58, to ask how CGI-58 function is impaired.
The ectopic expression of wild-type (WT) CGI-58 in human NLSD fibroblasts reduced
excessive triglyceride storage to normal levels, whereas H84R CGI-58 was ineffective.
Additionally, H84R CGI-58 failed to co-activate ATGL in an in vitro triglyceride
hydrolase assay and H84A CGI-58 was not as efficient, when compared to WT CGI-58.
Immunofluorescence microscopy revealed that H84R and H84A CGI-58 localized to
ectopic perilipin 1A on lipid droplets of cultured NIH3T3CARA fibroblasts as well as
WT CGI-58. Moreover, the addition of forskolin and isobutylmethylxanthine to the cells
triggered the dispersion of all three variants of CGI-58 from the perilipin scaffold into the
cytoplasm. A co-immunoprecipitation assay demonstrated that H84R and H84A CGI-58

bound ATGL as well as WT CGI-58. Additionally, while WT CGI-58 and ATGL can be

ii



individually recruited to lipid droplets and ATGL recruitment to lipid droplets is
increased in the presence of CGI-58, the H84R and H82R mutations do not interfere with
lipid droplet recruitment of CGI-58 with ATGL. Thus, although H84R CGI-58 shows
appropriate subcellular localization in cells expressing perilipin 1A, binds to ATGL, and
is effectively recruited to lipid droplets, it does not co-activate ATGL’s hydrolase
activity. Future experiments are needed to explore additional mechanisms for deficient

function of H84R CGI-58.
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INTRODUCTION

Obesity is a multi-faceted problem that is currently a nationwide epidemic.
According to the Centers for Disease Control and Prevention (CDC), over one third of
American adults were obese in 2011-2012 (1). Obesity is most commonly defined by a
body mass index (BMI) greater than or equal to 30 and is due to disproportionate caloric
intake, sedentary life-style or lack of exercise, and sometimes even genetics. Many health
risks are associated with obesity including type 2 diabetes mellitus, coronary heart
disease, hypertension, and other chronic diseases (2). Generally, obese people consume
more calories than they utilize, which causes an energy imbalance. These excess calories
are stored in the form of triacylglycerol (TAG) within adipose tissue. Studying the
regulation of TAG homeostasis, including lipogenesis and intracellular lipolysis, or the
breakdown of lipids, is essential to understanding factors that contribute to obesity.

Adipose tissue serves as an energy storage depot. Within adipose tissue, cells
called adipocytes are the major sites of TAG storage in the body. TAGs are composed of
three fatty acids esterified to a glycerol backbone. Adipocytes store TAG within lipid
droplets, but also release fatty acids from the hydrolysis of TAGs when energy is needed.
Lipid droplets (LDs) have a hydrophobic core containing neutral lipids, such as TAGs,
diacylglycerols (DAG), and cholesterol esters, surrounded by a phospholipid monolayer,
which also contains cholesterol (3). This phospholipid monolayer allows the LDs to exist
in the aqueous environment of the cell as well as providing a surface with which proteins
can interact (4). Specialized proteins called lipases can embed into the monolayer and

hydrolyze the lipids in the cores of LDs.



In adipocytes, lipolysis requires three enzymes for full hydrolysis of TAG:
desnutrin/adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and
monoacylglycerol lipase (MGL) (5). Hormones, specifically insulin and catecholamines,
regulate lipolysis in adipocytes. During basal conditions, or the fed state, binding of
insulin to the insulin receptor produces tyrosine phosphorylation of the receptor that
initiates a signaling cascade that activates phosphodiesterases. Phosphodiesterases
catalyze the breakdown of cyclic adenosine monophosphate (cAMP) to its inactive form,
which results in reduced activation of protein kinase A (PKA); these conditions reduce
lipolysis and promote TAG storage (6). When energy is needed by the body,
catecholamines from systemic circulation and the sympathetic nervous system bind G-
protein-coupled B-adrenergic receptors on the plasma membranes of adipocytes, leading
to the activation of adenylyl cyclase. Adenylyl cyclase catalyzes the conversion of ATP
into cAMP, subsequently promoting the activation of PKA-mediated phosphorylation
events and ultimately leading to increases in lipolysis. (7,8).

In times of energy use or deprivation and starvation, the hydrolysis of TAG
results in the release of three molecules of fatty acids and one molecule of glycerol into
circulation. Fatty acids released from the lipolysis of adipose TAG stores can be either re-
esterified into TAG and packaged into LDs or released into the bloodstream bound to
albumin, delivered to peripheral tissues, and used as substrates for energy production (9).
A defect in the process of lipid turnover can result in an accumulation of TAG, leading to
obesity and its associated health risks. Dysregulation of lipid homeostasis can also have
detrimental metabolic and phenotypic effects independent of obesity. For example,

patients with Neutral Lipid Storage Disorder (NLSD) have increased TAG storage in



cells that usually do not store much TAG, such as keratinocytes and neutrophils, yet these
individuals are not obese (10). One form of this disorder is caused by mutations in the
gene encoding Comparative Gene Identification-58 (CGI-58), a protein that co-activates
the major adipose TAG lipase, ATGL (11,12). The present work investigates an
uncharacterized mutation in CGI-58 responsible for NLSD with the purpose of gaining
understanding of the function of CGI-58 and its role in lipid homeostasis.

Perilipin 1A

In 1991, perilipin 1 (PLIN1) was discovered on LDs isolated from rat epididymal
adipocytes (13). PLINI is the first protein of the perilipin family to be identified; four
other members of the protein family were subsequently discovered, including adipophilin
or adipose differentiation-related protein (PLIN2), tail-interacting protein 47 (PLIN3),
S2-12 (PLIN4), and OXPAT (PLINS) (14—17). Expression of PLINT1 is highest in
adipocytes of white adipose tissue (WAT) and brown adipose tissue (BAT), but it is also
expressed at lower levels in steroidogenic cells; in both types of cells it is localized
exclusively to LDs (4,13,18,19).

In 2000, Brasaemle et al. showed that cells ectopically expressing PLIN1
accumulate TAG due to reduced TAG turnover (18). At the time, these researchers
hypothesized that PLIN1 shields stored TAG from lipase-mediated hydrolysis (18).
Additionally, PLIN1-null mice (PLIN *) were generated by two groups to study the
function of PLIN1 (20,21). PLIN " mice were lean, and had reduced fat mass and an
increased metabolic rate when compared to WT mice (20,21). Adipocytes isolated from
these mice showed higher levels of basal lipolysis that was most likely due to the reduced

barrier to lipolysis on LDs caused by the substitution of PLIN2 for PLIN1 on LDs (21).



These observations are consistent with the cell experiments showing that PLIN1 protects
LDs from lipolysis under basal conditions. Moreover, the protein is thought to not only
restrict the access of lipases to their substrates under basal or fed conditions, but also to
facilitate lipolysis by multiple mechanisms when energy is needed by the body (18,22).
Under lipolytically stimulated conditions, PKA phosphorylates mouse PLIN1 on at least
6 serine residues, suggesting that PLIN1 is a major regulator of lipolysis. Phosphorylation
of 3 amino-terminal serine residues in PKA sites increases lipolysis by HSL, whereas
phosphorylation of 3 carboxy-terminal serine residues in PKA sites is important for
ATGL-mediated lipolysis (23-25). In 2004, Brasaemle and co-workers hypothesized that
PLINI1 serves as a scaffold at the surfaces of LDs to coordinate the access of lipid
metabolic enzymes to LDs (26). This 2004 study and subsequent studies have revealed
that different proteins bind to the PLIN1 scaffold under basal and stimulated conditions.
Hormone-Sensitive Lipase.

HSL was the first and most studied neutral lipid lipase identified in adipocytes.
HSL is highly expressed in adipocytes of WAT and BAT, and to a lesser extent in
steroidogenic cells, pancreatic B-cells, macrophages, and heart and skeletal muscle (27—
32). HSL has been shown to hydrolyze multiple substrates in vitro, supporting the
hypothesis that it is the major TAG and DAG lipase in adipocytes (33,34). However,
DAG is likely the preferred substrate since HSL hydrolyzes DAG at a 10-fold higher rate
than either TAG or MAG in vitro (35).

HSL is regulated by hormonal stimuli and is a substrate for 5* adenosine
monophosphate-activated protein kinase (AMPK) and PKA. Under basal conditions, high

insulin levels lead to an increase in phosphodiesterase activity, which subsequently



causes a decrease in cAMP levels and PKA activity (36,37). Under these conditions, HSL
is primarily phosphorylated by AMPK on serine residue 565 (of rat HSL) and results in
the inactivation of the lipase while promoting cytosolic localization (38—40). Ser565 is
dephosphorylated when PKA-mediated phosphorylation of neighboring ser563 occurs
under lipolytically stimulated conditions (41). When catecholamines bind to B-adrenergic
receptors, PKA-mediated phosphorylation of HSL activates the lipase, promoting the
translocation of the protein from the cytosol to the surfaces of LDs where it gains access
to its neutral lipid substrates (23,24,41,42). Additionally, the phosphorylation of the
amino-terminal serine residues of PLIN1 facilitates HSL docking on the LD through a
protein-protein interaction with PLINT (23,24).

To study the physiological function of HSL, several research groups have made
whole-body HSL knockout mice (35,43,44). To everyone’s surprise, these knockout mice
were not obese, indicating that HSL is not the only TAG lipase in adipocytes. Adipose
lipolysis was only mildly impaired (35). HSL’s function as a major DAG lipase was
revealed when the mice exhibited an accumulation of DAG in WAT, BAT, testis, skeletal
muscle, and cardiac muscle (35). Incubation of WAT from HSL™" mice with the -
adrenergic agonist isoproterenol resulted in a significant decrease in fatty acid (FA) and
glycerol release when compared to WAT from WT mice; however, lipolysis was still
observed (35). These data suggest that there are other lipases compensating for HSL’s
absence, which led investigators to search for additional lipases and led to the discovery

of ATGL.



Adipose Triglyceride Lipase.

The identification of the major adipose TAG lipase was made by three research
groups that provided 3 different names: adipose triglyceride lipase (ATGL), desnutrin,
and calcium independent phospholipase A2{ (iPLA2() (45—47). ATGL is relatively
ubiquitously expressed in humans and mice, however, its expression is highest in WAT
and BAT, and lower in skeletal muscle, cardiac muscle, and testis (46—48). During
fasting in mice, ATGL mRNA expression increases in adipose tissue, suggesting that
ATGL is important in mobilizing fatty acids during stimulated lipolysis (29). ATGL has
been shown to hydrolyze TAG, cleaving a fatty acyl chain, when overexpressed in cells
and in in vitro assays (45—47). The lipase cannot cleave DAG and is therefore known
primarily as a TAG lipase (12).

ATGL catalyzes the first step of lipolysis with substrate-specificity. When
overexpressed in COS-7 cells, ATGL hydrolyzes only TAG, while DAG accumulates
(47). Furthermore, an increase in ATGL expression in differentiated 3T3-L1 adipocytes
is followed by an increase in basal release of fatty acids and glycerol (47). These data
support ATGL’s enzymatic preference for TAG and its role in basal lipolysis. ATGL’s
hydrolysis of TAG is activated by B-adrenergic stimulation (49,50). In vivo studies
revealed that ATGL is phosphorylated by PKA, yet the phosphorylation only moderately
increases enzymatic activity (51). The same site in ATGL has been identified as a site for
phosphorylation by AMPK (52), but given that AMPK is associated with the inhibition of
lipolysis, whereas PKA is associated with stimulated lipolysis, this observation has
implication. ATGL localizes to both the endoplasmic reticulum and LDs and upon

stimulation of lipolysis in cultured adipocytes, ATGL recruitment to LDs is increased



(53,54). PKA-mediated phosphorylation of ATGL may contribute to the control of
ATGL activity, subcellular localization, or interaction with co-factors. The
phosphorylation controversy has not been resolved and the consequences of
phosphorylation of ATGL remain unclear. Additional work is needed to elucidate the
mechanism.

To study ATGL’s physiological function, the Zechner group developed a mouse
model with a genetic deletion of ATGL (ATGL” mouse) (49). These mice exhibited mild
obesity with increased whole body fat mass, adipocyte hypertrophy, and TAG
accumulation in several tissues, mainly heart, testis, and kidneys when compared to WT
mice (49). Histological analysis of WAT and BAT showed an accumulation of enlarged
LDs, suggesting impaired TAG hydrolysis. Isoproterenol-stimulated WAT explants from
ATGL” mice exhibited a significant reduction in free FA and glycerol release when
compared to WAT from WT mice. These data were supported by findings of reduced
TAG hydrolase activity in adipocyte lysates from ATGL” mice (49). The most
significant phenotype of the ATGL-null mouse was the accumulation of excessive
cardiac TAG leading to congestive heart failure and premature death (49). This
interesting finding reveals ATGL’s imperative function in cardiac energy metabolism.
Overall, these studies highlight ATGL’s role as a major TAG lipase, however, deletion of
ATGL does not result in morbidly obese mice, suggesting that there are other lipases
involved in TAG hydrolysis in adipocytes.

Mechanisms by which ATGL activity is regulated are not fully understood. A
protein encoded by the G¢/G; switch gene 2 (G0S2) binds to and acts as a negative

regulator of ATGL (53,55). The knockdown of G0S2 increases the rate of lipolysis, while



overexpression of the protein decreases TAG hydrolysis in cells expressing ATGL
(53,55,56). Additionally, ATGL’s hydrolase activity is co-activated by Comparative
Gene Identification-58 (CGI-58).
CGI-58 and Neutral Lipid Storage Disorder

CGI-58 was discovered through the alignment of the Caenorhabditis elegans
proteome to predicted amino acid sequences for novel human homologous genes (57).
CGI-58 is the 5™ member of the o/p hydrolase (ABHD) protein family hence, is
sometimes called ABHDS. It is a member of the ABHD subfamily that includes
esterases, lipases, and thioesterases (11). Members of this protein family have a
conserved catalytic triad that contains a nucleophilic serine residue within the consensus
sequence GXSXG, an acidic residue such as aspartate, and a basic residue such as
histidine. CGI-58 is unique in that the serine residue of its putative catalytic triad is
replaced with an asparagine (11), making it lack lipase activity (12).

In 1974, a rare autosomal disorder called Chanarin-Dorfman syndrome, or Neutral
Lipid Storage Disorder (NLSD) was described (58). Patients with NLSD have increased
TAG storage in cells that usually do not store much TAG, such as hepatocytes,
keratinocytes and neutrophils (58—61). Severe ichthyosis, hepatosteatosis, hearing loss,
stunted growth, and mental retardation are symptoms of the disorder, however the
patients are not obese. In 2001, researchers identified the cause of NLSD as mutations in
CGI-58. Several point mutations, truncations, and frame shifts have been identified in the
gene encoding CGI-58 in humans (11,62,63). This phenotype suggests the importance of

CGI-58 in TAG turnover in tissues other than adipose, such as skin and liver.



Later, researchers were able to categorize patients with NLSD into two categories:
NLSD with ichthyosis (NLSDi) or NLSD with myopathy (NLSDm) (64). Patients with
NLSDm suffer from cardiomyopathy and skeletal muscle myopathy, but do not have
ichthyosis. This disorder is caused by mutations in both alleles of ATGL resulting in
reduced TAG degradation in many tissues, but most importantly heart (64). The
connection between NLSDm and loss of ATGL function is supported by cell and animal
experiments; the silencing of ATGL in cells and its deletion from mice induces TAG
accumulation and cardiomyopathy (49). Interestingly, NLSDm is distinct from NLSDi,
which is caused by mutations in the gene encoding CGI-58 and is characterized by
ichthyosis and hepatomegaly, but not cardiomyopathy. This indicates the importance of
CGI-58 for both TAG turnover and a potentially as yet uncharacterized ATGL-
independent function in tissues, particularly skin and liver.

In adipocytes, endogenous PLIN1 mediates the reversible binding of CGI-58 to
LDs (26). Under basal conditions, CGI-58 binds to PLIN1 on the surfaces of LDs, and
upon stimulation of lipolysis, CGI-58 disperses into the cytoplasm, which is the opposite
of what researchers had expected for a factor that is important in TAG turnover (26). It
was shown that CGI-58 binds to a 48-amino acid sequence near the carboxyl terminus of
PLIN1, but only when cells are incubated under basal conditions (26). The activation of
lipolysis promotes the dispersion of CGI-58 into the cytoplasm through phosphorylation-
mediated events, which is needed for CGI-58’s interaction with ATGL. The PKA-
mediated phosphorylation of two serine residues at the carboxyl terminus of PLINI (65)
and the phosphorylation of CGI-58 are both needed for the efficient release of CGI-58

into the cytosol (Brasaemle and co-workers, unpublished). Similarly, in cells expressing
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ectopic PLIN1, CGI-58 co-localizes with PLIN1 on the surfaces of LDs under basal
conditions and disperses into the cytosol when lipolysis is stimulated (26). The current
model is that the sequestration of CGI-58 by PLIN1 under basal conditions keeps basal
lipolysis low, whereas the dispersion of CGI-58 from PLIN1 facilitates CGI-58 binding
to and co-activation of ATGL when lipolysis is stimulated.

The Zechner group created a CGI-58 knockout mouse (CGI-587) to study the
physiological function of CGI-58 (66). Unfortunately, these mice died within the first day
of life and were much smaller than newborn WT mice. Analysis of the CGI-58" mouse
carcass showed significant accumulation of TAG (1.8-fold more than WT mice) (66).
The finding of high TAG levels in the carcass indicated that CGI-58 plays an important
role in turnover of TAG. The knockout mice had extremely dry and rigid skin that
restricted their movement and inhibited them from suckling. Additionally, the mouse
carcass turned completely blue when immersed in toluidine blue dye solution, indicating
a skin barrier defect and dehydration of the mice (66). These observations were not noted
in the ATGL” mice, suggesting that CGI-58 has a function independent of ATGL,
specifically that CGI-58 is essential for the normal formation of skin, whereas ATGL is
not.

In 2005, a novel point mutation in exon 3 of the CGI-58 gene (A245G), which
results in a histidine to arginine substitution at amino acid position 82 in humans, was
identified (67). This histidine residue is highly conserved across species including mouse,
rat, pig, chicken, Japanese quail, and turkey (Figure 1). In this thesis, we studied the
consequences of the human H82R mutation in CGI-58 by studying the comparable mouse

CGI-58 H84R mutaiton and an H84 A mutation.
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CGI-58 co-activates ATGL

CGI-58 acts as a co-activator of ATGL’s TAG hydrolase activity. In vitro, CGI-
58 binds to ATGL in a 1:1 molar ratio, increasing ATGL’s TAG hydrolase activity by up
to 20-fold (12). This functional interaction has been demonstrated when mixing post-
nuclear cell extracts containing ectopic CGI-58 with cell lysates expressing ectopic
ATGL. Although purifications of both proteins have been reported, most assays showing
this synergizing effect have used unpurified ATGL and CGI-58, suggesting that there
may be additional factors in the lysates that make a potential contribution to the
stimulation of lipolysis. The mechanism by which CGI-58 increases ATGL activity is
unknown. CGI-58 alters the regioselectivity of ATGL; in the presence of CGI-58, ATGL
cleaves TAG to sn-1,3 and sn-2,3 DAG (68). In the absence of CGI-58, only sn-1,3 DAG
is formed (68). The DAG products formed by ATGL in the presence of CGI-58 are not
substrates for phospholipid synthesis, rather, can only be used for hydrolysis by HSL or
re-esterification by diacylglycerol-O-acyltransferase 2 (DGAT2) (68). It is unclear
whether the altered stereochemistry of DAG has an effect on the enzyme activity of
ATGL. More work is needed to determine the mechanism by which CGI-58 co-activates
ATGL.

It was recently discovered that amino acids 1-254, out of 486 amino acids, are
critical for ATGL’s lipase activity (69). Truncation of the carboxyl terminus of ATGL
yields a protein with increased enzymatic activity in vitro that is unable to localize to
lipid droplets in cultured cells (69). These data suggest that the C-terminal end of ATGL
is inhibitory to TAG hydrolytic activity but needed for the recruitment of ATGL to lipid

droplets. One theory is that when bound to ATGL, CGI-58 causes a conformational
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Human - PVRISNGNKIWILKFSHNISNKIPLVLLHGFGGGLGLWALNFGDLCINRPVYAFDLLGFGRSSRPRFDSDAEEVENQFVE 133
Mouse - PVRISNGNRIWILMFSHNISSKIPLVLLHG LGLWALNFEDLSTDRPVYAFDLLGFGRSSRPRFDSDAEEVENQFVE 135

Rat- PVRISNGNSIWILMFSHNMSSKTIPLVLLHG LGLWALNFEDLSTDRPVYAFDLLGFGRSSRPRFDSDAEEVENQFVE 135

Pig- PVRISNGNKIWILKLSHNISNKIPLVLLHGFGGGLGLWALNFGDLCINRPVYAFDLLGFGRSSRPRFDTDAEEVENQFVE 133

Chicken - YVYLANGNKIWTLTFSPDLSRKTPLVLLHG MWALNFEELCENRTVHAFDLLGFGRSSRPHFDTDARERENQFVE 153
Japanese quail - CVYLANGNKIWTLTFSPDLSRKTPLVLLHG MWALNFEELCVNRTVHAFDLLGFGRSGRPHFDIDARERENQFVE
Turkey - YVYLANGNKIWILTFSPDLSRKTPLVLLHG VGMWALNFEELCENRTVHAFDLLGFGRSSRPHFDTDAREARENQFVE
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Figure 1. Alignment of CGI-58 amino acid sequences of various species showing the
conserved histidine residue

The amino acid sequences of portions of CGI-58 are aligned for human (NP_057090),
mouse (NP_080455), rat (NP_997689), pig (NP_001012407), chicken (NP_001265074),
Japanese quail (AEL12393), and turkey (AEL12392) using the Basic Local Alignment

Search Tool (BLAST).

change in ATGL’s structure to move the carboxyl terminus of ATGL and thus relieve the
self-inhibition (69). The same research group also examined truncated forms of CGI-58
(70). They reported that truncation of the first 32 amino acids of CGI-58 eliminated CGI-
58 binding to ATGL, reduced co-activation of ATGL’s TAG lipase activity, and reduced
localization of CGI-58 to lipid droplets (70). Collectively, these results suggest that the
carboxyl terminal region of ATGL and the amino terminal region of CGI-58 are
important to the interaction of these proteins and the consequent co-activation of ATGL.
Multiple theories have been suggested to explain CGI-58’s biological activities,
including the model in which CGI-58 causes a conformation change in ATGL’s structure.
Another hypothesis is that CGI-58 is needed as an anchor for ATGL on the surfaces of
lipid droplets to bring the lipase to its substrates (70,71). To date, the mechanism of how

CGI-58 co-activates ATGL hydrolase activity is unclear. Further research is needed to
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determine the exact mechanism by which CGI-58 is able to increase the TAG lipase
activity of ATGL. Moreover, data from mouse models and humans suggest that CGI-58
has additional functions independent of the co-activation of ATGL.

Summary of lipolysis

Lipid droplets are dynamic organelles that store TAG and are the site of lipid
mobilization. Intracellular lipid metabolism requires multiple proteins that are key
regulators of lipolysis (Figure 2). Three lipases are needed for the full hydrolysis of TAG:
ATGL, HSL, and MGL. Other proteins serve regulatory functions, including PLINT1,
CGI-58, and G0S2.

In the basal state, PLIN1 sequesters CGI-58 on the surface of lipid droplets
making CGI-58 unable to interact with and co-activate ATGL (26,65). ATGL is localized
on both the surfaces of LDs and in the cytoplasm under basal conditions. Furthermore,
binding of GOS2 to ATGL results in the inhibition of TAG hydrolysis (53,55,56).
Hormone sensitive lipase is also inactive and localized in the cytosol (23,42). These
conditions collectively reduce lipolysis and promote TAG storage.

In times of energy deprivation, starvation, and endurance exercise, or stimulated
conditions, lipolysis is stimulated by a variety of hormones, including catecholamines.
Several proteins are then phosphorylated by PKA, including HSL, PLIN1, CGI-58
(Brasaemle and co-workers, unpublished), and likely ATGL (13,41,51). Upon
phosphorylation, HSL translocates to the surfaces of lipid droplets where it docks in a
protein-protein interaction with phosphorylated PLIN1 (23,24). The phosphorylation of
PLIN1 and CGI-58 results in the release of CGI-58, which then binds with ATGL to the

surfaces of lipid droplets (26,65,71). Once the lipases have gained access to their
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substrates, ATGL hydrolyzes TAG with the help of CGI-58, and HSL catalyzes the
conversion of DAG into MAG by cleaving off another fatty acyl chain. The remaining
MAG is hydrolyzed by MGL to remove the final fatty acid (72). Fatty acids and glycerol
are released into circulation and are delivered to other tissues. Experimentally, we are
able to induce this lipolytic pathway by incubating cells with forskolin, an activator of
adenylyl cyclase, and isobutylmethylxanthine (IBMX), a phosphodiesterase inhibitor.

It is important to note that not all cells express PLIN1, and that the other perilipins
function to control lipolysis in different ways. The control of lipolysis is dependent upon
which perilipins are expressed within a given tissue. PLIN2 is ubiquitously expressed in
mouse tissues (73), however, since it is unable to sequester CGI-58, PLIN2 is not
protective against ATGL-mediated TAG hydrolysis (71). LDs in cells and tissues where
triacylglycerols accumulate in NLSD patients, such as hepatocytes, skin cells and white
blood cells, are coated with PLIN2. PLIN3 is also ubiquitously expressed, but is
associated with LD formation, rather than control of lipolysis at the surfaces of mature
lipid droplets (22). Notably, PLINS is highly expressed in heart, skeletal muscle, and
brown adipose tissue. PLINS is able to bind CGI-58 and ATGL individually, but the

mechanism by which it regulates lipolysis needs to be elucidated (71).
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Figure 2. Regulation of lipolysis in adipocytes.

Under basal conditions, PLIN1 sequesters CGI-58 on the surfaces of lipid droplets
preventing it from co-activating ATGL. ATGL is localized to both the cytosol and lipid
droplets while HSL remains in the cytosol. Upon stimulation of lipolysis, an increase in
cAMP leads to the phosphorylation of PLIN1 and HSL by PKA. CGI-58 is consequently
released from PLIN1 and binds with ATGL to the surfaces of lipid droplets to hydrolyze
TAG. HSL relocates to the surfaces of lipid droplets where it interacts with PLIN1 and
hydrolyzes DAG. The subsequent MAG is cleaved by MGL. Figure reproduced from

Lampidonis ef al., 2011 with permission from Elsevier (74).
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Specific Aims

CGI-58 plays an important role in lipid homeostasis by acting as a co-activator of
ATGL. However, the mechanism by which it does so is still unclear and more research is
needed to address it. To elucidate mechanisms for protein function, researchers often
study naturally occurring mutations that alter protein function. This project aims to
characterize the naturally occurring mutation in CGI-58, H82R, which causes NLSDi in
humans; the corresponding mutation in mouse CGI-58 is H84R. We hope to gain
understanding of the mechanism by which CGI-58 activates ATGL hydrolase activity.
We also studied mouse CGI-58 with a H84A mutation to better understand the
importance of the histidine residue at position 84. Because the H§2R mutation in CGI-58
causes NLSDi in humans, we hypothesized that histidine 84 is a critical residue in the
function, localization, and binding of mouse CGI-58 to either ATGL or lipid substrates.
The hypothesis was tested in the following aims:

Aim 1: To investigate the activity of CGI-58 with mutations of H84A and H84R in

activation of ATGL. We tested whether the H84A and H84R mutations in mouse CGI-58

could synergize ATGL’s TAG hydrolase activity in vitro. We also tested whether
ectopically expressed, CGI-58 with either the H84A or H84R mutations would be
efficient at reducing excess TAG levels of NLSDi cells when compared to WT CGI-58.

Aim 2: To determine the subcellular localization of CGI-58 with mutations H84A and

H84R in PLIN1-expressing cells. We studied whether H84 A or H84R mutations would

alter the binding of CGI-58 to PLIN1 on the surfaces of lipid droplets under basal

conditions or alter CGI-58 release into the cytosol under stimulated conditions.
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Aim 3: To analyze the binding of CGI-58 with H84A or H84R mutations to ATGL and

the recruitment of the complex to lipid droplets. We tested whether the mutations would

alter CGI-58 binding to ATGL or the ability of the protein complex to gain access to its

lipid substrates in lipid droplets.
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MATERIALS
Dulbecco’s Modified Eagle Medium (DMEM), glycine, and ScintiVerse BD Cocktail
were purchased from Fisher Scientific, Inc (Waltham, MA). Minimum Essential Medium
(MEM), Clean-Blot IP Detection Reagent HRP used as a secondary antibody, Infinity™
Triglycerides Liquid Stable Reagent, and Beckman Centrifuge Tubes (polyallomer 14 x
89 mm) were purchased from Thermo Fisher Scientific, Inc. (Middletown, VA). Bovine
calf serum was purchased from Gemini Bio-Products (West Sacramento, CA). Geneticin
(G418) was purchased from Gold Biotechnology, Inc (St. Louis, MO).
Penicillin/streptomycin and Protein A Sepharose beads were purchased from Life
Technologies (Carlsbad, CA). Fetal bovine serum, oleic acid, forskolin, 3-isobutyl-1-
methylxanthine (IBMX), dimethyl sulfoxide (DMSO), cesium chloride (CsCl),
ethanolamine, triethanolamine, dimethyl pimelimidate dihydrochloride (DMP),
Isopropanol, hexane, di-ethyl ether, and saponin were purchased from Sigma-Aldrich,
Co. (St. Louis, MO). Fatty acid-free bovine serum albumin (FAF BSA) was purchased
from US Biological (Swampscott, MA). Protease inhibitor cocktail pills were purchased
from Roche Diagnostics (Indianopolis, IN). DC Protein Assay reagents were purchased
from Bio-Rad Laboratories, Inc. (Hercules, CA). TALON® Metal Affinity Resin was
purchased from Clontech Laboratories, Inc. (Mountain View, CA). Solution of 4%
paraformaldehyde in PBS was purchased from Affymetrix, Inc. (Cleveland, OH).
SlowFade® Anti-Fade kit was purchased from Molecular Probes, distributed by
Invitrogen (Eugene, OR). Radiolabeled [*H] triolein was purchased from PerkinElmer
Life Sciences (Boston, MA). Hydrofluor was purchased from National Diagnostics

(Altanta, GA).
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Polyclonal anti-CGI-58 serum was reported previously (26). Rabbit polyclonal
antibody raised against ATGL was purchased from Cell Signaling Technology, Inc.
(Danvers, MA; product #2138). Peroxidase-conjugated goat anti-rabbit antibodies were
purchased from Sigma-Aldrich, Co. (St. Louis, MO). Anti-goat Alexa Fluor 546, and
anti-rabbit Alexa Fluor 488 were purchased from Molecular Probes, distributed by
Invitrogen (Eugene, OR). Amersham™ Enhanced Chemiluminescence Western Blotting
Analysis System was purchased from GE Healthcare (UK). SuperSignal West Femto
Chemiluminescent Substrate was purchased from Thermo Fisher Scientific, Inc.
(Middletown, VA).

Human NLSDi cells were generously donated by Dr. Rosalind A. Coleman
(University of North Carolina — Chapel Hill). Goat polyclonal anti-perilipin antiserum
was the generous gift of Dr. Constantine Londos (National Institutes of Health, Bethesda,
MD). Dr. Derek McMahon generously provided all of the unpurified CGI-58
adenoviruses and the BL21 E. coli cells containing cDNA for CGI-58, including WT and
H84A and H84R mutated CGI-58. Mrs. Mayda Hernandez kindly provided the purified

ATGL adenovirus.
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METHODS
Mammalian Cell Culture

AD293 human embryonic kidney cells were used for the amplification of
adenoviruses and to provide lipid droplets for the lipid droplet binding assay. These cells
were cultured in DMEM supplemented with 10% fetal bovine serum, 100 units/ml
penicillin, and 100 pg/ml streptomycin at 37°C in a humidified incubator with a 5% CO,
atmosphere.

For immunoprecipitations and to express proteins for lipid droplet binding assays,
COS-7 African green monkey kidney cells were cultured in DMEM supplemented with
10% fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml streptomycin at 37°C in a
humidified incubator with a 5% CO, atmosphere.

NIH 3T3 CARA fibroblasts were used for CGI-58 and PLIN1 co-localization
experiments. NIH 3T3 mouse fibroblasts were engineered to express a truncated version
of the coxsackie and adenovirus receptor (CARA) that encodes a cell surface receptor
lacking a cytoplasmic signaling domain (75). The expression of CARA enhances
adenovirus uptake, leading to increased expression of ectopic proteins. These cells were
cultured in DMEM supplemented with 10% bovine calf serum, 100 units/ml penicillin,
100 pg/ml streptomycin, and 800 pg/ml G418 antibiotic to maintain expression of CARA,
and were grown at 37°C in a humidified incubator with a 5% CO, atmosphere.

NLSDi human skin fibroblasts were used to determine the effect of CGI-58
mutations on CGI-58 function in triacylglycerol turnover. They were cultured in MEM

supplemented with 1% non-essential amino acids, 10 mM sodium pyruvate, 10% fetal
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bovine serum, 100 units/ml penicillin, and 100 pg/ml streptomycin and were grown at
37°C in a humidified incubator with a 5% CO, atmosphere.
Adenovirus Amplification & Purification

CGI-58 wild-type (WT), H84A, and H84R adenoviruses were amplified in
AD293 cells; 3.5 x 10° cells were seeded in 145 mm dishes. The cells were transduced
with dilutions of unpurified adenoviruses to produce a high titer amplification within 3-5
days. Infected AD293 cells were harvested, and lysed, and the adenovirus was purified by
cesium chloride (CsCl) ultracentrifugation (76).
Adenoviral Transductions

NIH 3T3 CARA fibroblasts or COS-7 cells were seeded into dishes as indicated
for specific experiments 24 hours before transduction. Adenovirus was added to the
media and cells were incubated with the adenovirus media for 24 hours at 37°C in 5%
CO,. After 24 hours, media containing the adenovirus was replaced with growth media
and cells were incubated for another 24 hours. Forty-eight hours after transduction, cells
were harvested and re-suspended in lysis buffer. Uninfected cells and cells transduced
with adenovirus to drive the expression of B-galactosidase were used as negative controls.
Purification of Recombinant CGI-58

BL21 E. coli containing cDNA for 12-His-tagged CGI-58 with point mutations
H84R and H84A and WT CGI-58 in the pET-28a vector were grown in Luria Broth (LB)
supplemented with kanamycin for 16 hours while shaking at 37°C. Cells were transferred
to larger volumes of LB and grown to an optical density of 0.5-0.8 at a wavelength of 595
nm. Isopropyl B-D-1-thiogalactopyranoside (IPTG) (1 mM) was added to induce the

expression of T7 RNA polymerase, and consequently, CGI-58. Cells were incubated
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while shaking at 37°C for 3-5 hours, and then harvested, centrifuged at 4,000 x g for 10
minutes at 4°C, and stored at -20°C until ready for use.

Frozen cell pellets were thawed and re-suspended in a lysis buffer containing 50
mM Tris, pH 7.5, 100 mM KCI, 1 mM DTT, 30 mM imidazole, 10% glycerol, 1 mg/ml
lysozyme, 1 EDTA-free protease inhibitor cocktail tablet, and 0.01% Ige Pal (only for
mutated variants of CGI-58). After 30-minute incubation on ice, cells were disrupted
using a Bead Beater for 15 cycles of 10 seconds separated by 50 second cooling intervals.
The cell lysate was then centrifuged at 21,000 x g at 4°C for 20 minutes and the
supernatant was incubated with TALON® Metal Affinity Resin, for His-Tag purification,
while rotating end-over-end overnight at 4°C. The mixture was centrifuged at 4°C and
the resin was re-suspended in wash buffer composed of lysis buffer with 100 mM
imidazole. The re-suspended resin in wash buffer was poured into a small column. The
12-His-tagged CGI-58 was eluted with 9 ml of elution buffer (composed of lysis buffer
with 250 mM imidazole and 40% glycerol). Eluted proteins were stored at -20°C until
further use.
Co-immunoprecipitations

To assess the binding of CGI-58 to ATGL, COS-7 cells were seeded in 100 mm
dishes at a density of 1 x 10° cells 24 hours before one of each of the CGI-58 variant and
ATGL adenoviruses were simultaneously transduced into the same cells. For one
experiment, cells were lipid-loaded with 400 uM oleic acid complexed to fatty acid free
bovine serum albumin (FAF BSA) (4:1 molar ratio) for 16 hours prior to harvest and
lipolysis was stimulated 30 minutes before harvest by adding 10 uM forskolin and 0.5

mM isopropyl B-D-1-thiogalactopyranoside (IBMX) diluted in 2.5% FAF BSA —
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DMEM. Forty-eight hours post-transduction, media were removed, and cells were rinsed
with phosphate buffered saline (PBS), harvested, and re-suspended in 1 ml of non-
denaturing lysis buffer containing 50 mM Tris HCL, pH 7.4, 150 mM NacCl, 1% NP-40, 1
mM EDTA, 10 mM NaF]l, and 1x protease inhibitor cocktail. Samples were incubated on
ice for 15-30 minutes and pulled through a 23-gauge needle multiple times to complete
disruption of cells. Protein concentrations of samples were determined using the DC
protein assay. Lysate volumes containing 800 pg of total protein were used for the
immunoprecipitations and 30 pg was reserved for immunoblotting. Samples were pre-
cleared by incubating with 20 pl Protein A-Sepharose beads at 4°C for 1 hour while
mixing by turning end-over-end.

For each sample, 60 pl of Protein A-Sepharose beads (120 pl slurry) were washed
with 1 ml PBS followed by 1 ml wash buffer containing 50 mM Tris HCI, pH 7.4, 150
mM NaCl, 1% NP-40, 1 mM EDTA, and 10 mM NaF before sample addition. Either 10
pg/ml rabbit IgG (negative control) or 7 ul CGI-58 antiserum was added to the Protein A-
Sepharose beads and incubated with end-over-end mixing overnight at 4°C. The
antibodies were cross-linked to the beads by washing the beads with 200 mM
triethanolamine, pH 8.9, then incubating with 50 mM dimethyl pimelimidate
dihydrochloride (DMP) in 200 mM triethanolamine for 4 hours at 4°C followed by 1
hour at room temperature while mixing. The beads were washed with 200 mM
triethanolamine and then incubated with 100 mM ethanolamine for 30 minutes at room
temperature.

The pre-cleared sample was then added to the cross-linked beads and incubated

with end-over-end mixing for 3 hours at 4°C. After the incubation, the beads were
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washed 5 times using the wash buffer. To elute the proteins off of the beads, 60 pul of 2x
Laemmli sample buffer (LSB) was added and the samples were boiled for 10 minutes
(77). The supernatant was collected and stored at -20°C until further use.
Immunofluorescence Microscopy

Subcellular localization of PLIN1 and CGI-58 under basal and lipolytically
stimulated conditions was determined using NIH 3T3 CARA cells that were seeded in 60
mm dishes at a density of 3 x 10° cells 24 hours prior to simultaneous transduction with
CGI-58 variant and PLIN1 adenoviruses. At 24 hours after transduction, cells were
transferred onto glass coverslips in 6-well dishes. At 36 hours, cells were lipid loaded
with 200 uM oleic acid complexed to FAF BSA (4:1 molar ratio) for 12 hours. For
stimulation of lipolysis, media containing 10 mM forskolin and 0.5 mM IBMX with 2%
FAF BSA were added to the cells and cells were incubated for 30 minutes at 37°C. For
basal conditions, cells were incubated with fresh DMEM containing 2% FAF BSA for 30
minutes. All cells were rinsed with PBS and fixed in 4% paraformaldehyde in PBS for 20
minutes at room temperature. After several washes with PBS, the cells were incubated in
a solution containing 0.2 M glycine (to quench reactive aldehydes), 0.1 mg/ml saponin
(to permeabilize cells), and 0.2 mg/ml rat IgG (to block non-specific binding sites) in
PBS for 1 hour at room temperature. Coverslips were then transferred to 24-well dishes
where they were washed with PBS and incubated with goat anti-perilipin (1:5,000) and
rabbit anti-CGI-58 (1:5,000) antisera diluted in PBS with 0.1 mg/ml saponin and 0.2
mg/ml rat IgG for 1 hour at room temperature. Cells were washed in PBS and incubated
for 1 hour at room temperature with anti-goat Alexa Fluor 546 (1:5,000) and anti-rabbit

Alexa Fluor 488 (1:5,000). Stained cells were washed in PBS and mounted onto glass
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slides using reagent A from the SlowFade® Anti-fade kit and sealed with clear nail
polish. Cells were viewed using a Nikon Eclipse E800 fluorescence microscope and
images were captured using a Photometrics CoolSNAP EZ digital camera. NIS Elements
software was used to process the images. Two individuals blinded to sample identity
performed cell counts. A minimum of 100 cells were counted for each condition and cells
were scored for either a staining pattern representing CGI-58 co-localized with PLIN1 on
lipid droplets or a diffuse pattern of CGI-58 staining in the cytoplasm representing CGI-
58 dispersed from PLIN1 and off of the lipid droplets.
Triacylglycerol content of NLSDi cells

NLSDi cells were seeded into 60 mm dishes at a density of 6 x 10° and transduced
with CGI-58 variant or B-galactosidase adenoviruses. After transduction, NLSDi cells
were harvested by trypsinization at 6, 12, 24, and 48 hours. Cells were collected by
centrifugation at 1,000 x g for 10 minutes at 4°C. Cell pellets were stored at -80°C until
ready for use. To extract lipids, cell pellets were incubated in 2 ml of isopropanol-
hexane-water (80:20:2) for 30 minutes at room temperature followed by the addition of
500 pl of hexane-diethyl ether (1:1), mixing, and incubation for 10 minutes (78). To
separate the phases, 1 ml of deionized water was added and samples were incubated for
20 minutes at room temperature. A set volume (600-800 pl) of the organic phase (top
layer) was collected and evaporated using a Speed Vac Concentrator equipped with a
cold trap. The dried lipids were then incubated with 300 pl of Infinity™ Triglycerides
Stable Reagent for 1-2 hours with shaking at 37°C. After incubation, samples were

transferred to a 96-well plastic microplate and the absorbance of samples was measured
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at 540 nm. Corn oil provided a source of TAG for standards. Various amounts of corn oil
were extracted and analyzed using the same methods to develop a standard curve.
Lipid Droplet Binding Assay

This protocol was generously shared with us by Dr. Laura Listenberger (St. Olaf
College, Northfield, MN). In this assay, CGI-58 and ATGL were incubated with lipid
droplets to assess the recruitment of proteins to lipid droplets. Lipid loaded AD293 cells
were the source of lipid droplets for this experiment. AD293 cells were seeded in 145
mm dishes and, after 36 hours, were lipid loaded with 1 mM oleic acid complexed to
FAF BSA (4:1 molar ratio) overnight at 37°C. Cells were harvested, centrifuged at 1,000
x g for 10 min at 4°C to pellet cells, then resuspended in 1.5 ml hypotonic lysis buffer
containing 10 mM NaF, 1 mM EDTA, and 1x protease inhibitor cocktail in 20 mM Tris,
pH 7.4. Cells were incubated on ice for 10 minutes before a cold glass homogenizer with
Teflon pestle was used to shear the cells with 10 strokes. Cell homogenates were stored
on ice until further use.

For a source of ATGL and CGI-58, COS-7 cells were seeded in 100 mm dishes at
a density of 1 x 10° and, 24 hours later cells were transduced with purified adenoviruses
for the expression of ATGL and one of each of the CGI-58 variants in the same cells.
Forty-eight hours after transduction, cells were harvested, centrifuged at 1,000 x g for 10
minutes at 4°C, then re-suspended in 900 pl hypotonic lysis buffer, incubated on ice for
10 min, and sheared using a homogenizer, as described above. Samples were then
centrifuged for 30 minutes at 15,000 x g at 4°C to remove unbroken cells, nuclei, and

heavy membranes. A small volume of sample was reserved for immunoblotting.
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Protein and lipid droplet samples were mixed and incubated while rotating end-
over-end for 1 hour at room temperature. A volume of cold 60% sucrose in hypotonic
lysis buffer was added to the mixture to give a final concentration of 20% sucrose.
Samples were added to centrifuge tubes (Beckman polyallomer 14 x 89 mm) and then
overlaid with 5 ml of cold 5% sucrose in hypotonic lysis buffer, followed by 5 ml of
hypotonic lysis buffer. The gradient-filled tubes were centrifuged at 27,000 x g in a
SW41Ti rotor for 30 minutes at 4°C. No brake was applied; the rotor was allowed to
coast to a stop. After centrifugation, the floating lipid droplet layer (top layer) was
collected in a minimal volume using a Beckman tube slicer. SDS was added to the
samples for a final concentration of 5%. To solubilize lipid droplet-associated proteins,
samples were incubated with sonication at 60°C in a Branson 8510 heated water bath
sonicator for 1-3 hours. Samples were then prepared for sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting for CGI-58 and
ATGL.

TAG Hydrolase Assay

An in vitro assay was used to evaluate the ability of H84R and H84A CGI-58 to
co-activate the TAG hydrolase activity of ATGL. Volumes corresponding to 50 pug of
protein from COS-7 cell lysates of cells ectopically expressing ATGL and 1 pg of
partially purified recombinant CGI-58 (or CGI-58 variants) were mixed in 0.1 M
potassium phosphate buffer, pH 7.0. A volume of 100 pul of substrate containing 330 uM
[9,10-’H] triolein emulsified with 145 uM phosphatidylcholine:phosphatidylinositol
(PC:PI) (3:1) was added to the mixture (79). The mixtures were incubated for 1 hour at

37°C and reactions were terminated by adding 3.25 ml of methanol:chloroform:heptane
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(10:9:7), 1.05 ml of 0.1 M potassium carbonate and 0.1 M boric acid, pH 10.5. Samples
were centrifuged at 800 x g for 20 minutes at room temperature followed by the removal
of 1 ml from the top phase that was then added to 10 ml of Hydrofluor Scintillant.
Quantification of radioactivity was done using a Beckman scintillation counter.
Immunoblot Analysis

For all experiments, samples (total volume) and the cell lysate volumes
corresponding to 30 pg of total protein representing the input lysate, were boiled for 5
minutes to solubilize and denature the proteins. Proteins were then separated by SDS-
PAGE and then electrophoretically transferred to nitrocellulose membranes for
immunoblot analysis. The membrane was blocked in 5% non-fat milk diluted in TBST
containing 20 mM Tris, pH 7.6, 150 mM NaCl, 0.02% Tween-20, and then incubated
with CGI-58 antiserum (1:25,000) and ATGL antibody (1:1,000) diluted in 5% BSA in
TBST. For detection of primary antibodies, Clean-Blot IP Detection Reagent HRP
(1:10,000) was used for immunoprecipitation experiments and peroxidase-conjugated
goat anti-rabbit antibody (1:5,000) was used for all other experiments. Proteins were
detected using either SuperSignal West Femto reagent followed by X-ray film exposure
or Enhanced Chemiluminescence Reagent followed by FluorChem M digital darkroom
exposure.
Statistical Analysis

Data were analyzed using GrahPad Prism 6 software. Data represent the means of
duplicate or triplicate samples + either the standard deviation or standard error of the

mean. Variance was measured using ANOVA.
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RESULTS
H84R CGI-58 does not reduce excess TAG levels in NLSDi human skin fibroblasts

NLSDi cells are a human skin fibroblasts derived from an NLSDi patient. The
cultured NLSDi cells that were used in our experiments normally accumulate high levels
of TAG due to a mutation in the gene for CGI-58 that results in a truncation of the
peptide sequence at amino acid 190 (10,12). Ectopic overexpression of WT CGI-58 in
these cells significantly reduces TAG levels (12). It was previously shown by Dr. Derek
McMahon and Dharika Shah that expression of the H§4R CGI-58 variant results in TAG
retention in these cells, yet overexpression of the H84A CGI-58 variant significantly
reduced levels of TAG, although not quite to the level of cells expressing WT CGI-58.
However, the TAG from this experiment was only analyzed at 48 hours post-transduction
of the CGI-58 variant adenovirses. We hypothesized that a more detailed time course
would reveal more useful information; the H84A variant might exhibit impaired TAG
turnover well before 48 hours, while the H84R variant would likely be consistently
inefficient at reducing TAG levels over 48 hours. Thus, we evaluated TAG turnover in a
more detailed time course to elucidate differences between the variants.

Before beginning experiments to study the effects of CGI-58 variants in reducing
excess TAG in cultured NLSDi cells, it was necessary to define the adenoviral titers
needed to drive comparable levels of protein expression for all variants. Having
comparable levels of ectopically expressed CGI-58 is important to make sure that the
results of the experiment are not due to variations in protein levels of CGI-58. Thus, to
normalize the expression of CGI-58 variants, various titers of cesium chloride-purified

adenoviruses for WT, H84A, and H84R CGI-58 were tested. Cells were harvested 48
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Figure 3. Titration of adenoviral doses for expression of CGI-58 variants in NLSDi
human skin fibroblasts

(A) NLSDi fibroblasts were transduced with different titers of adenoviruses for the
expression of WT CGI-58 and CGI-58 with H84A and H84R mutations. Cells were
harvested 48 hours after transduction and prepared for SDS-PAGE and immunoblotting
for CGI-58. The band at 70 kDa is a non-specific band that was used as a control for
protein load. (B) Densitometry was performed to analyze each band’s density and, with
corrections for protein load, viral titers that yielded comparable levels of protein
expression for each CGI-58 variant were determined. Data shown correspond to the

samples with significant CGI-58 expression in A.
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hours post-transduction and lysates were prepared for immunoblotting with rabbit
antiserum raised against CGI-58 (Figure 3A). Densitometry was used to quantify the
expression of the CGI-58 variants relative to a nonspecific protein band detected by the
antiserum that provided a measure of protein loading (Figure 3B). Viral titers that yielded
comparable levels of protein expression for each CGI-58 variant were chosen for use in
subsequent experiments. For NLSD experiments, 6.5 pul of WT CGI-58, 25 ul of H84A
CGI-58, and 20 pl of H84R CGI-58 adenoviruses were selected for transduction of
NLSDi cells to yield comparable protein levels of CGI-58. Cells were collected at 6, 12,
24, and 48 hours after transduction for the analysis of cellular TAG levels (Figure 4).
Importantly, a viral titer test was performed prior to each subsequent cell experiment so
that comparable protein levels were studied. Appropriate viral titers were also determined
experimentally for doubly transduced cells when two proteins were expressed in cells.
NLSDi cells accumulate high levels of TAG as shown in uninfected cells
harvested before transduction (Figure 4A). Cells transduced with -galactosidase
(negative control) harvested at 48 hours post-transduction accumulated 1.32 pg TAG/ug
protein (data not shown), suggesting that the addition of viral vectors does not alter TAG
turnover in NLSDi cells. Ectopic overexpression of WT CGI-58 causes reduction of TAG
levels starting at 6 hours and continuing to 48 hours. Ectopic H84R CGI-58 was
ineffective at reducing TAG levels from 6 hours through 48 hours post-transduction. To
our surprise, ectopic expression of H84A mutated CGI-58 shows an almost identical
pattern of TAG turnover to WT CGI-58, suggesting that H84A CGI-58 is just as effective
as WT CGI-58 at reducing excess TAG levels in NLSDi cells. Importantly, WT CGI-58

and CGI-58 mutations H84A and H84R were expressed at approximately comparable



32

(A)
1.5- * *
* * -~ WT
_JI_ L I —1 = e
-+ H84R

Triacylglycerol (ng/pg protein)

(B)

45 kDa — W w— w— |e— CGI-58

Figure 4. CGI-58 with the H84R mutation is not effective at reducing excessive TAG
storage in NLSDi human skin fibroblasts.

(A) NLSDi fibroblasts were transduced with adenovirus for the expression of mutated or
WT variants of CGI-58 and then harvested 6, 12, 24, and 48 hours post-infection.
Uninfected cells were harvested at 0 hours. TAG content of cells was determined for each
time point. Linear regression was used to analyze the data. Data points are the means +
standard error of the mean for triplicate samples. Data are from one representative
experiment of three. Where error bars are not visible, they are contained within the

symbols. Data were analyzed using two-way repeated measures ANOVA with
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Bonferroni post hoc test. Data points marked with a star are statistically different from
WT and H84A CGI-58 (p < 0.05). (B) Cell lysate volumes corresponding to 30 pg of
total protein were eluted on an SDS-PAGE gel, transferred to a nitrocellulose membrane,
and probed with antiserum raised against mouse CGI-58, B-galactosidase antiserum, and
calnexin antibodies. Uninfected cells and cells expressing B-galactosidase lack detectable
CGI-58. Cells transduced with -galactosidase adenovirus (negative control) express [3-
galactosidase as depicted by the faint band located directly above the calnexin band in B.

Cells transduced with CGI-58 variant adenoviruses express comparable protein levels of

CGI-58.
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levels in cultured NLSDi human skin fibroblasts. Thus, neither mutation destabilizes the
protein leading to degradation. These results suggest that H84R CGI-58 lacks the ability
to increase TAG turnover, presumably due to its inability to co-activate ATGL’s TAG
hydrolase activity. However, since an alanine substitution for histidine does not
significantly impair TAG turnover, the histidine residue may not be essential for CGI-58
function, but rather the arginine in this position may inactivate the protein. We examined
the effects of these mutations on CGI-58 function further.
H84R CGI-58 fails to co-activate ATGL TAG hydrolase activity in vitro

To test the hypothesis that the H84R mutation in CGI-58 affects CGI-58’s ability
to co-activate ATGL, we measured free fatty acid release from TAG in the presence of
cell lysates with ATGL and purified recombinant variants of CGI-58. COS-7 cell extracts
with ectopic ATGL and 1 pg of recombinant CGI-58 partially purified from E coli were
mixed with radiolabeled TAG emulsified with PC and PI. Mixtures containing only
ATGL exhibited very low TAG hydrolase activity (Figure 5). The addition of WT CGI-
58 significantly increased TAG hydrolase activity by 5-fold. In contrast, mutated variant
H84R CGI-58 completely failed to co-activate ATGL TAG hydrolase activity. The
addition of H84A CGI-58 increased TAG hydrolase activity by approximately 2-fold, but
this difference was not statistically different from samples containing only ATGL when
the data were analyzed by ANOVA with Tukey’s post hoc test. However, when the data
were analyzed using Student’s #-test, the activation of ATGL activity by H84A CGI-58
was statistically different from ATGL (p=.014), WT CGI-58 (p=0.032), and H84R CGI-

58 (p=.009). It is likely that H84A CGI-58 has some residual activity in increasing TAG
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Fatty acid released (nmol/hour)

Figure 5. CGI-58 with an H84R mutation does not activate ATGL hydrolase activity
in vitro

COS-7 cell extracts expressing ATGL (50 pg total protein) were mixed with 1 pug of
CGI-58 partially purified from BI21 E coli. Reactions were mixed with [9,10-"H] triolein
emulsified with PC:PI (3:1) and incubated for 1 hour at 37°C. Fatty acids were solvent-
extracted and quantified by B-scintillation counting. The addition of recombinant WT
CGI-58 increased the TAG hydrolytic activity of ATGL. Reactions containing H84A
CGI-58 and ATGL display significantly greater TAG hydrolytic activity than that of
reactions containing ATGL alone, yet less activity than reactions containing WT CGI-58
and ATGL. The addition of recombinant H8§4R CGI-58 did not increase ATGL’s TAG
hydrolytic activity. Data are the mean + standard deviation of averaged duplicate samples
from triplicate experiments. Data were analyzed using by ANOVA with Tukey’s post hoc
test. Samples with different subscripts (a,b) are statistically different from each other (p

<0.05).



36

hydrolysis, since it is comparable to WT in reducing the excessive TAG stores of NLSD
cells (Figure 4). These data led us to hypothesize that the histidine to arginine mutation
may cause a conformational change in CGI-58 leading to a misfolded protein, which
could alter subcellular localization.
Subcellular localization of CGI-58 in PLIN1-expressing cells

Previous studies have shown that CGI-58 localizes to LDs through a binding
interaction with PLIN1 under basal conditions, and disperses into the cytoplasm
following the stimulation of lipolysis (26). We tested the subcellular localization of the
mutated variants of CGI-58 in mouse fibroblasts ectopically expressing PLIN1 (Figures
6A and B). Under basal conditions, PLIN1 and WT CGI-58 co-localized on the surfaces
of LDs. The same observations were made with the H84A and H84R CGI-58 variants,
suggesting that neither mutation affects CGI-58 binding to PLIN1 under basal conditions
(Figures 6A and B). These observations also suggest that neither H84A nor H8§4R
mutations disrupt CGI-58 structure enough to impede CGI-58 binding to PLIN1. Upon
stimulation of lipolysis, WT CGI-58 and CGI-58 with mutations H84A and H84R were
released from the PLIN1 scaffold into the cytoplasm (Figures 6A and B). Thus, neither
the H84 A nor the H84R mutation altered the normal PKA-mediated dispersion of CGI-58
into the cytosol. We quantified the subcellular localization of CGI-58 under both basal
and stimulated conditions with cell counts of stained cells performed by two individuals
blinded to sample identity (Figure 6B). Results of immunoblots show that all variants of
CGI-58 were expressed at approximately comparable levels (Figure 6C). Since the
mutation does not affect the subcellular localization of CGI-58, we hypothesized that the

H84R variant fails to co-activate ATGL because it cannot bind to ATGL.
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Figure 6. Subcellular localization of CGI-58 with H84A or H84R mutations in
PLIN1-expressing NIH 3T3 CARA fibroblasts

(A) NIH 3T3 CARA fibroblasts were transduced with adenoviruses to drive expression of
PLINT1 and either WT, H84A, or H84R CGI-58. Cells were lipid loaded with 200 uM
oleic acid for 12 hours prior to the addition of forskolin and IBMX for 30 minutes for the
stimulation of lipolysis. Basal cells were incubated with DMSO vehicle. Cells were fixed
and stained with goat anti-perilipin and rabbit anti-CGI-58 antisera, followed by anti-goat
Alexa Fluor 546 (red) and anti-rabbit Alexa Fluor 488 (green) secondary antibodies. Data
are from one out of three experiments. (B) Two individuals blinded to sample identity
performed cell counts to quantify the subcellular localization of CGI-58 in PLIN1-
expressing cells. A minimum of 100 cells were counted for each condition and cells were
scored for either a staining pattern representing CGI-58 co-localized with PLINT on lipid
droplets or a diffuse pattern of CGI-58 staining in the cytoplasm representing CGI-58
dispersed from PLIN1 and off of LDs. Data represent means + standard error of the mean
for cell counts from one experiment out of three. (C) Cell lysate volumes corresponding
to 30 ng of total protein were eluted on an SDS-PAGE gel, transferred to a nitrocellulose
membrane, and probed with antiserum raised against mouse CGI-58, PLIN1 antiserum,
and calnexin antibodies. Cells express comparable normalized protein levels of CGI-58

and PLINI.
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Co-immunoprecipitations of ATGL and CGI-58

We used immunoprecipitations to study CGI-58 binding to ATGL. We first
wanted to determine the conditions that promote the best binding of WT CGI-58 to
ATGL. We learned from the Zechner group that co-immunoprecipitation of CGI-58 with
ATGL works best with co-expression of both proteins in the same cells (R.
Zimmermann,privileged correspondence). Thus, we co-expressed both CGI-58 and
ATGL in COS-7 cells, and then tested various culture conditions for enhancement of the
binding interaction. COS-7 cells ectopically expressing WT CGI-58 and ATGL were
incubated under the following conditions prior to harvest of cells for
immunoprecipitations: basal (treatment with DMSO vehicle only), stimulated with
forskolin and IBMX, basal with prior lipid loading, or stimulated with prior lipid loading
(Figure 7). Antiserum raised against CGI-58 or control IgG was used for
immunoprecipitations; precipitated proteins were immunoblotted for both CGI-58 and
ATGL. WT CGI-58 and ATGL were co-immunoprecipitated with CGI-58 antiserum. In
contrast, control IgG did not co-immunoprecipitate WT CGI-58 and ATGL. From these
studies, it was clear that neither lipid loading, nor stimulation of cells with forskolin and
IBMX is required for the binding interaction of CGI-58 with ATGL. With these data, we
decided to use basal conditions when moving forward with the experiments.
To investigate the binding of CGI-58 variants to ATGL, COS-7 cells were co-transduced
with both adenoviruses to yield expression of ATGL and one of the CGI-58 variants
(Figure 8). Immunoprecipitations used CGI-58 antiserum or control [gG. Immunoblotting
of the immunoprecipitated proteins with CGI-58 antiserum revealed the co-

immunoprecipitation of ATGL with all variants of CGI-58, suggesting that neither the



g

*

LR
FILEE
(IP) Q Q G Q@ O©
cgrsg ~ Tt F
Rabbit IgG +- - - -

;| MEEN

<«<—aATGL

«—aCGI-58

<«— oATGL

45 kDa —
input
s5102-| AR -

<«—aCGI-58

Figure 7. Co-immunoprecipitations of ATGL and WT CGI-58
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COS-7 cells ectopically expressing ATGL and WT CGI-58 were either lipid loaded

overnight with 400 uM oleic acid (+FA), incubated briefly with isobutylmethylxanthine

and forskolin for stimulation of lipolysis (Stimulated), or both (Stimulated + FA). Basal

conditions indicate that cells were incubated with DMSO vehicle. Cell extracts (800 pg

of total protein) were immunoprecipitated using CGI-58 anti-serum or rabbit IgG

(negative control). Proteins were separated by SDS PAGE and immunoblotted for both

ATGL and CGI-58. CGI-58 was efficiently precipitated with CGI-58 antiserum; ATGL

was detected as a co-immunoprecipitated protein. Stimulation and/or lipid loading of

cells did not alter the binding interaction between CGI-58 and ATGL. Neither ATGL nor

CGI-58 was detected in immunoprecipitations with control rabbit IgG. The input lanes

show the amount of ATGL and CGI-58 in cell extracts (30 pg of total protein). Data are

from one out of two experiments.
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Figure 8. WT CGI-58 and CGI-58 with either an H84A or a H84R mutation bind to
ATGL

CGI-58 (WT, H84A, or H84R variants) and ATGL were co-expressed in COS-7 cell
extracts prior to immunoprecipitations using CGI-58 antiserum or rabbit IgG (negative
control). Proteins were separated on SDS PAGE and immunoblotted for both ATGL and
CGI-58. Mutations H84 A and H84R did not affect CGI-58 binding to ATGL, since
ATGL co-precipitated with both variants. Neither ATGL nor CGI-58 was detected in
immunoprecipitations with control rabbit IgG. The input lanes show the amount of
ATGL and CGI-58 in cell extracts (30 pg of total protein). Data are from one out of three

experiments.



42

H84A nor the H84R mutation alters CGI-58 binding to ATGL. Interestingly, it was
consistently observed in several repetitions of the experiment that H84R CGI-58 and
probably also the H84A CGI-58 interacted more strongly with ATGL relative to WT
CGI-58.
ATGL and CGI-58 recruitment to lipid droplets

Since the CGI-58 mutations do not reduce the binding of CGI-58 to ATGL, we
hypothesized that the reduced function of H84R CGI-58 may be due to reduced
recruitment of the protein complex (with ATGL) to LDs, thus reducing ATGL access to
substrate lipids. We first assessed the recruitment of ATGL and WT CGI-58 to LDs
individually and in combination (Figure 9). COS-7 cells were transduced with WT CGI-
58, ATGL, or both WT CGI-58 and ATGL adenoviruses. Lysates of these cells were
prepared 48 hours after transduction and were incubated with AD293 cell lysates
previously lipid loaded with oleate to make LDs. Lipid droplets were isolated from the
combined cell extracts and samples were analyzed by immunoblotting for ATGL and
CGI-58. WT CGI-58 was strongly recruited to lipid droplets in both the presence and
absence of ATGL. In contrast, ATGL was weakly recruited to lipid droplets in the
absence of CGI-58. The presence of CGI-58 increased ATGL recruitment to lipid
droplets by 4-fold. These data suggest that CGI-58 plays a role in ATGL recruitment to
its lipid substrate.

The same protocol was used to examine binding of the CGI-58 mutated variants
to LDs in the presence of ATGL under basal conditions (Figure 10). CGI-58 with either
the H84 A or the H84R mutation was recruited to LDs with ATGL as effectively as WT

CGI-58. COS-7 cell extracts with ectopic ATGL and WT CGI-58 but without LDs, and



43

uninfected COS-7 cell extracts mixed with LDs were used as negative controls. Neither
ATGL nor CGI-58 were detected in LD fractions from the uninfected control lacked
CGI-58 and ATGL; thus, there is no detectable endogenous CGI-58 or ATGL and the
antibodies did not recognize non-specific proteins. The WT CGI-58 + ATGL (without
LDs) control showed that the proteins do not migrate to the top of the gradient during
ultracentrifugation in the absence of LDs. These data suggest that the CGI-58 mutations

H84A and H84R do not impede the recruitment of CGI-58 with ATGL to LDs.
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Figure 9. ATGL and WT CGI-58 recruitment to lipid droplets

Lysates of COS-7 cells transduced with ATGL, CGI-58, or both ATGL and CGI-58
adenoviruses were incubated for 1 hour with lysates of AD293 cells previously lipid
loaded with 1mM oleate for 20 hours to provide a source of lipid droplets. LDs were
isolated by sucrose gradient ultracentrifugation and proteins in the LD fraction were
prepared for SDS-PAGE. In the samples used to assess LD binding, ATGL recruitment to
lipid droplets was increased by 4-fold with the addition of CGI-58. Volumes
corresponding to 40% of the COS-7 lysates were eluted on an SDS-PAGE gel, and
proteins were transferred to a nitrocellulose membrane and immunoblotted with CGI-58
antiserum and ATGL antibodies. Input lanes represent 2% of the total COS-7 lysate
volume.Both ATGL and CGI-58 are recruited to lipid droplets when tested both
individually and in combination; CGI-58 increased the recruitment of ATGL to lipid

droplets. These data are from one out of two experiments.
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Figure 10. Recruitment of ATGL, WT CGI-58, and CGI-58 with H84A or H84R
mutations to lipid droplets

Lysates from COS-7 cells transduced at the same time with both ATGL and one of the
CGI-58 variant adenoviruses were incubated with lysates of AD293 cells previously lipid
loaded with 1 mM oleate for 20 hours to provide a source of lipid droplets. Lipid droplets
were isolated by sucrose gradient ultracentrifugation and proteins were prepared for SDS-
PAGE. In samples used to assess LD binding, volumes corresponding to 40% of the
COS-7 lysates were eluted on an SDS-PAGE gel, and proteins were transferred to a
nitrocellulose membrane, and immunoblotted with CGI-58 antiserum and ATGL
antibodies. Input lanes represent 2% of the total COS-7 lysate volume.Neither CGI-58
mutations H84A nor H84R alter recruitment of CGI-58 and ATGL to lipid droplets. CGI-
58 with the H84A mutation was more highly recruited to lipid droplets, leading to better

recruitment of ATGL to LDs. These data are from one out of three experiments.
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DISCUSSION

Our major findings are that H84R CGI-58 fails to co-activate the TAG hydrolase
activity of ATGL, while binding ATGL as well as WT CGI-58, and associating with
LDs. Furthermore, the H84R mutation does not alter CGI-58 binding to PLIN1 under
basal conditions or stimulated release of CGI-58 from PLIN1. To study the importance of
histidine 84 in CGI-58 function, we also studied the H84 A mutation, and found that it
partially co-activates ATGL, suggesting that the histidine residue itself may not be
critical to CGI-58 function. Nonetheless, mutation of H84 specifically to an arginine
residue significantly impairs CGI-58 function. Thus, our experiments have initiated the
characterization of this novel mutation that is observed in humans with NLSDi.

Both H84A and H84R CGI-58 bound to ATGL as well as WT CGI-58, if not
better. It is unclear exactly how CGI-58 activates ATGL. If CGI-58 reversibly binds
ATGL to increase TAG hydrolysis, and the H84 mutation increases the duration or
strength of the binding interaction between the two proteins, then this may be the cause of
the significant decrease in ATGL-mediated lipolysis. Perhaps a transient interaction
between CGI-58 and ATGL is required for co-activation of TAG hydrolysis. This
hypothesis suggests that H84R CGI-58 may sequester ATGL at the surfaces of LDs
reducing the efficiency of the release of CGI-58 from ATGL, therefore inhibiting the
enzymatic activity of ATGL. Another possibility is that binding of CGI-58 to ATGL may
cause a conformational change in either protein that promotes the subsequent release of
CGI-58 from ATGL after hydrolysis of a molecule of TAG, in which case, the H84R

mutation may alter this conformational change. However, since H84A CGI-58 also
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showed increased binding to ATGL, and yet partially retained the function of co-
activating ATGL, this mechanism may prove difficult to test.

The findings from this project reveal a novel function of CGI-58. Mixing of
lysates from COS-7 cells ectopically expressing CGI-58 or ATGL with a source of LDs
resulted in the individual recruitment of each protein to LDs. However, in the presence of
CGI-58, ATGL recruitment to LDs increased. Additionally, when there was an increased
recruitment of H§4A CGI-58 to LDs, ATGL recruitment was consequently increased. It
was important to do this experiment in cells lacking PLIN1, since PLIN1 sequestration of
CGI-58 would complicate the experiment. We isolated LDs from AD293 cells because
there is no endogenous pool of PLIN1; LDs are instead coated with PLIN3 (data not
shown), which has never been shown to recruit CGI-58 to LDs. These data suggest
that CGI-58 functions to promote ATGL recruitment to LDs. Importantly, we observed
that H§4R CGI-58 did not impede the recruitment of ATGL to LDs.

It was proposed that CGI-58 could function as an anchor for ATGL binding to
LDs (70), but our findings suggest that there is more to the story. The H§4R CGI-58
variant is efficient at binding ATGL and is successfully recruited to LDs with ATGL,;
however, it fails to co-activate ATGL in vitro and fails to reduce excess TAG levels in
NLSDi human skin fibroblasts. These data support the idea that binding of CGI-58 to
ATGL and recruitment of both proteins to lipid substrate is not sufficient for co-
activation of ATGL's TAG hydrolase activity and demonstrate that CGI-58 plays an
additional role in activating ATGL's enzymatic activity. One possibility is that CGI-58 is
needed for hydrolysis of the phospholipid monolayer so that ATGL can gain access to its

lipid substrate, in which case, the H84R mutation would reduce phospholipid breakdown.
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To test this hypothesis, we would need to analyze phospholipid breakdown in vitro by
incubating purified WT and H84R CGI-58 with purified ATGL mixed with radiolabeled
phospholipids and measuring radioactivity of released fatty acids or phospholipid head
groups.

CGI-58 alters the stereochemistry of DAG products of ATGL’s TAG hydrolase
activity in vitro. The Zechner group has shown that incubation of cytosolic fractions of
COS-7 cells expressing ATGL with recombinant CGI-58 expands ATGL’s hydrolysis of
the sn-2 fatty acid of TAG to both sn-2 and sn-1 fatty acids (68). ATGL alone shows
preference for hydrolysis of TAG to release only the sn-2 fatty acid. The addition of CGI-
58 results in the formation of sn-1,3 and sn-2,3 DAG, with no detectable amount of sn-
1,2 DAG. The stereochemical properties of DAG and MAG dictate their biological fate;
the product of sn-1 cleavage of TAG (sn-2,3 DAG) is not a substrate for phospholipid
synthesis, but is a substrate for HSL-mediated hydrolysis. The product of sn-2 cleavage
of TAG (sn-1,3 DAG) is a substrate for re-esterification by diacylglycerol O-
acyltransferase 2 (DGAT?2) (68). The increase in the regioselectivity of ATGL when co-
activated by CGI-58 further suggests that CGI-58 induces a change in ATGL that is more
than simply increasing the recruitment of the two proteins to substrate lipids stored in
lipid droplets. Perhaps the H84R mutation in CGI-58 alters this function and causes the
DAG produced by ATGL-mediated hydrolysis to be limited to sn-1,3 DAG, which is
then immediately re-esterified into TAG. This can be tested experimentally by inhibiting
DGAT?2 in NLSDi cells ectopically expressing WT or H84R CGI-58, and then measuring
levels of sn-1,3 DAG. The mechanism by which CGI-58 modifies ATGL’s

regioselectivity is still unclear and needs additional work to be elucidated.
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Although CGI-58 plays an important role in TAG turnover in cells, it cannot
function as a TAG lipase due to the replacement of the typical nucleophilic serine residue
in the catalytic triad of o/p hydrolases with an asparagine residue in CGI-58.

However, even when asn155 is mutated to serine, CGI-58 still lacks TAG hydrolase
activity (79). This suggests that a potential catalytic active site of CGI-58 may be located
elsewhere. We hypothesize that histidine H84 may be part of an as yet uncharacterized
catalytic active site of CGI-58 that is critical for its function, perhaps through altering the
metabolism of phospholipid to reveal the underlying TAG of lipid droplets. However, if
this is the case, we would expect the H84A mutated CGI-58 to lack function. H84A CGI-
58 was able to reduce excess TAG levels in NLSDi cells as effectively as WT CGI-58,
yet co-activation of ATGL’s TAG hydrolase activity in vitro was reduced relative to WT
CGI-58. This reduced co-activation of ATGL’s TAG hydrolase activity by H84A CGI-58
was evidently sufficient to reduce excess TAG levels in NLSDi cells.

A small set of amino acid residues are involved in the catalytic activity of an
enzyme; understanding the roles of these amino acids in catalysis helps scientists to
propose catalytic mechanisms for an enzyme. Histidine and arginine play very different
roles in catalytic mechanisms (80), but alanine does not substitute for either function.
Histidine is a polar residue that is involved in acid/base catalysis, particularly in proton
shuttling. Arginine is mainly involved in electrostatic stabilizing roles and is very rarely
involved in proton shuttling. Our data point to an important role for the amino acid in
position 84 in either the structure or function of CGI-58, but also suggest that histidine in
this position probably does not serve a role in proton donation, since alanine can replace

H84 without eliminating CGI-58 activity. Additionally, the potential stabilizing role of
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arginine in position 84 is inhibitory to CGI-58’s function through an as yet unknown
mechanism.

The crystal structure of CGI-58 is not yet available, so a member of our group,
Daniel Kurz, created a hypothetical 3D model of CGI-58 protein structure to better
understand the spatial positioning of proposed active site residues (Figure 11). The
highest ranked model was based on the crystal structure of a hydrolase from Bacillus
subtilis (Protein Data Bank ID: 2R11). The full 352-amino acid sequence for mouse CGI-
58 (NP_080455.1) was used to generate the model using the online Protein
Homology/analogy Recognition Engine (PHYRE) version 0.2 software; the model image
was generated using The PyMOL Molecular Graphics System, Version 1.5.0.1
Schrédinger, LLC. Using this model, we located an aspartate residue at position 110 in
CGI-58 in close proximity to H84; both residues are located in a hydrophobic pocket in
the protein. If H84 serves a catalytic function, then D110 could be the acidic component
of a catalytic active site. To test this, several experiments could be done. A D110A
mutated variant of CGI-58 could be expressed in NLSDi fibroblasts followed by analysis
of TAG content to test the importance of this residue in TAG turnover. Additionally, the
recombinant D110A variant can be tested for co-activation of ATGL's TAG hydrolase
activity in the in vitro assay. We initiated the latter experiments, but found that D110A
was poorly expressed in E. coli and difficult to purify. If D110A CGI-58 lacks the
capacity to increase either ATGL activity in vitro or TAG turnover in NLSDi cells, then
these observations may support the idea that H84 and D110 are catalytic residues. The
remaining question is, for what activity?

The general goal of this project was to characterize the H84R mutation in mouse
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Figure 11. Proposed catalytic active site of CGI-58
Residues H84 and D110 are putative active site residues. Both residues are located in a
hydrophobic pocket of the protein and are in close proximity to each other (model

developed by Daniel Kurz).

CGI-58 to elucidate mechanisms responsible for CGI-58 function and to gain
understanding of why the H§2R mutation causes NLSDi in humans. CGI-58 is known to
co-activate ATGL (12), but when comparing the different phenotypes of patients with
NLSDm and NLSDi, it becomes apparent that CGI-58 functions independently of ATGL
in an additional mechanism that is currently unknown (11,64). Patients with NLSDi have
severe ichthyosis, which is not present in patients with NLSDm (11,61,64). Additionally,
ATGL deletion from mice induces TAG accumulation in multiple tissues and
cardiomyopathy leading to death in early adulthood (49), while CGI-58 deletion from
mice causes a lethal skin barrier defect resulting in death soon after birth (66). These

observations led researchers to propose that CGI-58 has a separate function from ATGL
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in skin cells. Additionally, phospholipid synthesis from DAG is impaired in NLSDi
fibroblasts suggesting that CGI-58 might play a role in the provision of DAG from TAG
hydrolysis to phospholipid biosynthetic enzymes (10,81). The use of antisense
oligonucleotides to silence CGI-58 in the liver and adipose tissue of mice resulted in
decreased fat mass and protection against high fat-induced obesity (82), contrasting with
the increased fat mass observed in ATGL-null mice (49). Thus, it is clear that CGI-58’s
functions in lipid homeostasis are incompletely understood and include mechanisms
distinct from co-activation of ATGL.

Examining the association of CGI-58 and PLIN1 is important to gain
understanding of the compartmentalization and consequent control of activity of CGI-58
in adipose tissue, however, PLIN1 is not expressed in all cells. More specifically, PLIN1
is not expressed in skin cells or hepatocytes, where patients with NLSDi exhibit severe
problems in TAG metabolism. These data indicate that CGI-58 plays an additional and
perhaps more crucial role in the skin and liver.

Overall, several questions remain: How does CGI-58 co-activate ATGL, what is
the ATGL-independent function of CGI-58, and how does the H84R mutation alter CGI-
58 function? Our findings begin the characterization of the H§2R mutation in CGI-58
that causes NLSDi in humans. Further investigation is needed to determine the
mechanism responsible for dysfunction of H§2R CGI-58 and the mechanism by which

WT CGI-58 co-activates ATGL.
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