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Mutations in the gene CGI-58/ABHD5 cause Chanarin-Dorfman Syndrome, a

Neutral Lipid Storage Disorder (NLSD) where many cells and tissues, including
human skin fibroblasts, store excessive triacylglycerol (TAG). The protein, CGI-58,
has been characterized in vitro as both a co-activator of adipose triglyceride lipase
(ATGL) and a lysophosphatidic acid acyltransferase (LPAAT). We hypothesized that
CGI-58 LPAAT activity is not necessary for co-activation of ATGL. This hypothesis
was investigated through 3 specific aims: 1) to identify LPAAT active site residues,
2) to demonstrate that CGI-58 lacking LPAAT activity can co-activate ATGL, and 3)
to analyze the lipid composition of cultured NLSD fibroblasts relative to normal
human skin fibroblasts. A molecular model of CGI-58 was created to identify
potential active site residues. In the model, the putative LPAAT active site residues
H329 and D334 were not in close proximity, suggesting that they may not be active
site residues. Recombinant H329A and D334A CGI-58 variants, when purified from
BL21(DE3) E. coli, showed higher levels of LPAAT activity than purified wild-type
CGI-58. LPAAT activity was linked to a protein contaminant, likely plsC, the
endogenous E. coli LPAAT. The purification of recombinant CGI-58 was optimized to
reduce contaminant proteins. These new preparations lacked LPAAT activity, yet

retained the ability to co-activate ATGL. Additionally, extracts of BI21(DE3) cells
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expressing GST-tagged CGI-58 lacked LPAAT activity when plsC was removed by
centrifugation. The previously observed LPAAT activity was due to a protein
contaminant; thus, CGI-58 lacks LPAAT activity and LPAAT activity is not necessary
for the co-activation of ATGL. Additionally, using a protein-lipid overlay, CGI-58
bound to phosphatidylinositol 3-phosphate [PI(3)P] and phosphatidylinositol 5-
phosphate [PI(5)P] but not lysophosphatidic acid [LPA], the LPAAT substrate. CGI-
58 binding of PI(3)P or PI(5)P does not alter co-activation of ATGL. Finally, CGI-58
variant H84R, found in humans with NLSDi, was expressed in cultured NLSD cells
and studied in vitro. H84R CGI-58 failed to reduce accumulated TAG of NLSD
fibroblasts, unlike unmodified CGI-58 or the H84 A variant. Both H84 variants lacked
the ability to co-activate ATGL in vitro. Thus, H84R CGI-58 contributes to the NLSD

phenotype by failing to co-activate ATGL.
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I. Introduction

Obesity is a widespread problem in the United States and a growing problem
in most countries of the world. According to the 2012 National Center for Health
Statistics (NCHS) data brief, in 2009-2010, 35.7% of adults and 16.9% of children
and adolescents were considered obese [1]. In this study, obesity was defined as
having a body mass index (weight in kg divided by height in meters squared)
greater than or equal to 30. Obesity is caused by an increase in percent body fat
mass (adipose tissue) due to excessive caloric intake, sedentary life-style, and, in
some cases, genetics.

Specialized cells located within adipose tissue called adipocytes store excess
calories in the form of TAG. Each molecule of TAG is composed of three fatty acids
(FA) esterified to a molecule of glycerol. Due to this structure, TAG is highly
hydrophobic and is stored in specialized compartments within cells called lipid
droplets. Lipid droplets contain a neutral lipid core of mainly TAG and cholesterol
esters (CE); although in some cells, the core may contain retinol esters or
monoalk(en)yldiacylglycerol [2]. The hydrophobic core is surrounded by a
phospholipid monolayer composed of mainly phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (PI), and ether-linked
phosphatidylcholine; of these lipids, PC is the most abundant [2,3]. This
phospholipid monolayer provides a surface for proteins to interact with or embed
into [4]. Proteins, such as lipases, access the hydrophobic core of the lipid droplet to
hydrolyze stored lipids. Neutral lipid lipases cleave TAG into three molecules of FA

and one molecule of glycerol. In adipocytes, FA is either 1) exported into the



bloodstream bound to albumin and subsequently available for uptake by the heart,
skeletal muscle, or liver, or 2) re-esterified into TAG (reviewed in [5]). The heart and
skeletal muscle use fatty acids for ATP production via (3-oxidation but esterify some
of the fatty acids into TAG for storage. Adipocytes also release the glycerol produced
from complete TAG hydrolysis into the bloodstream for uptake by the liver. The
liver enzyme, glycerol kinase, is not expressed in adipocytes, but is a necessary
enzyme for the re-utilization of glycerol in TAG formation.

In obesity, lipolysis in adipocytes is altered. Adipose tissues in obese patients
have a decreased lipolytic response to catecholamines relative to lean patients [6,7].
This may be due to a decrease in hormone-sensitive lipase (HSL), a major lipase in
adipocytes, in obese [8-10] and insulin-resistant subjects [11,12]. However, obese
patients also contain lower levels of perilipinl (PLIN1), a protein that coordinates
lipase interaction with the surfaces of lipid droplets, in omental and subcutaneous
adipose tissue [13]. These studies suggest that obese subjects have impaired FA
release from adipocytes during fasting or exercise, but increased release of FA
during basal lipolysis. Excessive circulating FA and ectopic fat deposition in liver
and muscle has been correlated to increase insulin resistance [14].

In the past 20 years, significant progress has been made in identifying lipid
droplet associated proteins and understanding the role that they play in regulating
intracellular lipid homeostasis. Through studying the proteins involved in lipolysis
and how their activities are regulated, a greater understanding of the causes and

treatment of obesity can be achieved.



Overview of Lipolysis in Adipocytes

Lipolysis of TAG stores in adipocytes is studied in two states: basal and
stimulated (Figure 1). The basal state approximates the fed state, when insulin is
present; in the absence of catecholamines, adipose triglyceride lipase (ATGL), the
major TAG lipase, is localized both in the cytosol and on the surfaces of lipid
droplets. ATGL associated with lipid droplets during the basal state is thought to be
responsible for a low level of TAG hydrolysis. Recent findings suggest that ATGL
forms a complex with an inhibitor protein, G0OS2 (Go/G1 switch gene 2), in the
cytosol, which reduces ATGL lipase activity [15,16]. Moreover, CGI-58 (comparative
gene identification-58), the co-activator protein for ATGL, is bound to PLIN1 at the
surfaces of lipid droplets [17], where it is thought to be sequestered from
interacting with ATGL, thus repressing maximal lipase activity. Hormone-sensitive
lipase (HSL), another major adipose lipase, is localized in the cytosol, away from its
substrate lipids [18,19]. As a result of these conditions, there is low lipolytic activity;
TAG is hydrolyzed to diacylglycerol (DAG) and most of the released fatty acid (FA) is
re-esterified to DAG to form TAG [5]. Due to this continuous recycling, TAG levels
remain relatively constant.

Lipolysis is stimulated during times of energy deprivation, such as fasting,
starvation, or exercise. The classically defined pathway starts when catecholamines
bind to $-adrenergic receptors on the plasma membranes of adipocytes. This
interaction initiates a G-protein-mediated signaling cascade leading to activation of
adenylyl cyclase and elevation of intracellular cAMP levels [20,21]. The increased

cAMP levels activate protein kinase A (PKA), which can then phosphorylate both



Figure 1
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Figure 1. Basal (non-activated) lipolysis and stimulated lipolysis in adipocytes.
During basal lipolysis, CGI-58 is bound to PLIN1 (perilipin) on the surfaces of lipid
droplets, sequestered from interaction with ATGL. ATGL localizes to both the
cytosol and lipid droplets. HSL remains cytosolic, unable to access stored lipids.
During stimulated lipolysis, increased levels of cAMP activate PKA, leading to the
phosphorylation of PLIN1 and HSL. CGI-58 is subsequently released from PLIN1,
and interacts with ATGL on the surfaces of lipid droplets, increasing rates of TAG
hydrolysis. Cytosolic HSL translocates and docks through a protein-protein
interaction with PLIN1, gaining access to the lipid droplet, where it cleaves DAG. The
resulting MAG is cleaved by MGL. Figure reprinted with permission and adapted

from Lampidonis et al. [22].



PLIN1 [23] and HSL [24]. HSL, once phosphorylated by PKA, translocates from the
cytosol and binds to PLIN1 at the surfaces of lipid droplets, gaining access to
substrate lipids within the droplet [18,19,25]. Phosphorylation of PLIN1 causes CGI-
58 to disperse from PLIN1 on lipid droplets [17]. CGI-58 is then available to interact
with ATGL to activate TAG hydrolase activity on the surfaces of lipid droplets [26].
ATGL translocates from the cytosol, increasing binding to lipid droplets through a
PLIN1-independent mechanism [15,27]. It is unclear if ATGL binds to lipid droplets
through interactions with CGI-58 or GOS2, or directly binds to lipids. With ATGL and
HSL now on the surfaces of the lipid droplets, TAG is hydrolyzed to DAG via ATGL
working in partnership with CGI-58. DAG is hydrolyzed by HSL to monoacylglycerol
(MAG). The remaining MAG is cleaved by monoglyceride lipase (MGL) to release the
final FA [28]. In total, one molecule of TAG is hydrolyzed to three molecules of fatty
acid and one molecule of glycerol. Fatty acids and glycerol are exported from
adipocytes for use by other tissues. The components of these pathways will now be

discussed in greater depth.

Hormone-Sensitive Lipase

For 40 years, hormone-sensitive lipase (HSL) was thought to be the major
lipase in adipocytes responsible for breaking down TAG, DAG, and MAG. HSL is
highly expressed in white adipose tissue (WAT) and brown adipose tissue (BAT),
and at lower levels in steroidogenic cells, macrophages, skeletal and smooth muscle
[29,30]. In vitro, HSL can hydrolyze TAG, DAG, MAG, CE, RE, short chain esters and p-

nitrophenyl butyrate [31-35]. Of these substrates, HSL cleaves DAG at a 10-fold



higher rate of hydrolysis than either TAG or MAG. HSL enzymatic activity is
regulated through phosphorylation by PKA [24] and AMP-activated Protein Kinase
(AMPK) [31]. Under basal, unstimulated, conditions AMPK phosphorylates HSL on
serine 565, preventing subsequent phosphorylation by PKA and thus inhibiting HSL
lipase activity [32] and translocation to lipid droplets. HSL has three PKA
phosphorylation sites: serine 563, serine 659, and serine 660 [24]. In vitro
phosphorylation of amino acid residues serine 659 and serine 660 causes a 2-fold
increase in TAG lipase activity. During -adrenergic receptor activation of
adipocytes, cCAMP levels increase to activate PKA [20,21]. PKA phosphorylates both
PLIN1 and HSL, allowing HSL to translocate from the cytosol and bind to PLIN1 on
lipid droplets [18,25]. Mutagenesis studies suggest that phosphorylation of all three
PKA site serine residues of HSL is required for HSL translocation to lipid droplets
[33]. HSL, once bound to PLIN1, gains access to substrates within the lipid droplet.
To understand HSL activity, several groups have studied whole-body HSL
knockout mouse models [34-36]. Interestingly, these mice were not obese, revealing
that HSL is not the sole lipase necessary for TAG hydrolysis in adipose tissue.
Instead, these mice showed DAG accumulation in WAT, BAT, testis, skeletal and
cardiac muscle, suggesting that HSL functions as a major DAG lipase [36]. Explants
of WAT tissue of HSL~- mice were tested for lipase activity in the presence of the [3-
adrenergic agonist isoproterenol. When compared to WAT from WT mice, WAT
from HSL/- mice showed significantly lower release of FA and glycerol over a time
course of 3 hours, yet significant lipolysis was still observed [36]. In addition, HSL/

mice are resistant to diet-induced obesity [37], revealing that lipolysis of TAG can



still occur in the absence of HSL. Together, these data reveal that, in the absence of
HSL, other enzymes are able to compensate; thus, HSL is not the sole lipase
responsible for TAG hydrolysis.

Taken has a whole, the in vitro and in vivo data suggest that HSL acts as the
major DAG lipase in adipocytes. Though HSL7- mice accumulated DAG, they retained
the ability to hydrolyze TAG. These observations led researchers to search for

additional TAG lipases, which lead to the discovery of ATGL.

Adipose Triglyceride Lipase (ATGL)

In the search for additional adipose TAG lipases, three independent research
groups identified transport-secretion protein 2.2 as a TAG hydrolase within a few
months of each other. Thus, transport-secretion protein 2.2 gained three different
names: adipose triglyceride lipase (ATGL) [38], desnutrin [39], and calcium-
independent phospholipase A2 [40]. ATGL, as it is more predominantly known,
cleaves a fatty acyl chain from TAG both in in vitro assays [38,40] and when
overexpressed in cells [39] but has no further reactivity towards DAG [41]. ATGL
has also been shown to have transacylase activity, forming TAG, using DAG and MAG
as substrates [40,42]; this activity has only been observed in vitro and has yet to be
observed in vivo. Therefore, ATGL is currently regarded as primarily a TAG lipase.

Detectable levels of ATGL mRNA have been found in various tissues in
humans and mice. Although ATGL appears to be ubiquitously expressed, expression
is highest in white and brown adipose tissue, with moderate levels in cardiac

muscle, skeletal muscle, and testis [38,39,42]. In mice, ATGL mRNA expression



increases in WAT during starvation [39]. These data suggest that ATGL plays a role
in mobilizing fatty acids from TAG in adipocytes.

Recent research has provided insight into the regulation of ATGL localization
and activity. Bonifacino and colleagues localized ATGL to both endoplasmic
reticulum (ER) and lipid droplets and showed that ATGL transport from the ER to
the lipid droplet is dependent upon the coat proteins I and II (COPI and COPII) and
their regulatory proteins [27]. Previously, these proteins were thought to function
in protein transport only between ER and Golgi compartments. This research raises
the question as to whether other proteins such as HSL or CGI-58, which also
translocate to lipid droplets under specific metabolic conditions, are controlled by
these mechanisms. Additionally, during lipolytic stimulation in cultured adipocytes,
ATGL translocation to the surfaces of lipid droplets is increased [15,27]. This
suggests that ATGL is not a constitutive component of lipid droplets, but is recruited
upon hormonal stimulation of lipolysis. It was observed that the protein encoded by
GOS2 also translocates to the surfaces of lipid droplets with ATGL [15]. GOS2Z mRNA
is highly expressed in adipose tissue and increases during differentiation of
preadipocytes to adipocytes [43]. GOS2 binds to ATGL and decreases ATGL-
mediated TAG hydrolysis both in vitro and in cells, even in the presence of the ATGL-
activating protein CGI-58 [15,16]. Following [3-adrenergic receptor stimulation of
adipocytes, lipolysis increases dramatically due to the combined lipase activity of
ATGL and HSL. Therefore it is unclear why GOS2, a negative regulator of ATGL
activity, translocates to the lipid droplet with ATGL under conditions in which lipase

activity is elevated.



As found for HSL, post-translational modifications of lipases are important
components of the control of enzyme activity. ATGL is phosphorylated on serine 406
by AMPK both in vitro and in cultured cells leading to a small increase in lipase
activity [44]. However, the mechanism by which phosphorylation increases ATGL
lipase activity is unclear. In adipocytes, AMPK-mediated phosphorylation of HSL
prevents subsequent activation of HSL by PKA [32]. Thus, the activation of ATGL-
mediated lipolysis by AMPK is counterintuitive; ATGL activity would be increased
when HSL (the major DAG lipase) is inactivated. Interestingly, in cultured C>C12
myotubes, a skeletal muscle cell model, neither PKA nor AMPK increase ATGL TAG
hydrolase activity [45]. Thus, ATGL phosphorylation has different consequences in
different types of cells.

To clarify these data, ATGL phosphorylation was studied in vivo, revealing
that ATGL is most likely phosphorylated by PKA and not AMPK [46]. These results
are complimentary to our current understanding of PKA regulation of HSL lipase
activity; PKA mediated phosphorylation activates HSL, thus driving lipolysis.
Therefore, it might be expected that ATGL would be modulated by the same, or
similar, mechanism. However, phosphorylation of ATGL does not dramatically
increase lipase activity in cultured cells [46] and is not necessary for interaction
with GOS2 [15]. Therefore, further work is necessary to unambiguously identify the
relevant kinase and to determine if phosphorylation of ATGL is required to
modulate its interaction with its coactivator, CGI-58, or for ATGL’s translocation and

interaction with the lipid droplet.
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To study ATGL’s function, in 2006, Dr. Zechner’s group developed a whole-
body ATGL knockout mouse. ATGL7- mice maintained on a chow diet (4.5% w/w fat)
showed modest weight gain when compared to WT mice on the same diet. Their
increased weight was attributed to a doubling of whole body fat mass (both BAT and
WAT) rather than a change in lean body mass. Histological sections of both WAT and
BAT of the ATGL”/- mouse WAT and BAT revealed enlarged lipid droplets, suggesting
an impairment of TAG lipolysis. To identify the mechanisms for the increased fat
mass, WAT explants from either ATGL~- or WT mice were incubated in the presence
of isoproterenol to activate lipolysis. Under these conditions, the WAT explants from
ATGL/- mice released 74% less FAs and 78% less glycerol than those of WT mice,
revealing reduced stimulated lipolysis and an impairment of complete TAG
hydrolysis. These results paralleled in vivo findings, since ATGL7/- mice displayed
lower circulating FA’s during fasting conditions than WT mice [47]. These results
define ATGL as a major TAG lipase, however they also suggest that there are other
unknown lipases that are able to partially compensate for loss of ATGL.

Although ATGL is not expressed as highly in cardiac muscle as it is in adipose
tissue, study of ATGL~- mice revealed an important function for ATGL in cardiac
energy metabolism. ATGL”- mice, when compared to WT mice, display 1.4 times
greater heart weight due to an accumulation of TAG; excessive accumulation of TAG
is responsible for premature death from congestive heart failure [47]. Overall, these
findings show that ATGL is an important TAG lipase in multiple tissues and plays a

key role in TAG hydrolysis in the heart that cannot be compensated for by other
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lipases. However, the ATGL~7- mice were not extremely obese; these data suggest

that adipocytes have other mechanisms that can compensate for TAG hydrolysis.

Comparative Gene Identification 58 (CGI-58)

In 2000, Lin et al. aligned the Caenorhabditis elegans genome sequence with
the protein sequences predicted by the human genome project in a search for
orthologs [48]. Through use of bioinformatics, 150 Comparative Genes were
Identified and thus each was termed a CGI followed by an identification number. A
year later, mutations in the CGI-58 gene were associated with a condition known as
Neutral Lipid Storage Disorder (NLSD) [49]. CGI-58 is the fifth member of the o/
hydrolase (ABHD) protein family and is therefore also referred to as a/f3 hydrolase
domain 5 (ABHDS5). To date, 19 different mutations (either single base substitutions
or truncations) in the gene for CGI-58/ABHD5 have been identified that cause NLSD
[50].

In 1974, NLSD was identified as a rare autosomal disorder characterized by
excess accumulation of TAG in various tissues and cell types including: skin
fibroblasts, liver, striated muscle, intestinal mucosa, and neutrophils [51-53]. These
findings suggest that CGI-58 functions in normal turnover of TAG in multiple tissues.
Some patients also suffer from hearing loss, stunted growth and mental retardation.
Interestingly, these patients have not been reported to be obese. In 1997,
researchers studying NLSD were able to categorize patients as having either NLSD
with ichthyosis (NLSDi) or NLSD with myopathy (NLSDm) [54]. NLSDm patients

suffer from skeletal muscle myopathy and cardiomyopathy. Interestingly, these
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patients did not have ichthyosis, which is observed in the NLSDi patients [55,56].
More recently, NLSDi has been linked to mutations in the gene encoding CGI-58
[49], whereas NLSDm has been linked to mutations in the gene encoding ATGL [56].
These two studies confirmed that NLSDi and NLSDm are distinct variations of NLSD
caused by various mutations in two different genes.

Based on its amino acid sequence, CGI-58 has been predicted to belong to a
class of enzymes called /3 hydrolases [49]. Members of this family are
predominantly lipases, esterases, and thioesterases. a/f3 hydrolases have a defined
conserved catalytic triad containing an acidic residue (normally an aspartate), a
basic residue (normally a histidine), and a nucleophilic serine residue in the
consensus sequence GXSXG. However, in CGI-58, an asparagine residue replaces this
serine residue [49]. Although CGI-58 does not function as a TAG lipase [41], the
NLSD phenotype suggests that CGI-58 has an important role in maintaining TAG

homeostasis.

CGI-58 increases TAG hydrolysis catalyzed by ATGL

In 2006, Zechner’s group reported that ATGL binds to CGI-58 in a one-to-one
molar ratio, causing a 20-fold increase in TAG hydrolytic activity in vitro [41]. These
experiments were initially done by mixing post-nuclear COS-7 cell lysates
containing ectopic CGI-58 with cell lysates containing ectopic ATGL. To date,
experiments showing this synergy effect while using both purified CGI-58 and
purified ATGL have not been published, although multiple groups have now

reported purifications of both proteins. Thus, there may be an additional component
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contributed by the cell lysates that enhances synergy. However, if an additional
component contributes to the observed synergy, then it can be supplied by cell
lysates of both bacterial and mammalian cells [57]. Further work is necessary to
determine if synergy can be observed with purified ATGL and purified CGI-58 or if
an additional factor is required, and whether this factor is another protein or a small
molecule.

ATGL belongs to the patatin-like phospholipase domain containing (PNPLA)
family of proteins [58], whereas CGI-58 is a member of the ABHD family of proteins
[49]. Although the crystal structure of neither protein has been solved, the patatin
(a/B/a) fold is predicted to be close to ATGL’s N-terminus, while a hydrophobic
domain is predicted near the C-terminus [59]. In contrast, CGI-58 contains a
predicted o/ hydrolase fold close to its C-terminus. Humans with truncations in
ATGL removing sections of the C-terminus have NLSDm [56]. Although these
truncated forms of ATGL contain the lipase consensus sequence, ATGL function in
TAG homeostasis is impaired. Hence, the C-terminal domain must play an as yet
undefined role in localization or regulation of activity. Further, little is known about
the functional role of either the N-terminal region or the o/ hydrolase domain of
CGI-58.

Recently, Oberer’s group has studied partially purified recombinant
truncated forms of ATGL to determine the role of the various domains in ATGL
function [60]. ATGL is 486 amino acids long with amino acids 1-254 critical for
lipase activity. Interestingly, truncation of the C-terminus yields a form of ATGL with

greatly increased TAG lipase activity in vitro when compared to full length ATGL.
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However, this truncated protein was unable to localize to lipid droplets when
expressed in cultured cells. These results revealed that the C-terminus of ATGL is
inhibitory to TAG lipase activity, yet necessary for the translocation of ATGL from
the cytosol to the surfaces of lipid droplets, where ATGL gains access to TAG. It is
possible that CGI-58, when bound to ATGL, causes a conformational change in ATGL,
moving the inhibitory C-terminus into a position that does not interfere with ATGL
TAG hydrolase activity.

To investigate how ATGL and CGI-58 interact, Oberer and colleagues
examined the binding of truncated forms of CGI-58 and ATGL to each other and to
lipid droplets, and the consequent effects on ATGL’s TAG lipase activity [57]. By
expressing YFP-tagged truncated forms of CGI-58 in cultured COS-7 cells, Oberer’s
group determined that truncation of the first 32 amino acids completely abolished
targeting of CGI-58 to lipid droplets. This truncated form of CGI-58 was also unable
to activate ATGL TAG lipase activity in vitro and showed a 30% reduced ability to
bind to ATGL in an enzyme-linked immunosorbent assay (ELISA). The first 32 amino
acids of CGI-58 contain three tryptophan residues that these researchers
hypothesized to be important for activation of ATGL. When the tryptophan residues
at positions 21, 25, and 29 were mutated to alanine residues, CGI-58 was able to
bind to ATGL in an ELISA, but unable to increase ATGL TAG lipase activity.
Moreover, CGI-58 with the tryptophan to alanine mutations failed to localize to lipid
droplets. Collectively, these results suggest that the N-terminal region of CGI-58 is
important for CGI-58’s interaction with lipid droplets; however, this region is not

critical for binding to ATGL.
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It has been hypothesized that ATGL has an inhibitory domain in its C-
terminus that requires interaction with CGI-58 to produce optimal lipase activity
[57,60]. However, to date, the mechanism of how CGI-58 increases ATGL activity has
not been clearly defined. Further studies are needed to determine whether binding
of CGI-58 to ATGL changes the conformation of ATGL, or activates TAG hydrolase
activity through a different mechanism such as presentation of substrate to ATGL, or

removal of end products to reduce inhibition of activity.

Study of CGI-58 function using mouse models

To study CGI-58 function, Zechner and colleagues created a CGI-587- mouse
[61]. These mice died within 16 hours after birth and were smaller in both size and
weight relative to newborn WT mice. An analysis of the CGI-587/- mouse carcass
revealed 1.8-fold increased TAG content when compared to WT littermates. The
knockout mice had glossy, dry skin that prevented movement and caused complete
dehydration; thus the mice were unable to suckle. Even by increasing chamber
humidity and applying Vaseline® to the mice, the researchers were not able to
prolong their lifespan. Since ATGL7- mice did not display a skin barrier defect
comparable to CGI-587/- mice, these data suggest an important role for CGI-58 that is
independent of ATGL. In addition, the phenotypes of both humans with CGI-58
mutations and CGI-587/- mice suggest an important function of CGI-58 in the
formation of a proper skin barrier to prevent dehydration.

To explore this hypothesis, Zechner and colleagues utilized ultra

performance liquid chromatography-tandem mass spectrometry to observe changes
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in lipid composition of the epidermis of WT, ATGL~-, and CGI-587- mice [61]. When
compared to WT or ATGL”/- mice, CGI-587/- mice showed significantly reduced levels
of protein-bound w-OH-ceramides and elevated levels of free w-OH-ceramides.
Moreover, acylceramides (free w-OH-ceramides esterified to oleic or linoleic acid)
were undetectable only in the skin of CGI-587/- mice. Although CGI-58’s role in the
epidermis is not currently understood, this study strongly suggests an ATGL-
independent function of CGI-58. Moreover, humans with NLSDi do not
characteristically have heart function defects, and survive longer than humans with
ATGL mutations, many of whom have heart disease [55,56,62].

To overcome the lethality of CGI-58 ablation, Dr. Mark Brown and colleagues
utilized CGI-58 antisense oligonucleotides (ASOs) to reduce CGI-58 levels and
thereby study the function of CGI-58 in tissues [63]. In these experiments, ASO
treatment caused an 80-95% knockdown of CGI-58 mRNA and protein expression in
WAT and liver and a 50% or greater knockdown in BAT, heart, skin, and spleen.
When fed a high fat diet (HFD) (45% energy from fat) over 8 weeks, the CGI-58 ASO
treated mice were resistant to diet-induced obesity relative to control ASO treated
mice. Although they were not obese, CGI-58 ASO treated mice showed hepatic
steatosis when fed either a HFD or chow, but the steatosis was more severe with the
HFD. Following a HFD feeding, hepatic DAG and ceramides were elevated, while FA
and long chain fatty acyl-CoAs were reduced in ASO-treated mice relative to control
mice. In mice on a chow diet, CGI-58 knockdown did not affect body weight, but
caused a 50% decrease in epididymal fat pad weight relative to control mice; this

observation contrasts with the expectation that WAT mass should be elevated when
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reducing expression of a factor (CGI-58) needed for ATGL-mediated TAG turnover.
Once again, these results contrast with findings in ATGL~- mice, suggesting that CGI-
58 serves additional functions that are unrelated to ATGL in WAT. Moreover, the
phenotype of the CGI-58 ASO treated mice resembles the phenotype of NLSDi
patients; TAG accumulates in various tissues in the absence of obesity.

CGI-58 is highly expressed in cultured adipocytes, making these cells a great
model to study endogenous CGI-58 localization. In 3T3-L1 adipocytes, CGI-58
localizes to lipid droplets by binding to the carboxyl-terminus of PLIN1 during basal
conditions (mimicking fed conditions) and is released into the cytosol following
PLIN1 phosphorylation during lipolytic stimulation [17,26,64]. Upon release from
PLIN1, CGI-58 binds to ATGL at the surfaces of lipid droplets, promoting ATGL
hydrolysis of TAG [26]. At this time, it is unclear whether CGI-58, ATGL, or both
proteins interact with the phospholipid monolayer of adipocyte lipid droplets. In
fibroblasts and most other cells, lipid droplets are coated with perilipin 2 (PLIN2);
CGI-58 is less abundant, and dispersed throughout the cytosol [17], where ATGL is
located. To catalyze TAG hydrolysis, both ATGL and CGI-58 need to translocate to
the surfaces of lipid droplets. Recent data from Sztalryd and colleagues suggests that
CGI-58 recruits ATGL to lipid droplets in cells where PLINZ2 is the major lipid droplet
protein [65], although it is still unclear how CGI-58 and ATGL interact with the

surfaces of lipid droplets.
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Monoglyceride Lipase (MGL)

In 1976, Belfrage and colleagues purified monoglyceride lipase (MGL) from
rat adipose tissue [28]. In vitro, MGL was observed to cleave 1-MAG and 2-MAG at
equal rates, but not TAG or DAG. For many years MGL has been considered the
major lipase necessary for cleavage of MAG in adipocytes. MGL belongs to the a/f3
hydrolase fold family of lipases and esterases and is ubiquitously expressed, with
high mRNA levels in adipose tissue, kidney and testis [66]. MGL7/- mice have
increased levels of MAG in adipose tissue, brain and liver [67], demonstrating that
MGL is necessary for cleaving MAG in these tissue and organs. These knockout mice
also exhibited increased levels of 2-arachidonoyl glycerol [67], which has been
previously identified as a potent signaling molecule regulating food intake [68].
However, whole body MGL~- mice did not display differences in energy intake
compared to WT mice [67]. Tissue specific knockout models may further define the

role that MGL plays in 2-arachidonoyl glycerol generation.

PLIN1 (Perilipin 1)

PLIN1 is the most well studied member of the perilipin family. In 1991,
Greenberg et al. identified a new protein enriched in the fat cake of rat epididymal
adipocyte lysates subjected to centrifugation [23]. This protein is highly abundant in
cultured 3T3-L1 adipocytes and less abundant in steroidogenic cells [69]. In both
types of cells, PLIN1 is located around the perimeter of lipid droplets; thus it was
named perilipin, which is Greek for “surrounding lipid.” There are three protein

isoforms that arise from splice variants of PLIN1: PLIN1A, 1B, and 1C [70,71].
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PLIN1A and 1B are expressed in adipocytes, while PLIN1A and 1C are expressed in
steroidogenic cells. Ectopic PLIN1A expression in 3T3-L1 pre-adipocytes (cells that
do not normally express PLIN1) causes a 6-30 fold increase in TAG content relative
to controls cells [72]. This work suggests that PLIN1 functions to limit the access of
lipases to lipid droplets, thus protecting the TAG content of adipocytes from lipases.
The access of lipases to the lipid droplet depends on PLIN1’s
phosphorylation state. PLIN1 is phosphorylated on multiple sites by PKA [23] and
dephosphorylated by protein phosphatase 1 [73] (Figure 2). In order for HSL to
interact with PLIN1, both proteins must be phosphorylated by PKA [18,25,33]. In
2003, Greenberg and colleagues defined the phosphorylation sites of PLIN1 in
relation to HSL activity [74]. They used C-terminal FLAG epitope-tagged PLIN1
constructs in which PKA site serine residues were mutated to alanine, to show that
binding of HSL to lipid droplets during PKA stimulated lipolysis was regulated by
phosphorylation of one or more of the first three PKA site serine residues (581,
S222, and S276). It was later confirmed that all three serine residues (S81, S222,
and S276) must be phosphorylated for HSL to bind to PLIN 1A [25]. This binding
interaction is required for HSL catalyzed lipolysis, presumably by bringing HSL into
contact with lipid substrates. Phosphorylation of these PKA sites, as well as three
others (5433, S492, and S517) was implicated in facilitation of PKA stimulated
lipolysis by non-HSL lipases [74]. Greenberg and colleagues later confirmed these
findings, revealing serine residue 517 as the “master regulator” of PKA stimulated
lipolysis [75]. Overexpression of PLIN1 harboring an alanine substitution of serine

517 eliminated 95 percent of PKA-stimulated release of fatty acids and glycerol
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Figure 2
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Figure 2. Structural features of the perilipin family of proteins. This image
depicts the sequence similarity of perilipin family members PLIN1 (Perilipin A),
PLIN2 (Adipophilin), PLIN3 (TIP47), PLIN4 (S3-12), and PLIN5 (OXPAT/MLDP). In
this image, lighter colors represent areas of low sequence homology and darker
colors represent areas of high sequence homology. The highly conserved amino
terminal PAT1 regions of PLIN1-3, and 5, yet lacking in PLIN4, are important for
interaction with HSL. PLINZ2, 3, and 5 have a 4-helix amphipathic bundle sequence.
In PLIN3, this sequence is predicted to collapse when cytosolic and open while
interacting with the surfaces of lipid droplets [76]. The 4-helix bundle sequence is
not found in PLIN1, instead, a hydrophobic and acidic region is present. PLIN2-5
contains a hydrophobic cleft near the C-terminal region. In PLIN3, this region is
predicted to interact with a small molecule or lipid [76]. Figure reprinted with

permission from Brasaemle [77].



21

relative to cells overexpressing WT PLIN1. When ATGL was present,
phosphorylation of this site contributes to the control of lipolysis catalyzed by ATGL
with CGI-58.

In cultured adipocytes, the carboxyl-terminus of PLIN1 is able to bind CGI-58
under basal (unstimulated) conditions [17,26,64]. Following PKA activation, CGI-58
is released from PLIN1 and disperses throughout the cytosol [17]. CGI-58 binds to
the TAG lipase ATGL and increases its lipase activity in vitro [41]. Imaging work in
live cultured fibroblasts expressing fluorescent fusion proteins of these three
proteins suggests that CGI-58 needs to be released from PLIN1 before it can interact
with ATGL [26]. These results suggest that during PKA stimulation, CGI-58 is
released from PLIN1 to the cytosol to recruit ATGL to the lipid droplet, thus
initiating TAG lipolysis.

To study PLIN1 function, PLIN1 knockout mice (PLIN1/-) were generated,
and revealed an interesting phenotype [78]. Though PLIN1~/-mice consumed equal
amounts of food relative to WT mice, they had 30% less fat mass, increased lean
body mass, and an increased metabolic rate [78,79]. Adipocytes isolated from
PLIN1/- mice showed elevated basal lipolysis and reduced stimulated lipolysis. This
is most likely attributable to the compensatory increase in protein levels of PLIN2
on lipid droplets of adipocytes of PLIN1~- mice [79]. PLIN2, unlike PLIN1, is not
phosphorylated by PKA and does not coordinate major recruitment of HSL or
ATGL/CGI-58 to lipid droplets. Therefore, these lipases are able to gain access to the
lipid droplet under basal conditions, thus increasing rates of lipolysis. These

observations support previous findings that PLIN1 regulates lipolysis; PLIN1~/- mice
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are unable to regulate access of lipases to lipid droplets so basal lipolysis is higher,
and stimulated lipolysis is also reduced, likely due to two factors: 1) total TAG is
reduced and 2) PLIN1 is not available to recruit HSL to lipid droplets.

In humans, two frame-shift mutations in PLIN1 have been described that
cause lipodystrophy, hypertriglyceridemia, insulin resistance, and type 2 diabetes
[80]. PLIN1 harboring these mutations (Leu-404fs and Val-398fs) were
overexpressed in 3T3-L1 preadipocytes, and caused an increase in basal lipolysis
[81]. These variants lack the C-terminal region of PLIN1, which interacts with CGI-
58 [17]; thus CGI-58 is not sequestered under basal conditions and can interact with
ATGL to increase TAG hydrolysis. Use of siRNA to knock down protein expression of
either CGI-58 or ATGL in cell lines stably expressing these PLIN1 variants reduced
basal lipolysis [81], suggesting that one of the mechanisms by which PLIN1
regulates basal lipolysis is through preventing CGI-58 from interacting with ATGL.

Overall, these efforts have described PLIN1 as a scaffolding protein on the
surface of lipid droplets that binds various proteins. It interacts with the DAG lipase
HSL and the ATGL co-activator CGI-58, thus providing an essential role in regulating

lipolysis in adipocytes under both stimulated and basal conditions.

PLIN2 (ADRP, ADFP, Adipophilin)

PLIN2 was first discovered in 1992 by Serrano et al. as a mRNA that
increases in quantity during adipocyte differentiation; therefore, it was named
adipose differentiation related protein (ADRP) [82]. Brasaemle, et al. scanned

various cultured cell lines for mRNA expression of PLINZ in mouse tissues and
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found that it is ubiquitously expressed [83]. Interestingly, they observed PLIN2 on
the surfaces of lipid droplets only in pre-adipocytes and during early stages of
adipose differentiation; during later stages of differentiation it is replaced by PLIN1,
which coats the larger, mature lipid droplets of fully differentiated adipocytes.
Wolins and colleagues later observed that the addition of fatty acids to cultures of
fully differentiated adipocytes drives cytosolic PLIN2 onto the surfaces of both small
and large lipid droplets [84]. These results suggest that PLIN2 has a role during the
development of lipid droplets and under high fat conditions.

Overexpression of a GFP-PLINZ2 fusion construct in 3T3 fibroblasts (which
endogenously express PLIN2) revealed a 2-fold increase in cellular TAG content
when cells were incubated in growth medium with or without serum relative to
control cells under similar conditions [85,86]. These results demonstrate the ability
of PLINZ2 to have a protective effect on cellular TAG levels in a fibroblast line, which
contain low levels of ATGL and CGI-58. Relative to PLIN1, PLIN2 is not altered
under stimulated (PKA-activated) conditions. PLIN2 binds HSL [25], but does not
facilitate major recruitment of HSL to lipid droplets, and PLIN2Z does not interact
with ATGL or CGI-58 [26,65]. Therefore, PLINZ2 is not protective against ATGL-
mediated TAG hydrolysis because it is unable to sequester CGI-58 from interacting
with ATGL.

To study PLIN2 function in a mouse model, Chan and colleagues created a
PLIN2 knockout mouse (PLIN2/-) [87]. PLIN2/- mice were resistant to HFD-induced
fatty liver and displayed normal adipogenesis and fat mass in vivo, revealing that

PLINZ is not essential for the development or function of adipose tissue. Although
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these mice showed similar hepatic FA uptake, hepatic 3-oxidation, VLDL secretion,
and plasma TAG levels relative to WT mice, PLIN2-/- knockout mice had 60% less
hepatic TAG content. The results of this study suggest that PLIN3 [88] and PLIN5
[89,90], which are also expressed in the liver, are unable to fully compensate for the
role that PLIN2 may have in the formation of new lipid droplets in hepatocytes [84].
The investigators did not report skeletal muscle TAG content; it is possible that
PLIN2 also plays an important role in muscle. Overall, PLINZ is a ubiquitously
expressed protein that plays a role in the formation of new lipid droplets. PLINZ2 is
relatively permissive to lipolysis and lacks the ability to regulate lipolysis via post-

translational mechanisms such as phosphorylation.

PLIN3 (TIP47, M6PRBP)

Tail interacting protein of 47 kDa (TIP47, PLIN3) was first identified in a
yeast two-hybrid screen for proteins that interact with the mannose 6-phosphate
receptor binding protein (M6PRBP) in the endosomal/trans-Golgi transport
pathways [91]. In 2001, Brasaemle and colleagues observed that the amino acid
sequence of PLIN3 is 43% similar to PLIN1 and PLIN2 (Figure 2), and thus
hypothesized that PLIN3 localizes to lipid droplets [88]. They used
immunofluorescence microscopy to show that endogenous PLIN3 and M6PR do not
co-localize in HeLa cells; PLIN3 localizes diffusely throughout the cytosol, whereas
M6PR localizes to specific structures adjacent to the nucleus. Under fatty acid
supplemented conditions, both PLIN3 and PLIN2 localize to lipid droplets in HeLa

cells and co-localized to the same lipid droplets. Thus, PLIN3 is a lipid droplet
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protein that can reversibly translocate between the cytosol and the surfaces of lipid
droplets.

The crystal structure of PLIN3’s C-terminal region (~60%) has been solved
[76]. This region, which is conserved in PLIN2 and PLIN5, folds into a four-helix
bundle of amphipathic alpha helices, with a separate sequence forming a
hydrophobic cleft hypothesized to interact with a small hydrophobic molecule or
lipid (Figure 2). This structure is highly similar to the four-helix bindle of the amino
terminus of apolipoprotein E [92], an exchangeable apolipoprotein. Apolipoprotein
E can be both soluble in the blood stream and bound to lipoproteins, the key to this
behavior is the collapsible four-helix bundle [93]. Thus, it is possible that the four a-
helices of PLIN3 also open to bind to lipid droplets via the hydrophobic surfaces of
the helices and retract when the protein is cytosolic [77]. This structure supports
the previous findings that PLIN3 is both a cytosolic and a lipid-droplet bound
protein, unlike PLIN1, which is constitutively bound to lipid droplets and rapidly
degraded in the absence of stored lipids [94,95].

Recent work has shown that PLIN3 is ubiquitously expressed [88,91,96] and
functions in the formation new lipid droplets [97,98]. Interestingly, these studies
reveal that when silencing PLIN3 mRNA expression in cultured cells, PLIN2Z mRNA
expression increases as a compensatory mechanism. Wolins and colleagues have
found that PLIN3 localization to lipid droplets increases around tiny nascent lipid
droplets when fatty acids are added to cultured differentiated 3T3-L1 adipocytes

[84]. Thus, PLIN3 may support the rapid formation of new lipid droplets. Together,



26

these findings define PLIN3 as playing an important role in the formation of new

lipid droplets PLIN3 is not thought to control TAG lipolysis.

PLIN4 (S3-12)

PLIN4 (originally named S3-12) was identified in a screen for adipocyte-
specific secreted or plasma membrane proteins [99]. PLIN4 is expressed at low
levels in heart, and skeletal muscle, and higher levels in adipocytes of WAT [99,100].
In 2003, Wolins et al. used immunofluorescence microscopy to show PLIN4
localization to tiny lipid droplets in cultured 3T3-L1 adipocytes [84,100]. When
adipocytes were incubated with oleate over a time-course of four hours, PLIN3 and
PLIN4 localized to the smallest, newly formed lipid droplets, PLIN2 coated
intermediate-sized lipid droplets, and PLIN1 coated only the largest, most mature
droplets [84]. These results suggest a role for PLIN4 in the formation of new lipid
droplets in adipocytes; like PLIN3, PLIN4 has not been defined as having a role in
coordinating lipase interaction with lipid droplets. Interestingly, PLIN1 and PLIN4
were not observed on the same lipid droplets, therefore there is likely an undefined
mechanism that removes or degrades PLIN4 from the growing lipid droplet when it

is replaced by PLIN1 during droplet maturation.

PLIN5 (MLDP, OXPAT, LSDP5, PAT1)
In 2006, Yamaguchi et al. and Wolins et al. discovered a fifth member of the
perilipin family in highly oxidative tissues, such as smooth and skeletal muscle, thus

naming it MLDP (myocardial lipid droplet protein) [89] or OXPAT [90], respectively.
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PLINS is highly expressed in brown adipose tissue, heart, and skeletal muscle and at
lower levels in liver. PLIN5 and PLIN2 coat the same lipid droplets within these
tissues. Ectopic expression of PLIN5 in cultured COS-7 fibroblasts increased TAG
accumulation relative to control cells ectopically expressing -galactosidase [90],
suggesting that PLIN5 plays a role in controlling lipase access to lipid droplets.
PLIN5 was found to be both cytosolic and on the surfaces of lipid droplets under
fasting, low insulin conditions, when lipase activity is increased [89,90,101].

PLIN5 controls ATGL and HSL activity unlike the other members of the
perilipin family. PLIN5 binds HSL under basal unstimulated conditions through a
conserved amino terminal sequence found in PLIN1, 2, 3, and 5 (Figure 2) [25].
However, this interaction does not increase the rate of lipolysis; lipolysis increases
only following activation of PKA, presumably through phosphorylation and
activation of HSL. The carboxyl terminal region of PLIN5 is able to bind either ATGL
or CGI-58 [65,102], but not both simultaneously [102]. PLIN5, when HSL or ATGL is
bound, reduces TAG hydrolysis in the absence of PKA stimulation [65]. However,
under PKA-stimulated conditions, PLIN5 is phosphorylated, by either PKA or an
unidentified kinase downstream of PKA, leading to an increase in lipolysis through
an as yet undefined mechanism. It is possible that phosphorylation of PLIN5
releases CGI-58 and ATGL, allowing the two proteins to interact at the surfaces of
lipid droplets, thus increasing hydrolysis of TAG. Subsequent studies identifying the
phosphorylation sites and relevant kinase and investigating the consequences of
alanine substitutions of these sites would help to identify the mechanism by which

phosphorylation of PLIN5 affects lipolysis.
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Given that PLIN5 is expressed in highly oxidative tissues, PLIN5 has been
hypothesized to play a role in channeling fatty acids towards mitochondria for 8-
oxidation [90,103,104]. Recently, PLIN5 has been shown to either 1) localize to
mitochondria in smooth and skeletal muscle cells [104], or 2) link lipid droplets to
mitochondria by binding to lipid droplets, but interacting with an as yet unidentified
component of mitochondria through a carboxyl terminal sequence of PLIN5 [103].
Together, these results suggest that PLIN5 has a functional role in mediating ATGL-
dependent lipolysis, releasing fatty acids in close proximity to the mitochondria for

B-oxidation.

CGI-58 has LPAAT activity

Recently, CGI-58 has been identified as a LPAAT. Rajasekharan’s group was
the first to publish this finding [105]. In these studies, recombinant 6-His tagged
CGI-58 was expressed in the E. coli strain BI21(DE3) and purified using a nickel
affinity resin. To assay for LPAAT activity in vitro, partially purified CGI-58 was
mixed with a lysophospholipid acceptor and a radiolabeled fatty acyl-CoA donor and
the production of radiolabeled phospholipids was evaluated. After testing various
combinations of acceptor and donor lipids, LPA was identified as the only significant
acceptor molecule. Oleoyl-CoA, palmitoyl-CoA, and stearoyl-CoA were all useful acyl
group donor molecules, however oleoyl-CoA was the preferred substrate. The
product of the enzyme reaction was phosphatidic acid (PA).

In support of these findings, our group has published additional findings on

CGI-58 LPAAT activity, as well as more detailed kinetic analysis [106]. We reported
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that CGI-58 is also able to utilize arachidonoyl-CoA as a fatty acyl donor and that
oleoyl-CoA and arachidonoyl-CoA were preferred substrates. To further understand
lipid-binding activity of CGI-58, the intrinsic fluorescence of CGI-58’s tryptophan
residues was measured in the presence of increasing substrate concentrations.
Addition of lipid substrates quenched tryptophan fluorescence; the apparent
dissociation constants were determined for LPA (K4 = 0.063 uM), arachidonoyl-CoA
(Ka=0.16 uM), oleoyl-CoA (K4 = 1.08 uM), and palmitoyl-CoA (K4 = 0.62 pM) [106].
These results support the previous findings that oleoyl-CoA is a preferred substrate.
Moreover, by saturating CGI-58 with oleoyl-CoA and then sequentially adding
increasing concentrations of LPA, additional quenching of CGI-58’s tryptophan
fluorescence was reported. These results suggest that oleoyl-CoA and LPA bind two
different sites on CGI-58.

These findings raise a very important question; what is the fate of PA
produced by CGI-58? PA can serve as either a signaling molecule or an intermediate
in TAG or phospholipid synthesis. It is also unclear if CGI-58 LPAAT activity is

necessary to activate TAG hydrolase activity of ATGL.

Lysophosphatidic Acid Acyltransferases

There are ten related putative acylglycerolphosphate acyltransferase
(AGPAT) enzymes found in humans, all sharing four conserved sequence motifs;
these enzymes are also referred to as LPAATs (Figure 3). Most of these enzymes
have been characterized as having LPAAT activity: AGPAT1 (LPAAT-a) [107-110],

AGPAT2 (LPAAT-B) [109-111], AGPAT 7 [112], and AGPAT9 [113]. AGPAT3, 4, and 5
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Human AGPAT? AAPHSTFFDPI  QAILVSR  FFPEGTCSNKKA  VQPVLI
Human AGPAT8-1  VANHTSPIDVL HVWF-ER  IFPEGTCINNTS  IHPVAI
Human AGPAT8-2  IMNHRTRMDWM AYIFIHR  IFPEGTDLTENS  LHPRTT
Human AGPAT9 LAPHSSYFDAI ~ RPVFVSR  IFPEGTCTNRTC  VQPVVL
Human DHAPAT LPSHRSYIDFL [GAFFMRR  FFLEGTRSRSAK  LVPISI
Mouse GPAT1 LPVHRSHIDYL GFGGIRR  IFLEGTRSRSGK  VIPVGI
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Figure 3. Conserved sequence motifs found in all acyltransferases. Motif [
contains histidine and aspartate residues that are necessary for catalysis of the
reaction [114]. Motif I and the conserved proline of motif Il are predicted play a
role in acyl-CoA binding. Motif Il and III are responsible for lysophospholipid,
glycerol 3-phosphate, or dihydroxyacetone binding. Of the four conserved motifs,
CGI-58 was reported to contain motif I, the acyltransferase active site residues

[105,106]. Figure was reprinted with permission from Yamashita et al [114].



31

display LPAAT activity, but are much less active than AGPAT2 [115], suggesting that
there may be other possible substrates in addition to LPA and oleoyl-CoA. Not all
putative AGPATSs display LPAAT activity (reviewed in [116]); AGPAT7 and 9
preferentially use lysoPC as a substrate [117-119]. For this chapter I will focus on
AGPAT1 and AGPAT?2 since they are well defined as LPAATSs both in vitro and in vivo
and their activity is similar to CGI-58’s recently described LPAAT activity.

AGPAT1 and AGPAT2 mRNA are ubiquitously expressed [111,120,121].
AGPAT1 expression is highest in skeletal muscle, kidney, and testis, while AGPAT?2
expression is highest in visceral adipose tissue, liver, and heart. The enzymes vary
slightly in their acyl-CoA substrate preferences; AGPAT1 prefers 14:0, 16:0, and
18:2 acyl-CoA, but can also use 18:0, 18:1 and 20:4 acyl-CoA [110]. In contrast,
AGPAT?2 prefers 18:1 acyl-CoA and has moderate activity towards 14:0, 16:0 and
18:2 acyl-CoA. In cultured COS-7 or CHO fibroblasts, AGPAT1 and AGPAT?2 are
localized to the ER [120,122,123]. In contrast, CGI-58, is localized either diffusely in
the cytoplasm or on the surfaces of lipid droplets, bound to PLIN1 in cultured
adipocytes [17]. Interestingly, none of the previously described AGPATSs belong to
the o/ hydrolase-fold family of proteins, making CGI-58 the only member of that
protein family to show LPAAT activity. However, the enzyme activity of many
members of the ABHD family is as yet uncharacterized.

AGPATS, as well as glycerol phosphate acyltransferases and
dihydroxyacetone-phosphate acyltransferases, have four conserved sequence motifs
characteristic of acyltransferases (Figure 3) [116]. Motif I consists of histidine and

aspartate residues separated by four amino acid residues, that, along with a
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conserved proline residue in motif IV, are hypothesized to be important for acyl-CoA
binding [114]. Studies of AGPAT1 reveal that a substitution of either residue in motif
[ with alanine causes a dramatic in acyltransferase activity [114], suggesting that
these are active site residues. Motif Il has conserved phenylalanine and arginine
residues, while motif III has conserved glutamate, glycine, and threonine residues.
Together, motif Il and motif III are hypothesized to be responsible for LPA binding.
Interestingly, CGI-58 has been reported to contain only motif I of the four motifs
characteristic of known acyltransferases [105,106]. Further studies on CGI-58
structure/function relationships are required to determine how CGI-58 binds LPA
or an acyl-CoA without the other conserved motifs.

In humans, mutations in AGPAT2 cause congenital generalized lipodystrophy
type 1 [124]. Patients suffer from hyperinsulinemia, dyslipidemia, insulin resistant
diabetes, hyperphagia, and an inability to store TAG in adipose tissue [125].
Interestingly, patients lacked metabolically active fat pads including both
subcutaneous and visceral fat depots, although they retain mechanical, non-
metabolically active fat pads in the palms of hands and soles of feet [126,127]. In
contrast, NLSDi patients (humans lacking functional CGI-58) display an
accumulation of TAG in various tissues, suggesting that PA produced by CGI-58 is
not used as an intermediate for TAG synthesis.

To better understand the role of AGPAT2 in congenital generalized
lipodystrophy type 1, an AGPAT2 knockout (AGPAT2/-) mouse was generated [128].
About 80% of AGPAT2-- mice did not survive to weaning due to hyperglycemia or

hypothermia. Those that survived past weaning completely lacked brown and white
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adipose tissue; they had 2% body fat relative to the 24-29% body fat of WT mice.
These data support previous findings that AGPAT?2 is necessary for adipocyte
differentiation in cultured cells [123]. Interestingly, reducing AGPAT2 protein levels
in cultured adipocytes leads to decreased TAG storage but no change in overall
levels of PA or other phospholipids. These data suggest that, in adipocytes, PA
produced from AGPAT?2 is converted to TAG.

Due to the absence of adipose tissue, AGPAT2/- mice have very low
circulating leptin, leading to hyperphagia. AGPAT2~- mice also display enlarged
kidneys, small intestine, spleen, and liver [128]. Compared to WT mice, AGPAT2/
mice have up to 6.4-fold increased liver TAG, suggesting that an alternate AGPAT is
required for TAG synthesis in liver. Excessive hepatic TAG accumulation was
attributed to dietary fat intake and de novo fatty acid synthesis from dietary
carbohydrates; there were no impairments in hepatic fatty acid $-oxidation or VLDL
secretion. Adenoviral-driven overexpression of human AGPAT1 or AGPATZ2 in
AGPATZ27/- mice did not reduce hepatic TAG levels, suggesting that hepatic TAG
accumulation is due to the lack of adipose tissue in AGPAT2/- mice [129]. Overall,
the phenotype of AGPAT2/- mice is drastically different than that of CGI-58~- mice.
As described in the CGI-58 section of this chapter, CGI-58~7/- mice unable to wean due
to a skin barrier defect impairing their ability to move, and die shortly after birth
[61]. TAG levels were elevated in the carcasses of CGI-587/- mice and livers of
AGPAT27/- mice, however AGPAT2-/- mice do not display a lethal skin barrier defect,

suggesting that these two enzymes function in different pathways.
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Although CGI-58 has been described as a LPAAT in vitro, a comparison of
AGPAT27/- and CGI-587/- mice show two distinct phenotypes. Likewise, the
phenotypes of congenital generalized lipodystrophy type 1 and NLSDi patients are
very different; the latter patients suffer from a lack of TAG synthesis, where as
NLSDi patients accumulate TAG in various tissues. It is possible that the PA
produced by CGI-58 is directed towards a signaling pathway or phospholipid
synthesis rather than towards TAG synthesis. Overall, these data describe CGI-58 as

an LPAAT with unique cellular localization, structure, and physiological relevance.
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Specific Aims

Given the phenotype of excessive TAG in many cells and tissues of NLSDi
patients, CGI-58 must play a critical role in lipid homeostasis. To date, CGI-58 has
been described as a LPAAT [105,106] and a co-activator of ATGL [41]. The major
question we sought to address in this dissertation project is whether CGI-58 LPAAT
activity is necessary for activation of ATGL TAG hydrolase activity. The first step of
this project was to identify the active site residues responsible for LPAAT catalytic
activity, most likely a conserved acidic residue and a conserved histidine. To
address this question, we used sequence alignments for CGI-58 from diverse species
and molecular modeling programs to determine potential LPAAT active site
residues. We then mutated basic and acidic amino acid residues in mouse CGI-58,
including point mutations responsible for NLSDi in humans and the putative LPAAT
active site residues H329 and D334. We determined whether these mutated variants
retained LPAAT activity and the ability to activate ATGL TAG hydrolase activity in
vitro. We also expressed these variants in cultured human NLSDi fibroblasts to
determine their effect on turnover of accumulated TAG. Through these experiments,
we addressed our original hypothesis that CGI-58 is a LPAAT involved in
channeling fatty acids from TAG to phospholipids and that CGI-58-mediated
activation of ATGL lipase activity is a separate function. The hypothesis was tested
in the following aims:

Aim 1: To determine the amino acid residues necessary for CGI-58 LPAAT activity.

CGI-58’s amino acid residues H329 and D334 constitute a putative LPAAT active site

motif. Partially purified recombinant CGI-58 containing point mutations to either of



36

these two residues was tested for LPAAT activity in vitro. We planned to use
tryptophan quenching to compare the ability of these variants to bind LPAAT
substrates relative to WT CGI-58.

Aim 2: To show that CGI-58’s LPAAT activity is not related to co-activation of ATGL.

We hypothesized that partially purified CGI-58 containing H329A and D334A
mutations would increase ATGL’s TAG lipase activity similarly to WT CGI-58. To test
this, post-nuclear Sf9 cell extracts containing ectopic ATGL were mixed with
partially purified recombinant CGI-58 and emulsified TAG to measure TAG
hydrolase activity.

Aim 3: To demonstrate that CGI-58 is an acyltransferase involved in channeling

lipids from TAG to PL. We hypothesized that cultured NLSDi fibroblasts would

contain altered phospholipid species and more TAG than WT human fibroblasts. We
planned to use LC/MS to analyze the lipid content and composition of NLSDi cell

lines (NLSD1, 74/76,120/83) and WT cell lines (WS1, B], AG01518).

During the execution of these experiments, we unexpectedly discovered that
CGI-58 is not an LPAAT; LPAAT activity observed in partially purified preparations
of CGI-58 was due to the presence of a contaminant protein from E. coli. Our aims
have changed to reflect this finding. We have instead focused on demonstrating that
partially purified CGI-58 is not an acyltransferase. Further, we revisited lipid-
binding activity of CGI-58. Finally, we investigated the activity of mutated variants of
CGI-58, H84A and H84R, in activation of ATGL. The H84R variant is an

uncharacterized mutation of CGI-58 found in individuals with NLSDi.
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Experimental Procedures

Materials

Dr. Vidya Subramanian kindly provided the mouse cDNA for CGI-58 and (-
galactosidase contained within the pShuttle-CMV vector (Agilent Technologies). Dr.
Gabriela Montero-Moran kindly provided the mouse cDNA of CGI-58 contained
within the pET-28a vector (Novagen). Dr. Gil-Soo Han generously donated the pGEX-
4T-1 vector. The cDNA for murine ATGL (IMAGE: 30024535) was purchased from
American Type Cell Culture (Manassas, Virginia). Oligonucleotides were purchased
from Operon (Fisher Scientific). pFastBac 1 and pCR-Blunt were purchased from
Invitrogen. QIAprep Spin Miniprep Kit, QIAquick Gel Extraction Kit, and QIAquick
PCR Purification Kit were obtained from Qiagen. Wizard Plus Midipreps DNA
Purification System was purchased from Promega. Restriction digestion enzymes
and corresponding buffers were obtained from New England BioLabs, Inc. SM2-1 E.
coli were obtained from Jack Wertz at the Coli Genetic Stock Center at Yale
University. TOP10 E. coli were purchased from Invitrogen. DH10Bac E. coli strain
was purchased from Invitrogen. B]5183 and XL 10-Gold E. coli strains were
purchased from Agilent Technologies. BI21(DE3) cells were obtained from Novagen.
Nickel and Cobalt affinity resins were obtained from Qiagen and Clontech
Laboratories, Inc., respectively. Glutathione Sepharose 4B was purchased from GE
Healthcare Life Sciences. NLSD cells were generously donated by Dr. R. A. Coleman
(University of North Carolina, Chapel Hill, NC) [130,131]. WS1 human skin

fibroblasts and Sf9 cells were purchased from American Type Culture Collection.
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Delbecco’s Modified Eagle’s Medium (DMEM) and Minimum Essential Medium
(MEM) were purchased from Mediatech. Bovine serum albumin, fatty acid-free
bovine serum albumin, and fetal bovine serum were purchased from Sigma.
Lipofectamine, Plus Reagent, and Cellfectin, and Grace’s Medium were purchased
from Invitrogen. Coomassie Plus “The Better Bradford Assay Reagent” and GelCode
Blue Stain Reagent were purchased from Pierce. Rabbit polyclonal antiserum raised
against full length CGI-58 was previously described [17]. Anti-6-His antibody was
purchased from Clontech Laboratories, Inc. Anti-GST antibody was purchased from
GE Healthcare. Anti-f3-galactosidase, anti-calnexin, and peroxidase-conjugated anti-
mouse, anti-rabbit, and anti-goat antibodies were purchased from Sigma. Enhanced
chemiluminescence reagent was purchased from Pierce. PIP Strips, PIP Arrays,
Membrane Lipid Strips, Sphingo Strips, phosphatidylinositol diC8,
phosphatidylinositol 3-phosphate [PI(3)P] diC8, phosphatidylinositol 5-phosphate
diC8 [PI(5)P], and phosphatidylinositol 4,5-bisphosphate [PI(4,5)P;] diC8 were
purchased from Echelon, Inc (Salt Lake City, UT). Phosphatidic acid and
lysophosphatidic acid were purchased from Sigma. Phosphatidylcholine (egg) and
phosphatidylinositol (soy) were purchased from Avanti Polar Lipids. Radiolabeled
[3H]triolein and [**C]oleoyl-CoA were purchased from PerkinElmer Life Sciences
(Boston, MA). Hydrofluor was purchased from National Diagnostics and ScintiVerse
BD Cocktail was purchased from Fischer Scientific. Silica gel hard layer fluorescent
TLC plates were obtained from Analtech (Newark, DE). Additional chemicals and

organic solvents were purchased from Fisher Scientific or Sigma.
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Methods

Generation of 3D protein model of CGI-58 - The primary amino acid sequence for
mouse CGI-58 (NP_080455.1) was submitted to the online Protein
Homology/analogy Recognition Engine (PHYRE) version 0.1 [132]. Resulting
models were submitted to the Structural Analysis and Verification Server (SAVES)
(http://nihserver.mbi.ucla.edu/SAVES/). The SAVES program includes five
programs, PROCHECK [133], WHAT_CHECK [134], ERRAT [135], VERIFY 3D [136],
and PROVE [137], which assess the structural stability of the computer generated
models. The highest ranked model was based on a putative hydrolase (2632844)
from Bacillus subtilis (Protein Data Bank ID: 2R11). Images of the model were
captured by PyMOL software (The PyMOL Molecular Graphics System, Version

1.5.0.1 Schrodinger, LLC.).

Generation of CGI-58 variants - Variants of CGI-58 were produced through
mutagenesis of mouse CGI-58 cDNA contained within the pShuttle-CMV or pET-28a
vector using the QuikChange Site-Directed Mutagenesis kit (Agilent Technologies)
[138]. Polymerase chain reaction (PCR) reactions contained 15 ng of CGI-58 cDNA
template, 125 ng of each primer (forward and reverse), 1x reaction buffer, 0.2 mM
dNTPs, 3 pL of Quiksolution and 2.5 units of Pfu Ultra DNA Polymerase. After an
initial denaturation of 1 minute at 95°C, PCR was performed using 18 cycles of
denaturation at 95°C for 50 seconds, annealing at 60°C for 50 seconds, and
extension at 68°C for 7 minutes and 30 seconds. The amplified vector was treated

with Dpnl at 37°C for 2 hours to digest the original methylated template DNA. The
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undigested product was then transformed into XL10-Gold E. coli and grown on agar
plates. DNA plasmids were isolated from single clones and mutations were
confirmed by sequence analysis. Mutations to mouse CGI-58 cDNA harbored in the
pShuttle-CMV vector created the variants E262A/K, D303A/N, D334A/N, N155A/S,
H84A/R, and H329A/R (Table 1). Mutations to mouse CGI-58 cDNA contained in the
pET-28a vector produced variants D110A, E179A, H84A/R, H154A, and H329A/R
(Table 1). Using cDNA with these mutations as a template, further variants were

created producing CGI-58 with alanine substitutions to multiple sites (Table 2).

Generation of the SM2-1(DE3) line - The SM2-1(DE3) line was created from the SM2-
1 E. coli strain using a ADE3 lysogenization kit (Novagen) to allow for IPTG-induced
expression of T7 RNA polymerase; this permits for translation of 12-His tagged CGI-
58 within the pET-28a vector. Bacteria clones were analyzed for protein levels of T7
RNA polymerase pre- and post-induction by western blot analysis. The presence of
T7 RNA polymerase was detected using anti-T7 RNA Polymerase antibody
(1:10,000) (Novagen) and peroxidase conjugated anti-mouse IgG (1:5,000) (Sigma).
The best clone was selected using the criteria of minimal T7 RNA polymerase
expression before isopropyl p-D-1 thiogalactopyranoside (IPTG) induction and

maximal expression after IPTG induction, relative to other clones.

Growth and purification of recombinant glutathione S-transferase (GST) tagged CGI-
58 from E. coli - BI21(DE3) E. coli containing the cDNA for WT murine CGI-58

subcloned into the pGEX-4T-1 expression plasmid were grown in Luria Broth (LB)
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Table 1. Oligonucleotide sequences used to generate various mutations in CGI-

58 cDNA

Primer Name

Sequence

D110A-Forward
D110A-Reverse

5'-CCTGTCTATGCCTTTGCCCTATTGGGCTTCGG-3'
5'-CCGAAGCCCAATAGGGCAAAGGCATAGACAGG-3'

E179A-Forward
E179A-Reverse

5'-GTCACCTCATTTTAGTAGCGCCATGGGGTTTTCCT-3'
5'-AGGAAAACCCCATGGCGCTACTAAAATGAGGTGAC-3'

E262A-Forward
E262A-Reverse
E262K-Forward

E262K-Reverse

5'-GTACAAACCCCAAGTGGTGCGACAGCTTTCAAAAACATG-3'
5'-CATGTTTTTGAAAGCTGTCGCACCACTTGGGGTTTGTAC-3'

5'-TAATGTACAAACCCCAAGTGGTAAGACAGCTTTCAAAAACATG-3'
5'-CATGTTTTTGAAAGCTGTCTTACCACTTGGGGTTTGTACATTA-3'

D303A-Forward
D303A-Reverse
D303N-Forward

D303N-Reverse

5'-GCCCGATCCTGCATAGCTGGCAACTCTGGAAC-3'
5'-GTTCCAGAGTTGCCAGCTATGCAGGATCGGGC-3'
5'-TGGAGCCCGATCCTGCATAAATGGCAACTCTG-3'

5'-CAGAGTTGCCATTTATGCAGGATCGGGCTCCA-3'

D334A-Forward
D334A-Reverse
D334N-Forward

D334N-Reverse

5’-GGGCATTATGTGTATGCAGCTCAGCCAGAAGAATTCAAC-3’
5-GTTGAATTCTTCTGGCTGAGCTGCATACACATAATGCCC-3’
5’-GGGGCATTATGTGTATGCAAATCAGCCAGAAGAATTCAAC-3’

5-GTTGAATTCTTCTGGCTGATTTGCATACACATAATGCCCC-3’

N155A-Forward
N155A-Reverse
N155S-Forward

N155S-Reverse

5'-TGATCTTGCTTGGACACGCCCTGGGAGGGTTCTTGG-3'
5'-CCAAGAACCCTCCCAGGGCGTGTCCAAGCAAGATCA-3'
5'-CAAAATGATCTTGCTTGGACACAGCCTGGGAGGGTT-3'

5'-AACCCTCCCAGGCTGTGTCCAAGCAAGATCATTTTG-3'

H84A-Forward
H84A-Reverse
H84R-Forward

H84R-Reverse

5'-AGACGCCACTTGTCCTCCTTGCTGGTTTTGGAGGAG-3'
5'-CTCCTCCAAAACCAGCAAGGAGGACAAGTGGCGTCT-3'
5'-CCACTTGTCCTCCTTCGTGGTTTTGGAGGAGGT-3'

5'-ACCTCCTCCAAAACCACGAAGGAGGACAAGTGG-3'

H154A-Forward
H154A-Reverse

5'-CAAAATGATCTTGCTTGGAGCCAACCTGGGAGGGTTCTTG'-3
5'-CAAGAACCCTCCCAGGTTGGCTCCAAGCAAGATCATTTTG-3'

H329A-Forward
H329A-Reverse
H329R-Forward
H329R-Reverse

5'-CATCCTCGGGGCGGGGGCTTATGTGTATGCAGATC-3'
5'-GATCTGCATACACATAAGCCCCCGCCCCGAGGATG-3'
5'-CTCGGGGCGGGGCGTTATGTGTATGCAG-3'
5'-CTGCATACACATAACGCCCCGCCCCGAG-3'
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with shaking at 225 rpm at 37°C. Cultures were grown to an 0.D.s00 of 0.6-0.8, and
then incubated further with 1 mM IPTG for 1 hour. Cultures were centrifuged for 10
min at 4,000 x g and pellets were stored at -20°C until further use.

Frozen pellets were resuspended in 1x extraction buffer (10 mM sodium
phosphate, 1.8 mM potassium phosphate, 0.14 mM sodium chloride, 1 mM
dithiothreitol, 1 mg/mL lysozyme, and 1 EDTA-free protease inhibitor cocktail
tablet) and incubated on ice for 30 minutes. The cell resuspension was loaded with
glass beads into a Bead-Beater® (Biospec Products, Inc. Bartlesville, OK) chamber
surrounded by ice water. Cells were disrupted with 10 cycles of 15 seconds of
blending and 2 minutes of cooling. The lysed cells were centrifuged at 21,000 x g for
20 minutes at 4°C. The clarified supernatant was incubated with 2 mL of glutathione
sepharose 4B (GE Healthcare) for 1.5 hours. The resin-lysate mixture was
centrifuged at 800 x g and the pelleted resin was loaded into a column and washed
with 20 mL of 1x extraction buffer. The GST-CGI-58 was eluted from the resinin 7 1
mL with elution buffer (50 mM Tris, 400 mM sodium chloride, 10 mM reduced
glutathione, and 40% glycerol (v/v)). The resulting partially purified enzyme was

stored at either 4°C or -20°C until further use.

Growth and purification of recombinant 12-Histidine-tagged CGI-58 from E. coli -
BI21(DE3) or SM2-1(DE3) E. coli strains containing the cDNA for WT CGI-58 within

the pET-28a expression plasmid were grown in LB while shaking at 225 rpm at

37°C. After an 0.D.g00 of 0.6-0.8 was reached, cells were treated with 1 mM IPTG for
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5 or 3 hours, BI21 or SM2-1 cells, respectively. The cells were collected by
centrifugation at 4,000 x g for 10 minutes and frozen at -20°C until use.

Frozen pellets were resuspended in lysis buffer (50 mM sodium phosphate,
100 mM potassium chloride, 30 mM imidazole, 1 mM dithiothreitol, 1 mg/mL
lysozyme, and 1 EDTA-free protease inhibitor cocktail tablet) and incubated on ice
for 30 minutes. The cell resuspension was loaded with glass beads into a Bead-
Beater® (Biospec Products, Inc.) chamber surrounded by ice water. Cells were
disrupted with 10 cycles of 15 seconds of blending and 2 minutes of cooling. The
lysed cells were centrifuged at 21,000 x g for 20 minutes at 4°C. The clarified
supernatant was incubated with 0.5 mL of TALON His-Tag Purification Resin for 1.5
hours. The resin-lysate mixture was centrifuged at 800 x g and the pelleted resin
was loaded into a column and washed with 100 mL of wash buffer (lysis buffer with
100 mM imidazole). The 12-His-tagged CGI-58 was eluted from the resin in 7 1 mL
using elution buffer (lysis buffer with 250 mM imidazole and 40% glycerol (v/v)).

The resulting partially purified enzyme was stored at -20°C until further use.

Subcloning of ATGL into bacmid and expression in Sf9 insect cells - The cDNA for
ATGL was amplified by PCR using the Forward (5’-GCCACCATGTTCCCGAGGG-3’)
and Reverse (5-TTAGTGATGGTGATGGTGATGTCCGCAAGGCGGGAG-3’) primers to
add DNA encoding a Kozak sequence before the start of the ATGL cDNA and a
glycine-linked 6-His tag to the 3’ end. The blunt-ended PCR product was ligated into
pCR-blunt (Invitrogen) and transferred into the pFastBac 1 vector (Invitrogen)

using the restriction sites Spel and Xhol.
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Using the Bac-to-Bac Baculovirus Expression System (Invitrogen), the ATGL-
6-His fusion construct from pFastBacl was recombined into the bacmid within
DH10Bac E. coli. Successfully recombined bacmids containing the ATGL cDNA were
identified through blue/white screening, as well as PCR using M13 Forward (-40)
and M13 Reverse primers (Invitrogen). The recombined plasmids were purified
from TOP10 E. coli using the Wizard Plus Midiprep kit (Promega) and then
complexed with Cellfectin Reagent (Invitrogen) for transfection of Sf9 insect cells
for generation and propagation of baculovirus. Sf9 insect cells were grown in Sf-
9001l SFM media (Invitrogen) at 28°C without supplemental CO». Seventy-two hours
post-transfection, media were collected and centrifuged at 800 x g to remove cell

debris; the supernatant containing baculovirus was stored at 4°C.

Growth of Sf9 insect cells and expression of ATGL - For expression of recombinant 6-
His tagged ATGL, Sf9 cells were grown to approximately 70% confluence in 150 mm
dishes and were incubated in growth medium containing 200 pL of baculovirus for
72 hours to induce protein expression of recombinant 6-His-tagged ATGL. Media
were removed and cell monolayers were washed with PBS. Infected cells were
detached from the culture dish by scraping into PBS, followed by centrifugation at
800 x g for 10 minutes at 4°C. The supernatant was removed by aspiration and -

pellets were stored at -70°C until further use.

Production of adenovirus — Adenovirus was produced following the protocol

supplied in the AdEasy Adenoviral Vector Systems (Agilent Technologies) [139]. The
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pShuttle vector with inserted CGI-58 cDNA was linearized with Pmel and
transformed into BJ5183 E. coli for recombination with adenoviral elements
contained within the cells. Individual clones were screened using Pacl digestion for
confirmation of recombination. Plasmids for two positive clones of each variant
were amplified in XL10-Gold or TOP10 E. coli strains and isolated using an
endotoxin-free midiprep kit (Promega Corporation). These plasmids were
transfected into AD-293 human embryonic kidney cells for assembly of adenovirus
following the AdEasy protocol [139]. After 50% of cells detached from the surface of
the culture dishes (4-5 days post-transfection), cells were collected by scraping the
cells into PBS followed by centrifugation at 800 x g for 10 minutes at 4°C and
subjected to 4 cycles of freezing and thawing in a minimal volume of PBS. The
lysates were then centrifuged at 12,000 x g for 10 minutes at 4°C to remove
insoluble debris. The supernatants containing crude adenoviral preparations were
divided into aliquots and stored at -70°C until further use. Passage 1 virus was used
to infect AD293 cells to amplify the titer, producing passage 2 virus. In these
experiments, passage 3 virus was used to express each CGI-58 variant in cultured
human fibroblasts. Adenoviruses used to drive the overexpression of WT CGI-58
and (3-galactosidase were obtained from Vidya Subramanian, a former graduate

student, and were amplified to passage 5.

Growth and transduction of NLSDi fibroblasts — NLSDi and WS1 normal human skin
fibroblasts were cultured in MEM supplemented with 10% fetal bovine serum, 1%

non-essential amino acids, 10 mM sodium pyruvate, 10 units/mL penicillin, and 100
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pg/mL streptomycin at 37°C in 5.5% CO2. WT CGI-58, mutated variants of CGI-58,
and [3-galactosidase were overexpressed in NLSDi fibroblasts using expression
vectors. Mixtures of crude virus preparations, Plus reagent (Invitrogen), and
Lipofectamine reagent (Invitrogen) were mixed with DMEM. NLSDi cells were
incubated in this virus-containing medium at 37°C in 5.5% CO2. After 3 hours, the
virus-containing medium was removed and cells were supplemented with MEM
containing 10% fetal bovine serum, 1% non-essential amino acids, 10 mM sodium

pyruvate, 10 units/mL penicillin and 100 pg/mL streptomycin.

Harvest of cultured fibroblasts - Forty-eight hours post-infection, cells were washed
in PBS and collected through trypsinization. After centrifugation at 800 x g for 10
minutes at 4°C, the resulting cell pellets were resuspended in 300 pL hypotonic lysis
buffer containing 20 mM Tris pH 7.4, 1 mM EDTA, 10 mM sodium fluoride, and 1x
protease inhibitor cocktail (Sigma P8340). Samples were incubated on ice for 10
minutes and subjected to probe sonication using a Branson Sorvall Sonicator for 3
rounds of 10-second pulses, each followed by a 1 minute incubation on ice. Protein
content of samples was determined with a Bradford assay (Pierce) for immunoblot
or TAG analysis. Expression of CGI-58 was normalized between samples using
densitometry of immunoblot analysis of CGI-58 signals relative to signals of the

loading control calnexin.

Immunoblot analysis - Following protein quantification, equal amounts of total cell

lysate were boiled in a 1X solution of Laemmli sample buffer (LSB) [140] to
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solubilize and denature proteins. Samples were eluted on a 10% SDS-
polyacrylamide gel, then transferred to nitrocellulose for immunoblot analysis.
Membranes were incubated with either 1) antiserum raised against mouse CGI-58
(1:25,000), 2) anti B-galactosidase antibody (1:25,000) (Sigma), or 3) anti-calnexin
antibody (1:5,000) (Sigma) in 5% bovine serum albumin in a Tris-Saline-Tween-20
solution. To detect the presence of the primary antibody, membranes were
incubated in peroxidase-conjugated anti-rabbit IgG (1:5,000) diluted in 5% milk in
Tris-Saline-Tween-20. Membranes were treated with enhanced chemiluminescence

reagents (Pierce) and exposed to X-ray film for detection of proteins.

TAG analysis of NLSDi cells - TAG content of NLSDi cell lysates was measured using a
previously published protocol [141]. Solvent extracts of lipids were dried in glass
tubes under vacuum using a Speed Vac Concentrator equipped with a cold trap
(ThermoSavant, Farmingdale, NY). The dried lipids were incubated with 300 pL of
Infinity Triglyceride Stable Reagent (Thermo Scientific) with shaking at 37°C for 1
hour. Samples were transferred to a 96-well plate and measured at a 540 nm
wavelength. Data were compared to a standard curve produced from known
concentrations of corn oil in ethanol that were extracted and assayed using the same

procedures.

Protein-lipid overlay assay - PIP Strips, PIP Arrays, Membrane Lipid Strips, or
Sphingo Strips (Echelon, Inc) were incubated in 5% nonfat dry milk in PBS with

0.1% Tween-20 for 1 hour at room temperature to block nonspecific protein
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binding during subsequent antibody treatments. Membranes were then incubated
with 12.8 nM (0.5 pg/mL) of partially purified recombinant 12-His-tagged CGI-58 in
5% milk in PBS for 1 hour at room temperature. Following each incubation step,
membranes were briefly washed three times in 10 mL of PBS with 0.1% Tween-20.
Next, membranes were incubated with either rabbit polyclonal anti-CGI-58
antiserum or mouse anti-6-His antibody for 1 hour at room temperature followed
by peroxidase-conjugated anti-rabbit or anti-mouse IgG for 1 hour and then
enhanced chemiluminescence reagent (Pierce). Finally, membranes were exposed to

x-ray film for detection of CGI-58.

Assay for LPAAT activity - LPAAT activity of purified recombinant CGI-58 was
assessed by mixing protein solutions with 50 pM LPA and 10 uM [1-14C-oleoyl]
oleoyl-CoA in 50 mM Tris-HCL buffer, pH 7.5, at a final volume of 100 pl [105].
Reactions were incubated for 10 minutes at 37°C, then terminated by sequential
addition of 0.5 mL 0.1 N HCL in methanol, 1 mL chloroform, and 1.5 mL MgCl..
Samples were centrifuged at 800 x g for 10 minutes. After phase separation, the top
aqueous phase was discarded and the bottom organic phase was dried via speed
vacuum centrifugation. The dried organic phase was dissolved in chloroform and
spotted onto a silica gel hard layer fluorescent TLC plate. Lipids were separated
using chloroform:methanol:acetone:acetic acid:water (50:10:20:15:5v/v/v/v/v) as
the solvent system. Radiolabeled lipids were visualized using a Storm System

Phosphorimager (Molecular Dynamics). Bands corresponding to PA corresponded
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to a cold PA standard, and were scraped from the TLC plate and measured by liquid

scintillation counting for quantification.

Assay for TAG lipase activity - To determine TAG lipase activity of ATGL in the
presence or absence of CGI-58, 40 ug of Sf9 cell extract containing ATGL was mixed
with up to 1 ug of purified recombinant CGI-58 in a final volume of 100 pl of 0.1 M
potassium phosphate buffer. Proteins were then mixed with 100 pl substrate
containing 330 uM [9,10-3H] triolein emulsified with 145 uM PC:PI 3:1 [142].
Reactions were incubated at 37°C for 1 hour and terminated with the addition of
3.25 mL of chloroform:heptane:methanol (10:9:7) and 0.1 mL of 0.1 M potassium
carbonate, 0.1 M boric acid. Reactions were centrifuged at 800 x g for 20 minutes at
room temperature, after which 1 mL of each top phase was removed and
radioactivity was quantified using a scintillation counter (PerkinElmer Life

Sciences).

Statistical analysis - Data were analyzed using GraphPad Prism 6 software. Data
represent the means of duplicate or triplicate reactions + standard deviation.
Variance was measured using either one-way or two-way analysis of variance
(ANOVA) as described in the legend of each figure. One-way ANOVAs were followed
with Tukey’s multiple comparisons post-hoc test while two-way ANOVAs used

Bonferroni’s multiple comparisons post-hoc test.
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Results

To address the overall question, “Is LPAAT activity necessary for co-
activation of ATGL TAG hydrolase activity?” the active site residues required for
LPAAT catalytic activity first needed to be identified. All characterized LPAATs
contain the proposed active site motif HX4D [143]. Murine CGI-58 contains H329
and D334 residues that form this motif; therefore, it was hypothesized that they are
LPAAT active site residues [105,106]. These residues are highly conserved in CGI-
58/ABHD5, from multiple species, including C. elegans, as well as in the closely
related protein, ABHD4 (Figure 4). In addition, CGI-58 contains more than 20 highly
conserved acidic residues and four highly conserved basic residues, pairs of which
may serve as active site residues. Since the crystal structure of CGI-58 has not yet
been solved, a hypothetical 3D model of CGI-58 protein structure was developed to
gain a better understanding of the spatial positioning of these proposed active site

residues.

Development of the 3D computer model of CGI-58 by protein threading -
Various on-line programs are available to provide users with hypothetical models of
their protein of interest. Six servers were chosen based on their public availability
and their performance at CASP (Critical Assessment of Protein Structure Prediction)
competitions (http://predictioncenter.org/casp8/groups_analysis.cgi). The
predicted primary amino acid sequence of the mouse gene encoding CGI-58 was

submitted to the programs LOOPP [144-148], [-TASSER [149-151], WURST [152],
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Figure 4
* %k
Human ABHDS5 GLGHYV LD
Chimp ABHDS5S GALGHYV VLD
Mouse ABHDS GLGHYV V7LD
Rat ABHD5S GALGHYVVAD

C.elegans ABHD5
Human ABHD4
Chimp ABHD4
Mouse ABHD4
Rat ABHD4
C.elegans ABHD4
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Figure 4. Putative acyltransferase active site residues H329 and D334 are
highly conserved amongst species of CGI-58. Primary amino acid sequences of
CGI-58 and close-relative ABHD4 were aligned from human, chimpanzee, mouse,
rat, and C. elegans. Asterisks denote conserved residues H329 and D334 in mouse

CGI-58.
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SAM-TO08 [153-158], ROBETTA [159-161], and PHYRE [132]. In total, over 300
models were generated and ranked according to structural integrity as defined by
the SAVES (Structural Analysis and Verification Server) program
(http://nihserver.mbi.ucla.edu/SAVES/). The SAVES program is a compilation of
five other programs: PROCHECK [133], WHAT_CHECK [134], ERRAT [135], VERIFY
3D [136], and PROVE [137]; these programs function to determine structural
stability of the computer-generated model. SAVES produces 1) a Ramachandran
plot, which evaluates the position of amino acid side-chains and ranks them as
favorable, additionally allowed, generously allowed, or disallowed, 2) an assessment
of bond lengths to determine if the model stretches or compresses the backbone of
CGI-58’s amino acids, and 3) an overall verification of how well the amino acid
sequence fits into the three dimensional structure, based on polarity, alpha/beta
structures, etc. The highest ranked model was acquired using the Protein
Homology/analogY Recognition Engine (PHYRE) version 0.2 [132]. The server
calculated a model using the primary amino acid sequence of CGI-58 threaded
through the crystal structure of putative hydrolase (2632844) from Bacillus subtilis
(Protein Data Bank ID: 2R11).

Since CGI-58 is a member of the ABHD family of proteins, it was reasoned
that the conserved GXSXG sequence (GXNXG in CGI-58) should be found in an active
site cleft or pocket. Potential catalytic residues should be positioned near the
asparagine residue A155. In this computer-generated model, CGI-58 has a globular
shape (Figure 5), forming a hydrophobic pocket, which contains the motif GXNXG.

The asparagine in the center of this motif, N155, is in close proximity to two
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Figure 5

Hydrophobic Pocket

ey

Figure 5. A computer-generated model of CGI-58. This image was produced by
threading the primary amino acid sequence of CGI-58 through the 3D crystal
structure of putative hydrolase (2632844) from Bacillus subtilis (Protein Data Bank
ID: 2R11). The structure is globular, with an opening to a small pocket containing
N155, H154, H329, and E179 residues within close proximity. Hydrophilic residues

are colored red and hydrophobic residues are colored blue.
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histidine residues, H154 and H329, and one glutamate residue, E179 (Figure 6).
Further, H154, H329, and E179 are all conserved basic and acidic residues in a wide
range of species. Therefore, these residues may play a role in catalytic activity. In the
computer-generated model of CGI-58, the reactive oxygen of the side chain of E179
is 3 and 6 angstroms from the reactive nitrogen of H154 and H329, respectively.
Due to their close proximity, these amino acids were suspected to be active site
residues and were chosen for mutagenesis studies.

Using this model, the positions of the putative LPAAT active site residues
H329 and D334 were assessed. H329 appears to be internal (Figure 7), within a
hydrophobic pocket near the center of the protein. In previously described
acyltransferases, active site residues are located within 2.5 - 4 angstroms of each
other to mediate transfer of electrons between residues and substrate [162]. D334
is located on the protein surface, 12.5 angstroms from H329. Due to the location and
distances between these two residues, it is unlikely that H329 or D334 are
acyltransferase active site residues. Nonetheless, given the conservation of these
residues across species (Figure 4), and their inclusion in a HX4D acyltransferase
signature sequence, these residues were mutated to test for loss of acyltransferase

activity.
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Figure 6

Figure 6. Acidic and basic residues near the lipase motif GXNXG of CGI-58.
H154, H329, and E179 are in close proximity (< 6 angstroms) from each other.
These residues surround N155, which, is in the lipase active site consensus

sequence GXNXG of CGI-58.
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Glu179

Figure 7. The putative acyltransferase active site residues HX4D. Residues H329
and D334 are the putative acyltransferase active site residues. H329 is located in an
internal pocket near the lipase consensus motif, while D334 is located 12.5

angstroms away, on the exterior surface of the protein.
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Mutation of H329 and D334 to alanine residues fails to reduce LPAAT activity -
Recombinant 12-His tagged WT, H329A, or D334A variants of murine CGI-58 were
partially purified from BL21(DE3) E. coli using cobalt affinity chromatography and
tested for LPAAT activity. Each partially purified protein (tested at 0.5, 1.5, or 3 ug)
showed a dose-dependent response of increasing LPAAT activity (Figure 8). At 3 ug
of protein, CGI-58 harboring the mutation D334A showed the highest level of
activity at 8.0 pmol of PA formed/min; H329A displayed activity of 4.9 pmol of PA
formed/min; WT CGI-58 showed the lowest activity at 3.6 pmol of PA formed/min.
The relative purity of each preparation was determined using a Coomassie-stained
SDS-PAGE gel (Figure 9). The D334A preparation had the highest level of
contaminants; both H329A and WT CGI-58 showed lower levels of contaminant
proteins.

Due to these findings, it was important to determine if contaminant proteins
that bind and elute from cobalt or nickel affinity resins have LPAAT activity. Each
resin was incubated with the supernatant of a 16,000 x g centrifugation of
BI21(DE3) cell extracts harboring empty pET-28a vector. The extract was eluted
using the same conditions and buffers as the previous preparations. Eluants from
nickel and cobalt resins were tested for LPAAT activity and showed a dose-
dependent increase in LPAAT activity in the absence of CGI-58 (Figure 10). When
visualized on a Coomassie-stained SDS-PAGE gel, the preparations contained many
contaminant proteins, including a prominent band at approximately 27 kDa protein

(Figure 11). A search of the literature revealed that plsC, the sole bacterial
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Figure 8. Partially purified 12-His tagged CGI-58 harboring either H329A or
D334A mutations exhibits LPAAT activity. [1-14C-oleoyl] oleoyl-CoA (10 uM) and
LPA (50 uM) were incubated in duplicate reactions with 0.5, 1.5, or 3 pg of partially
purified CGI-58 for 10 minutes at 37°C. Lipids were extracted from the reaction
mixture and spotted onto a TLC plate for separation of PA from unreacted substrate.
The location of radiolabeled PA corresponded to a cold PA standard, spotted on the
same plate. Bands corresponding to PA were scraped and radioactivity was
quantified by scintillation counting. Data are the mean * standard deviation of
duplicate reactions. Data for H329A and D334A were compared to WT values using
two-way ANOVA (*, p < 0.05; **, p < 0.001, *** p < 0.001). Where error bars are not
visible, they are contained within the symbol. This figure is from one representative

experiment of five.



Figure 9

o —

72 kDa wm
56 kDa s —

43kDa wss s e € CGI-S8
34 kDa v
26 kDa W

e

Lanes: 1 2 3 4

Figure 9. Relative purity of WT, H329, and D334 preparations. 1 ug of 12-His
CGI-58 purified over cobalt resin was eluted on a 12% SDS-PAGE gel and proteins
were visualized with Coomassie stain. Lanes contain: EZ Run Molecular Weight
Marker (lane 1), WT CGI-58 (lane 2), H329A CGI-58 (lane 3), and D334A CGI-58

(lane 4).
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Figure 10. E coli contain a contaminant LPAAT that binds to cobalt and nickel
affinity resins. [1-14C-oleoyl] oleoyl-CoA (10 uM) and LPA (50 puM) were incubated
in duplicate reactions with 3, 12, or 21 pl of partially purified cell lysate for 10
minutes at 37°C. Lipids were extracted from the reaction mixture and spotted onto a
TLC plate for separation of PA from unreacted substrate. The location of
radiolabeled PA corresponded to a cold PA standard, spotted on the same plate.
Bands corresponding to PA were scraped and radioactivity was quantified by
scintillation counting. Data are the mean * standard deviation of duplicate reactions.
Data for BI121 Cobalt were compared to BL21 Nickel using a two-way ANOVA (**, p <
0.001, ***, p < 0.001). Where error bars are not visible, they are contained within

the symbol.
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Figure 11
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Figure 11. E coli contain contaminant proteins that bind to cobalt and nickel
affinity resins. BL21(DE3) extracts containing or lacking 12-His-tagged CGI-58
were purified over cobalt resin and eluted on a 12% SDS-PAGE gel. Resolved
proteins were visualized with Coomassie stain. A 27 kDa band, which may be plsC, is
present in all lanes. Lanes contain: EZ Run Molecular Weight Marker (lane 1), three
separate preparations of WT CGI-58 (lane 2-4), and BL21(DE3) extracts lacking CGI-

58 (lane 5).
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LPAAT, is approximately 27 kDa [163]. These results led us to suspect that plsC
contamination is the source of LPAAT activity in preparations of CGI-58, since

increased LPAAT activity correlated with increased levels of the 27 kDa protein.

CGI-58 activity in SM2-1(DE3) plsC knockout cell lysates - The SM2-1(DE3) E.
coli strain [164] was used to express CGI-58. The SM2-1(DE3) line was created from
the SM2-1 E. coli strain, which lack functional plsC [164], using a ADE3
lysogenization kit (Novagen) to allow for IPTG-induced expression of T7 RNA
polymerase for subsequent translation of 12-His tagged CGI-58. After induction with
IPTG and cell lysis, SM2-1(DE3) cells lysates expressing either WT CGI-58 or CGI-58
with various mutations (Table 2) were screened for LPAAT activity. All lysates,
including those containing WT CGI-58, were observed to lack LPAAT activity (data
not shown). This preliminary result suggested that all variants tested, including WT
CGI-58, are not LPAATS.

To evaluate if WT CGI-58 is capable of LPAAT activity, SM2-1(DE3) cells were
transformed with empty pET-28a vector, or pET-28a vector with cDNA for 12-His
CGI-58 or 6-His plsC. Incubation of cells with IPTG induced the expression of 12-His
CGI-58 or 6-His plsC. Since plsC targets to membranes in E. coli, whole cell lysates
(duplicate samples of 5, 10, or 20 ug) were tested for LPAAT activity. Samples
containing 12-His tagged WT CGI-58 lacked LPAAT activity (Figure 12). Lysates
containing the empty pET-28a vector did not display LPAAT activity, as they lack the
endogenous LPAAT plsC. Lysates expressing low amounts of plsC (Figure 13)

produced radiolabeled PA (Figure 12). However, these samples did not show a
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CGI-58 mutations

LPAAT activity in vitro

63

Reduction of TAG
content in NLSDi cells

H84A
H84R
D110A
H154A
N155A
N155S
E179A
E260A
E260K
D301A
D301N
H329A
H329R
D334A
D334N
E179A/H329A
D110A/H84A
E179A/H154A/H329A

not tested
not tested
not tested
not tested
not tested
not tested

not tested

not tested

+
not tested
not tested
+
+
not tested
+

+ + + + + +

+
not tested
not tested
not tested

Table 2. Summary of results from experiments using CGI-58 variants.

Mutations in these acidic and basic residues of CGI-58 were made based on known

human NLSDi mutations or highly conserved acidic and basic residues. Site directed

mutagenesis was performed on CGI-58 cDNA in the pET-28a vector for expression

in E. coli or in the pShuttle-CMV vector for generation of adenovirus to drive

overexpression in NLSDi fibroblasts. Some of these variants of CGI-58 were tested

for LPAAT activity in vitro (“-“ represents a lack of LPAAT activity). Variants of CGI-

58 overexpressed in NLSDi cells were assessed for their function to reduce

accumulated TAG (“+” represents reduction of TAG similar to cells expressing WT

CGI-58, “-“ represents retention of accumulated TAG)



64

Figure 12
No O L g | FUWENT T € Solvent Front
Protein Empty Vector  CGI-58 (12-His) PlsC (6-His)

{_A_\ | 1 1
( ) ) [ )

SRR B ER C€PA

A A < Origin
Lanes: 1 2 3 45 6 78 9 1011121314 15 16 17 181920

Figure 12. SM2-1(DE3) cell lysates containing 12-His tagged CGI-58 lack
LPAAT activity. Whole cell lysates of SM2-1(DE3) cells containing empty pET-28a
vector or over-expressing 12-His tagged CGI-58 or 6 His-tagged plsC were subjected
to a LPAAT activity assay. [1-14C-oleoyl] oleoyl-CoA (10 uM) and LPA (50 uM) were
incubated in duplicate reactions with 5, 10, or 20 ug of whole cell lysate protein for
10 minutes at 37°C. Lipids were extracted from the reactions and spotted on a TLC
plate for separation of products from unreacted substrate. The position of
radiolabeled PA corresponded to a cold PA standard eluted on the same plate. The
lanes were spotted as follows: No protein blank (lanes 1,2), 5-20 pg of empty vector
lysate (lanes 3-8), 5-20 pg of CGI-58 extract (lanes 9-14), 5-20 pg of plsC lysate

(lanes 15-20).
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Figure 13
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Figure 13. Immunoblot of SM2-1(DE3) lysates containing 12-His tagged CGI-58
or 6-His tagged plsC. A 12% SDS-PAGE gel was loaded with 20 pg of cell lysate
protein. After electrophoresis, samples were then transferred to nitrocellulose and
probed for 6-His using anti-6-His antibody and peroxidase-conjugated anti-mouse
IgG. Samples were loaded as follows: EZ Run Marker (lane 1), extract containing
plsC (lane 2), empty vector lysate (lane 3), extract containing 12-His CGI-58 (lane 4),

100 ng partially purified 12-His CGI-58 (lane 5).
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dose-dependent response in PA formation. PlsC reaction kinetics have not been well
defined in the published literature. It is possible that plsC is a highly active enzyme
and, at the concentrations of substrate tested, the activity may have been limited by
available substrate, yielding maximal PA formation at even the lowest amount of

lysate tested. These results suggest that CGI-58 is not an LPAAT.

GST-tagged CGI-58 lacks LPAAT activity - PIsC binds avidly to metal affinity resin
due to the positive charge. To avoid plsC contamination, the cDNA for mouse CGI-58
was subcloned into the pGEX-4T-1 plasmid for expression and purification of a
Glutathione S-transferase (GST) N-terminally tagged CGI-58. GST-CGI-58 was
expressed and purified from BL21(DE3) E. coli. Purified GST-CGI-58 was unstable;
immunoblots using anti-GST antibodies or anti-CGI-58 antiserum revealed lower
molecular weight degradation products that increased with time of storage (data
not shown). Instead, the LPAAT activity of GST-CGI-58 was assessed in cell lysates.
BI21(DE3) cells express the membrane-bound LPAAT, plsC; therefore,
centrifugation of cell lysates at 16,000 x g pellets membrane fractions containing
plsC effectively removes detectable LPAAT activity from the cell lysate (data not
shown). Immunoblots of GST-tagged CGI-58 reveal that expression levels are similar
in either the whole cell lysate or in 16,000 x g supernatant (Figure 14). The LPAAT
activity of BL21(DE3) whole cell lysates containing GST-tagged CGI-58 and the
supernatants of similar lysates centrifuged at 16,000 x g were assessed (Figure 15).

Duplicate reactions containing 2.5, 5, or 10 pg of each extract were incubated with
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Figure 14
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Figure 14. Immunoblot of GST-tagged CGI-58 in BI121(DE3) cell lysates. 20 pg of
cell lysates were eluted on a 12% SDS-PAGE gel. After electrophoresis, samples were
transferred to nitrocellulose and probed for GST-CGI-58 using an anti-GST antibody
and peroxidase conjugated anti-goat IgG. Lanes contain: EZ Run Molecular Weight
marker (lane 1), 20 pg protein from whole cell lysate (lane 2), 20 pg protein from

16,000 x g extract (lane 3).
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Figure 15
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Figure 15. GST-tagged CGI-58 lacks LPAAT activity. BI21(DE3) cells
overexpressing GST-tagged CGI-58 were lysed in PBS with 0.5 mg/ml lysozyme in
the presence of Sigma protease inhibitors. A fraction of the lysate was centrifuged at
16,000 x g to remove membranes. Both whole cell lysates and 16,000 x g extracts
were subjected to a LPAAT activity assay. Extracted lipids were eluted on a TLC
plate. Lanes contain: no lysate blanks (lanes 1,2), 2.5 pg protein from whole cell
lysate (lanes 3,4), 5 pug protein from whole cell lysate (lanes 5,6), 10 pg protein from
whole cell lysate (lanes 7,8), 2.5 pg protein from 16,000 x g supernatant (lanes
9,10), 5 pg protein from 16,000 x g supernatant (lanes 11,12), 10 pg protein from
16,000 x g supernatant (lanes 13,14). Elution of radiolabeled PA was identified by

comparison to a cold PA standard spotted on the same plate.
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LPA and radiolabeled oleoyl-CoA for 10 min at 37°C. Whole cell lysates containing
endogenous plsC and recombinant GST-tagged CGI-58 showed a dose-dependent
increase in LPAAT activity, as expected. The 16,000 x g supernatants containing
recombinant GST-tagged CGI-58 lacked PA. These results suggest that GST-tagged

CGI-58 does not contribute to the LPAAT activity of BI21(DE3) lysates.

LPAAT activity in purified preparations of CGI-58 corresponds to levels of
contaminant proteins - Previous experiments have shown that LPAAT activity
correlated to levels of contaminant proteins (Figures 8 and 9). Therefore, it is
essential to reduce contaminant protein levels in preparations of partially purified
CGI-58. The initial purification protocol utilized a single buffer for lysis of cells and
column wash steps, including 50 mM Tris pH 7.5, 20 mM imidazole, and 300 mM
NaCl. Following examination of the literature [57] and discussions with Rutgers
colleagues (members of the Storch group), the protocol was altered. There are now
different buffers for lysis and column wash steps; 1 mM DTT was added to all
buffers and 20 and 100 mM imidazole were added to the lysis and wash buffers,
respectively. The addition of DTT prevented inappropriate disulfide bond formation
reducing cross-linking of contaminant proteins to CGI-58. The imidazole
concentration of the wash buffer was increased to elute greater levels of
contaminant proteins during wash steps, while minimizing early elution of CGI-58.
These changes increased the purity of 12-His-tagged CGI-58 preparations. As

visualized on a Coomassie stained SDS-PAGE gel (Figure 16), CGI-58 expressed in
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Figure 16
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Figure 16. A stringent wash buffer reduced contaminant protein
concentrations in preparations of purified 12-His CGI-58. A 12% SDS-PAGE gel
was loaded with 1 pg of partially purified CGI-58 and proteins were visualized using
Coomassie stain. Samples were loaded as follows: EZ Run Marker (lane 1), 1 pg CGI-
58 from SM2-1(DE3) (lane 2), 1 ug CGI-58 from BL21 using the updated purification
protocol, and 1 pg CGI-58 from Bl21(DE3) using the older purification protocol (lane

3).
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either SM2-1(DE3) or BI21(DE3) E. coli strains and purified using this updated
protocol lacks detectable protein contaminants of 27 kDa.

The LPAAT activity of recombinant CGI-58 purified from BI21(DE3) cells
using the original protocol was assessed in comparison to the activity of
recombinant CGI-58 purified from BL21(DE3) or SM2-1(DE3) cells using the new
protocol. Duplicate reactions containing 0.25, 0.5, or 1 pg of protein from each of the
three purified CGI-58 preparations were tested for LPAAT activity. Recombinant
CGI-58 purified using the new protocol lacks LPAAT activity (Figure 17). However,
recombinant CGI-58 purified using the original protocol shows a dose-dependent
increase in PA formation. When CGI-58 preparations that contained LPAAT activity
were preincubated with DTT (1 mM), there was no inhibitory effect when compared
to preparations without DTT (data not shown). In summary, these experiments
suggest that the previously observed LPAAT activity is due to the contaminant

protein plsC.

CGI-58 purified using the improved protocol activates ATGL - To verify that the
updated purification protocol yields functional CGI-58, the ability of partially
purified recombinant CGI-58 from both SM2-1(DE3) and BL21(DE3) cells to co-
activation of ATGL was assessed relative to recombinant CGI-58 purified using the
original protocol. Post-nuclear Sf9 extracts (50 pg protein) containing recombinant
6-His tagged murine ATGL were mixed with 0.25, 0.5, or 1 pg of purified
recombinant 12-His tagged CGI-58 (Figure 18). Reaction mixtures were incubated

with radiolabeled TAG substrate emulsified with PC:PI (3:1) for 1 hour at 37°C. All
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Figure 17. Preparations of CGI-58 lacking detectable contaminant proteins at
27 kDa lack LPAAT activity. Recombinant12-His tagged CGI-58 partially purified
from either SM2-1(DE3) or BL21(DE3) E. coli strains were subjected to an LPAAT
activity assay. Resulting PA from duplicate reactions was extracted and spotted on a
TLC as follows: no protein blanks (lanes 1,2), 0.25 - 1 pg CGI-58 purified from SM2-
1 using the updated protocol (lanes 3-8), 0.25 - 1 pg CGI-58 purified from
BL21(DE3) using the updated purification protocol (lanes 9-14), and 0.25 -1 pg

CGI-58 purified from BL21(DE3) using the older purification protocol (lanes 15-20).
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Figure 18. Inmunoblot of Sf9 extract containing ATGL and partially purified
12-His CGI-58. After electrophoresis, samples were transferred to nitrocellulose
and probed for 6-His using anti-6-His antibody and peroxidase conjugated anti-
mouse IgG. Lanes contain: EZ Run Molecular Weight marker (lane 1), 40 pg Sf9
extract containing ATGL (lane 2), 300 ng partially purified recombinant CGI-58 (lane

3).
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preparations of CGI-58 increased ATGL-mediated TAG hydrolase activity (Figure
19); there were no significant differences between either preparations of CGI-58 or
experimental repetitions. These data demonstrate that recombinant CGI-58 purified
from either SM2-1(DE3) or BL21(DE3) using the improved purification protocol
functions similarly to recombinant CGI-58 purified using the original protocol.
Therefore, the loss of LPAAT activity from preparations of CGI-58 from either
BL21(DE3) or SM2-1(DE3) cells was likely not due to structural changes in CGI-58
during handling of samples. Importantly, LPAAT activity is not required for the

activity of CGI-58 in promoting TAG hydrolase activity of ATGL.

CGI-58 binds PIPs and not LPA - A previous study used tryptophan quenching
assays to show that CGI-58 binds fatty acyl-CoA and LPA substrates for LPAAT
activity [106]. Given the recent discoveries of significant contamination of these
previous preparations of CGI-58 with a bacterial LPAAT, the lipid binding activity of
CGI-58 was re-examined.

To assess the binding of lipids to CGI-58, lipid overlay assays were performed
using a wide variety of lipids substrates. Membranes containing 100 pmol/spot of
various lipids were incubated with partially purified CGI-58 (12.8 nM) and then
probed with either anti-6-His antibodies or anti-CGI-58 antiserum. Strong signals
for CGI-58 binding were observed on spots corresponding to PI(3)P and PI(5)P.
Weaker signals were observed on spots corresponding to PI(4)P, PI(3,5)P2, and PA
(Figure 20). There was no detectable signal on spots corresponding to the LPAAT

substrate, LPA, suggesting that CGI-58 does not bind LPA.
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Figure 19
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Figure 19. CGI-58 purified using either protocol comparably increases ATGL
TAG lipase activity - Post-nuclear Sf9 cell extracts containing recombinant 6 His-
tagged ATGL (50 pug protein) were mixed with up to 1 pg of 12-His tagged CGI-58
partially purified from either BI21(DE3) or SM2-1(DE3) cell lines. Reactions were
mixed with an emulsion of [9,10-3H] triolein with PC:PI (3:1). Data are the mean *
standard deviation of duplicate reactions. Data for CGI-58 purified using the new
buffers was compared to CGI-58 purified using the old buffers using a two-way
ANOVA. Samples containing CGI-58 were not significantly different from each other
regardless of purification buffer or CGI-58 protein concentration. All samples
containing CGI-58 were significantly different from samples containing ATGL-only

(p <0.001). Where error bars are not visible, they are contained within the symbol.
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Figure 20. CGI-58 binds PI(3)P, PI(4)P, and PI(5)P. 12.8 nM of partially purified

12-His tagged CGI-58 was incubated with strips containing 100 pmol/spot of

various lipids. CGI-58 was detected using anti-CGI-58 antiserum and peroxidase

conjugated anti-rabbit IgG or anti-6-His antibody and peroxidase conjugated anti-

mouse IgG.
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To evaluate relative affinities of PIP binding, partially purified recombinant
12-His CGI-58 (12.8 nM) was incubated with a PIP array containing 1.56 - 100 pmol
of various PIPs per spot (Figure 21). Following immunoblotting with a 6-His
antibody, brief exposure times revealed signals representing dose-dependent
binding of CGI-58 to both PI(3)P and PI(5)P. With longer exposures, the signals for
CGI-58 binding to PI(3)P and PI(5)P intensified, while signals for CGI-58 binding to
PI(4)P and PI(3,5)P2became faintly detectable. These data suggest that CGI-58 binds
to PI(3)P and PI(5)P with high affinity, and PI(4)P and PI(3,5)P2 with reduced
affinity. To confirm that CGI-58 was binding these lipids, spots of CGI-58 bound to
PI(3)P and PI(5)P from similar assays were cut from the membrane and boiled in 2x
LSB then eluted across a 12% SDS-PAGE gel. After being transferred to
nitrocellulose, the membrane was probed for CGI-58, revealing a signal at 42 kDa,
the molecular weight of CGI-58 (data not shown). These results confirmed that CGI-

58, not a contaminant protein, was bound to PI(3)P and PI(5)P.

PIP binding to CGI-58 does not alter CGI-58 stimulation of ATGL TAG
hydrolase activity - We sought to determine if PIP binding to CGI-58 alters ATGL
activity. First, lipids were incubated with CGI-58 to promote binding; water-soluble
(C:8) PI(3)P, PI(5)P, or PI(4,5)P2 were added in a 100:1 molar ratio to CGI-58, and
incubated at room temperature for 20 minutes. CGI-58 pre-incubated with the
various lipids was then mixed with Sf9 post-nuclear supernatants containing

recombinant ATGL. ATGL lipase activity was increased equally by CGI-58 in the
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Figure 21
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Figure 21. CGI-58 binds PI(3)P and PI(5)P with high affinity. 12.8 nM of partially
purified 12-His tagged CGI-58 was incubated with strips containing 1.56 - 100
pmol/spot of various lipids. CGI-58 was detected using anti-6-His antibody and

peroxidase conjugated anti-mouse IgG.
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presence or absence of PIPs (Figure 22). These data suggest that PIP binding does
not impact CGI-58 interaction with ATGL. Hence, PIPs may bind to a site of CGI-58
distinct from the ATGL binding site, or the PIPs may be displaced when CGI-58 binds
to ATGL.

In the PIP overlay assays (Figures 20 and 21), the lipids used contained
C16:0 fatty acids; however, in the enzyme assay for ATGL interaction, water-soluble
(C8:0 forms of PIPs were used (Figure 22). In this assay, it was assumed that the
water-soluble PIPs bind to CGI-58 with comparable efficiency as the longer acyl
chain versions. To quantify the affinity of CGI-58 to these ligands, tryptophan
quenching was performed to assess any changes in protein structure following
binding of these lipids. These experiments showed variable results, likely due to
varying levels of the co-purification of bacterial lipids bound to partially purified
CGI-58 from different preparations. Therefore, two methods of delipidation of
recombinant CGI-58 were tested.

The first method used was acetone precipitation [165], which effectively
denatures and precipitates proteins while solubilizing lipids. Preparations of
partially purified CGI-58 were incubated overnight at 4°C in 2 volumes of 1 mM HCL
in acetone. The following day, samples were centrifuged at 16,000 x g to pellet the
precipitated protein. After drying the protein pellet under a stream of nitrogen gas,
sodium phosphate buffer at pH 7.5 with 0, 150, or 300 mM of sodium chloride was
added in equal volume to the starting material to solubilize the protein pellets.
Unfortunately, this method was not useful due to difficulties in solubilizing CGI-58

after precipitation. As an alternative approach, hydroxylalkoxypropyl-dextran
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Figure 22. Preincubation of CGI-58 with PI(3)P or PI(5)P does not alter CGI-
58’s function in co-activation of ATGL - CGI-58 was preincubated with a 100-fold
molar excess of indicated C8 PIP molecules for 20 minutes at room temperature.
Post-nuclear Sf9 cell extracts containing recombinant 6 His-tagged ATGL (50 pg of
protein) were mixed with 1 ug of 12-His tagged CGI-58 partially purified from
BI21(DE3) E coli, pre-bound with lipids. Enzyme reactions were mixed with [9,10-
3H] triolein emulsified with PC:PI (3:1) and incubated for 1 hour at 37°C. There were
no significant differences between reactions containing CGI-58 and various PIPs.
Reactions containing CGI-58 were significantly greater (p < 0.001) than ATGL-only
reactions. Data are the mean + standard deviation of duplicate reactions and were
analyzed using a one-way ANOVA. Where error bars are not visible, they are
contained within the symbol. This figure is from one representative experiment of

three.
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(Sigma), a lipid binding resin, was used to attempt to remove lipids from the
preparations of CGI-58. Several passes of partially purified CGI-58 through a column
containing hydroxylalkoxypropyl-dextran resin at 37°C did not remove the lipids
from the protein. Subsequent solvent extracts of CGI-58 revealed a variety of lipids
by TLC (Figure 23). Due to the difficulty in removing bound lipids from recombinant
CGI-58, the relative binding efficiency of C8 acyl chain PIPs to CGI-58 has yet to be

determined.

Measurement of TAG content of NLSDi fibroblasts expressing WT CGI-58 or
mutated variants of CGI-58 - In a search for amino acid residues critical to CGI-58
function, several conserved acidic or basic residues were mutated; in some cases,
the mutations mimicked known human mutations found in NLSDi patients. Cultured
NLSDi fibroblasts store high levels of TAG due, at least in part, to a defect in the
incorporation of lipid intermediates from TAG hydrolysis into phospholipids [130].
Overexpression of CGI-58 in these cells causes a decrease in TAG levels and an
increase in fatty acid movement from TAG to phospholipids [106]. The major lipase
of human skin fibroblasts is uncharacterized, so it is currently unknown whether
expression of CGI-58 decreases levels of TAG through co-activation of ATGL, or
another mechanism. Variants of CGI-58 were overexpressed in NLSDi fibroblasts to
assess their ability to reduce TAG levels of the cells.

The effect of CGI-58, containing mutations to key amino acids, on TAG levels

in NLSDi fibroblasts was measured. Residues H329 and D334 were selected for
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Figure 23

Lanes: 1 2

Figure 23. Hydroxylalkoxypropyl-dextran does not delipidate preparations of
CGI-58 - Lipids were solvent extracted from partially purified preparations of
recombinant 12-His-tagged CGI-58 before (lane 1) and after (lane 2) treatment with
hydroxylalkoxypropyl-dextran and were eluted on a TLC plate. Lipids were

visualized using iodine staining.
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mutation since they are putative acyltransferase residues. CGI-58 harboring the
point mutations H84R [166] and E262K [49], which are mutations found in NLSDi
patients, were also tested. In mammalian CGI-58, the serine residue located in the
lipase consensus motif, GXSXG, is mutated to asparagine [49]; however homology
studies reveal that this residue is serine in C. elegans CGI-58 (Figure 4). Therefore,
N155 was mutated to either serine or alanine. The highly conserved acidic residue
D303, aresidue predicted to be potentially catalytic by molecular modeling
experiments, was also mutated to asparagine or alanine. Each of these mutated
variants of CGI-58 was expressed in NLSDi cells. TAG content of cells was measured
48 hours after the addition of adenoviral expression vectors. If these residues
contribute to the activity or structure of CGI-58, then the TAG levels of NLSDi cells
should remain elevated following expression of CGI-58; however, if CGI-58
harboring any of these mutations functions correctly, then TAG levels should be
reduced comparably to WS1 cells, normal human skin fibroblasts that express
endogenous CGI-58. Due to the number of variants tested, CGI-58 with mutations to
the acidic residues were tested in one set of experiments, whereas cells expressing
CGI-58 with mutations to basic residues or to N155 were tested in another set of
experiments.

CGI-58 variants harboring these various point mutations were expressed at
relatively similar levels (Figures 24 and 25) in cultured NLSDi fibroblasts via an
adenoviral expression system. When CGI-58 was expressed in NLSDi cells, TAG
levels were comparable to those of normal human skin fibroblasts (Figures 26 and

27) affirming that elevated TAG in NLSDi cells is due to the absence of functional
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Figure 24
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Figure 24. Immunoblot of NLSDi cells expressing variants of CGI-58 with
mutations to acidic residues. NLSDi cells lysates (40 pg) were eluted on a 10%
SDS-PAGE gel, transferred to nitrocellulose, and probed with antiserum raised
against mouse CGI-58 or anti-[3-galactosidase antibodies. Calnexin was probed for as
a loading. WS1 cells did not show detectable levels of endogenous CGI-58 after

probing with antibodies raised against mouse CGI-58.
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Figure 25
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Figure 25. Immunoblot of NLSDi cells expressing variants of CGI-58 with
mutations to basic residues. NLSDi cells lysates (40 pg) were eluted on a 10%
SDS-PAGE gel, transferred to nitrocellulose, and probed with antiserum raised
against mouse CGI-58 or anti-[3-galactosidase antibodies. Calnexin was probed for as
a loading control. WS1 cells did not show detectable levels of endogenous CGI-58

after probing with antibodies raised against mouse CGI-58.
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CGI-58. TAG levels remained elevated in NLSDi fibroblasts transduced with
adenovirus to drive expression of $-galactosidase.

TAG levels of NLSDi cells expressing mutated variants of CGI-58 were
compared to TAG levels of WS1 cells, NLSDi cells expressing WT CGI-58, and NLSDi
cells expressing 3 -galactosidase. When CGI-58 variants E262A, E262K, D303A,
D303N, D334A, or D334N were expressed in NLSDi cells, TAG levels were reduced
comparably to NLSDi cells expressing WT CGI-58 (Table 2, Figure 26). Hence, these
conserved acidic residues are not required for CGI-58 function in the maintenance
of TAG homeostasis. Interestingly, CGI-58 variant E262K, a known human mutation
causing NLSDi, reduced accumulated TAG effectively. This unexpected result may be
due to overexpression of a partially functional protein.

The second set of the experiments examined TAG levels of NLSDi cells in
which CGI-58 with mutations to the conserved basic residues as well as the lipase
catalytic motif residue N155 (Table 2, Figure 27). Expression of CGI-58 with
mutations N155A or N155S reduced cellular TAG levels comparably to expression of
WT CGI-58 in NLSDi cells. Thus, the asparagine residue within the conserved lipase
motif is not critical residue for CGI-58 function. Similarly, NLSDi cells expressing
H329A, H329R (Figure 27), D334A, and D334N (Figure 26) reduced TAG levels
comparably to WT CGI-58 expression, revealing that the putative acyltransferase
sites are not necessary for CGI-58 function in TAG homeostasis. In contrast, NLSDi
cells expressing CGI-58 with the known NLSDi mutation H84R, retained high levels
of TAG, indicating that the H84R CGI-58 variant has reduced function. Expression of

the H84 A CGI-58 variant reduced TAG levels comparably to expression of
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Figure 26
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Figure 26. TAG levels of NLSDi cells expressing ectopic CGI-58 containing
various mutations to acidic residues. TAG content of cells was determined 48
hours after treatment with adenoviral vectors. TAG levels of NLSDi cells expressing
CGI-58 variants were not significantly different from those expressing WT CGI-58 or
WST1 cells. Cells expressing [3-galactosidase had significantly higher (p < 0.001) TAG
content than all other samples. Data are the mean * standard deviation of triplicate
reactions and were compared using one-way ANOVA. These data are the combined

results of three experiments.
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Figure 27. TAG levels of NLSDi cells expressing ectopic CGI-58 containing
various mutations to basic residues or N155. TAG content of cells was
determined 48 hours after treatment with adenoviral vectors. Samples containing
H84R were significantly different (p < 0.01) than all other samples. Data are the
mean * standard deviation of triplicate reactions and were compared using one-way

ANOVA. These data are the combined results of three experiments.
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WT CGI-58. Together, these results suggest that H84 is not critical for function, but a
substitution with arginine reduces CGI-58’s function to regulate TAG homeostasis. It
is possible that the substitution of histidine with arginine causes a conformational

change in CGI-58 leading to a misfolded and partially functional protein.

In vitro studies of H84 mutated CGI-58 - To further examine CGI-58 variants
H84A and H84R, CGI-58 harboring these mutations was tested for the ability to co-
activate ATGL in vitro. Post-nuclear Sf9 extracts containing recombinant 6-His
tagged ATGL were incubated with 1 pg of partially purified recombinant CGI-58 at
37°C for 1 hour with radiolabeled TAG substrate emulsified with PC:PI (3:1). While
WT CGI-58 increased ATGL TAG hydrolase activity, neither H84 variant increased
TAG hydrolase activity relative to samples containing only ATGL (Figure 28). These
data reveal that neither H84A nor H84R functions as a co-activator of ATGL in an in

vitro assay.
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Figure 28. CGI-58 with mutations H84A or H84R does not activate ATGL TAG
hydrolase activity in vitro - Post-nuclear Sf9 cell extracts containing recombinant
6 His-tagged ATGL (50 pg protein) were mixed with 1 pg of 12-His tagged CGI-58
partially purified from BI21(DE3) E coli. Enzyme reactions were mixed with [9,10-
3H] triolein TAG emulsified with PC:PI (3:1) and incubated for 1 hour at 37°C.
Reactions containing ATGL with WT CGI-58 were significantly different than all
other reactions (p < 0.001). Data are the mean * standard deviation of duplicate
reactions and were analyzed by one-way ANOVA. Where error bars are not visible,
they are contained within the symbol. This figure is from one representative

experiment of three.
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Discussion
Overall aims

The central aim of this dissertation project was to determine if CGI-58 LPAAT
activity is necessary for the co-activation of ATGL TAG hydrolase activity. Our
original approach was to mutate the conserved putative acyltransferase active site
residues, H329 and D334, of murine CGI-58 to eliminate LPAAT activity. We would
then test these mutated variants of CGI-58 to determine if they could increase ATGL
TAG hydrolase activity in vitro comparably to WT CGI-58. Also, by expressing these
variants in NLSDi fibroblasts (cells lacking functional CGI-58), we could determine if
mutated CGI-58 lacking LPAAT activity is able to rescue the phenotype of excessive

accumulation of TAG.

Major findings

Recombinant CGI-58 variants containing mutations to the putative LPAAT
catalytic active site residues, H329 or D334, were purified from BL21(DE3) E. coli
and used for LPAAT activity assays. Unexpectedly, partially purified H329A and
D334A variants showed increased LPAAT activity relative to WT CGI-58. Moreover,
mutations of additional conserved acidic and histidine residues in potential catalytic
clefts also failed to reduce LPAAT activity. Preparations of H329A and D334A
displayed greater levels of contaminant proteins relative to WT CGI-58, therefore
we hypothesized that a contaminant protein was responsible for LPAAT activity.

Importantly, purification of BL21(DE3) E. coli extracts lacking CGI-58 over cobalt or



92

nickel affinity resins revealed LPAAT activity in eluants, indicating co-purification of

a bacterial LPAAT with CGI-58. E. coli express a single LPAAT, plsC.

PlsC purification over metal affinity resins

E. coli plsCis a 27 kDa, positively charged protein that has a calculated
isoelectric point of 9.61 and an estimated charge of 12.0 at pH 7.5 (the pH of the
lysis buffers employed) [167]. The estimated charge of plsC suggests a strong
affinity for metal-affinity resins that are used to purify 6-histidine-fusion proteins.
The observed 27 kDa contaminant protein in partially purified CGI-58 preparations
and the corresponding LPAAT activity of E. coli extracts lacking CGI-58 eluted over a
cobalt affinity resin suggests that plsC contamination is responsible for the
previously reported LPAAT activity of CGI-58 [105,106]. At this time, there are no
commercial antibodies available to detect plsC. Therefore, it is difficult to directly
assess plsC contamination in purified protein preparations. Instead, the SM2-1 E.
coli strain, which contains an inactivating mutation in plsC [164] can be used to
study putative LPAATSs. These cells show temperature sensitive growth at 30°C, but
not 42°C.

Other researchers have been misled by the identification of LPAAT activity in
preparations of proteins isolated by metal affinity purification. Endophilins
[168,169] and CtBP/BARS (carboxy-terminal binding protein/brefeldin A-
ribosylated substrate) [170] have been identified as LPAATSs. Endophilin A is
enriched in synaptic vesicles and is required for their formation [171,172].

CtBP/BARS has been implicated in membrane fission of vesicles involved in
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transport from Golgi to the plasma membrane [173,174]. LPA causes positive
curvature in membranes while PA causes negative curvature [175], therefore these
proteins were thought to function in vesicle formation by converting LPA to PA
[168,170,176].In 2005, Harvey McMahon and colleagues used the plsC-deficient cell
line SM2-1 to determine that endophilins and CtBP/BARS, are not LPAATs [177].
PlsC-deficient cells expressing endophilin A or CTBP/BARS were unable to grow at
42°C, while the same cell line expressing functional plsC was able to grow. These
results suggest that endophilin and CtBP/BARS lack the required LPAAT activity to
overcome the strain’s temperature-sensitive phenotype. We also attempted this
type of growth study using the SM2-1(DE3) cell line, but were unsuccessful. The
pET-28a vector requires IPTG induction for transcription of CGI-58. We have found
that IPTG reduces the growth rate of SM2-1(DE3) cells, adding a confounding factor
to measurements of cell growth. To pursue an alternative approach, CGI-58 was
purified from the SM2-1(DE3) line and used in in vitro LPAAT activity assays; the
experiment revealed that, in the absence of plsC contamination, CGI-58 is not a

LPAAT.

CGI-58 binds PI(3)P and PI(5)P

Given the findings that CGI-58 lacks LPAAT activity, we decided to revisit
lipid-binding activity of CGI-58. Consistent with the lack of LPAAT activity of more
highly purified CGI-58, binding of CGI-58 to LPA, an LPAAT substrate, was not
detected. Interestingly, CGI-58 was observed to bind both PI(3)P and PI(5)P. Using

preliminary densitometry data obtained from the PIP array, CGI-58 binds to PI(3)P
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and PI(5)P with an estimated apparent dissociation constant of 6.36 and 5.88 pM,
respectively; these values are within the range of previously published apparent
dissociation constants of PIP-binding proteins [178-181]. This unexpected result
opens up a new focus of study for CGI-58. Although PI(3)P and PI(5)P have not yet
been detected on lipid droplets, there is evidence that proteins associated with
these lipids interact with and reside on lipid droplets. PI3-kinase (PI3K), an enzyme
capable of converting PI to PI(3)P, has been identified as a lipid droplet-associated
protein in human leukocytes [182], cells that are affected by NLSDi [51,53].
Chapman and colleagues found PI, the substrate of PI3K, in lipid droplet fractions
[2]; however the mass spectrometry method employed does not distinguish
between PIPs and PI. Therefore, further analysis of lipid droplet phospholipids with
a focus on detecting PIPs would clarify whether they are present in the surface
monolayers of lipid droplets. If PI(3)P or PI(5)P are components of lipid droplets,
this may explain how CGI-58, when bound to ATGL, interacts with the surfaces of
lipid droplets in a PLIN1-independent manner.

PI(3)P is found in various cellular compartments, allowing proteins
containing a PI(3)P binding domain to interact with the surface of membranes. In
mammalian cells, PI(3)P is produced by three classes of PI3ks [183,184]. Class I and
I1 PI3Ks can phosphorylate PI to form PI(3)P in vitro, but also have reactivity
towards other PIP substrates [184]. In mammals, there is only one class III PI3K,
vacuolar protein sorting homologue (hVps), which produces only PI(3)P [185].
PI(3)P is also produced by the dephosphorylation of PI(3,4)P> or PI(3,5)P2 by eight

members of the myotubularin family of proteins [186]. These kinases and
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phosphatases have been identified as components of early and late endosomes, the
nucleus, clathrin-coated vesicles of the trans-Golgi network, and the plasma
membrane. Thus, PI(3)P is produced in many compartments of the cell, where it
binds to a wide variety of proteins. An example of how PI(3)P alters protein function
has been revealed by studies of the protein sorting nexin 1 which interacts with
PI(3)P on early endosomes and acts to drive membrane tubulation [187]. Through
this interaction, sorting nexin 1 assists the transport of cation-independent
mannose 6-phosphate receptor from the endosome to the trans Golgi network
[187]. Thus, PI(3)P provides proteins with an interaction site on the surface of the
membrane, promoting protein localization to the correct subcellular compartment.
Similarly, binding of CGI-58 to PI(3)P may direct CGI-58 localization to lipid
droplets.

PI(5)P is the least characterized of the seven PIPs. PI(5)P is constitutively
present in various cell types, with increasing concentrations during insulin
stimulation [188,189]. PI(5)P is localized to nuclear membranes [190,191], ER
[188], and Golgi. A PI 5-kinase has not been identified yet in mammals, however
PI(5)P can be generated through dephosphorylation of PI(4,5)P2 by the enzymes
PI1(4,5)P2 4-phosphatase I and Il [192,193]. PI(5)P in nuclear membranes binds to
the ING2 protein, a putative tumor suppressor protein [194]. ING2 stimulates
acetylation of the tumor suppressor gene product p53 [195], leading to its activation
and induction of cell-cycle arrest [196]. ING2 binds both PI(3)P and PI(5)P in vitro

[194]; however, ING2 interaction with PI(5)P in cultured cells determines its
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localization and activity. This example provides insight into PI(5)P function; PI(5)P,
like PI(3)P, functions to localize proteins to specific membranes.

Protein interaction with PIPs occurs through conserved binding sites.
Proteins interact with PI(3)P through three of five known PIP binding modules: the
PH (pleckstrin homology), FYVE (Fablp, YOTB, Vaclp, EEA1), or PX (phox,
phagocyte oxidase) domains [197]. The PH domain consists of 100-120 amino acids
that form a seven-stranded antiparallel 3-sheet forming a fold that envelopes PI(3)P
[184]. There are 251 proteins identified as having PH domains in the human
proteome; these proteins include GTPases, motor proteins, and lipid-modifying
proteins. The FYVE domain consists of 60-70 amino acids that form two (-hairpins
with a C-terminal a-helix held together by two Zn?* binding structures, forming a
positively charged pocket [197]. There are more than 27 human proteins known to
have the FYVE domain. These proteins are involved in endocytosis, growth factor
signaling, and actin cytoskeleton remodeling. The PX domain consists of 120 amino
acids which binds a PIP molecule between a 3-stranded -sheet and an a-helix
[197]. This domain is found in NADPH-oxidase, class Il PI3K-C2y, and sorting nexins
[184]. Sorting nexins bind to PI(3)P rich membranes, such as an endosomal
membranes, and also mediate binding of other proteins to these membranes [198].
Not all proteins that interact with PIPs have these domains; some PIP-binding
proteins contain sequences of basic and hydrophobic residues that interact with the
negatively charged PIP [184]. At this time, it is unclear if any of these motifs are

used to bind PI(5)P.
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A high-resolution crystal structure of CGI-58 would provide insight into
identifying a PIP binding site. Currently, there is no crystal structure for CGI-58;
however, from the computer-generated model developed in this thesis, CGI-58 may
interact with PI(3)P or PI(5)P via a hydrophobic pocket containing the basic
residues H84, H154, and H329. Based on the model, CGI-58 also contains patches of
lysine and arginine residues on the external surface of the protein, such as R58, R64,
and R145 or K53, K54, and R116. These positively charged external sites may
provide interaction sites with negatively charged PIPs, while the internal
hydrophobic pocket might serve another function. In either case, CGI-58 with
substitutions of these positively charged residues would be interesting to assay for
PIP binding. Such a variant could then be expressed in NLSDi cells or used in in vitro
assays with ATGL to characterize how PIP binding affects CGI-58 localization or
function.

Preliminary work during this project investigated the effect of PIP binding on
CGI-58’s function in co-activation of ATGL. Pre-binding of partially purified CGI-58
to C8:0 versions of these PIPs did not alter the ability of CGI-58 to activate ATGL in
vitro. These results suggest that PIP binding might not affect the mechanism by
which CGI-58 increases ATGL TAG hydrolase activity. One limitation of these
experiments is that the binding affinity of these water soluble PIPs to CGI-58 was
not measured. In in vitro TAG hydrolase assays, TAG is emulsified using PC and PI.
An alternate method of studying the effects of PIPs on the interaction of CGI-58 with
ATGL would be to replace the PI in this emulsion with either PI(3)P or PI(5)P and

then measure the rate of TAG hydrolase activity of ATGL in the presence of CGI-58.
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This method would allow the use of the same C16:0 PI(3)P or PI(5)P that binds to
CGI-58 in the lipid-overlay assays shown in this thesis. Furthermore, in this method,
the PIPs would be in the surface phospholipid monolayer of the lipid emulsion,

which may more accurately mimic the physiological location of these lipids.

CGI-58 co-activates ATGL through an unknown mechanism

The mechanism by which CGI-58 activates ATGL has not been identified. The
early assays demonstrating CGI-58 co-activation of ATGL included proteins added in
undefined cell extracts from COS-7 cells [41]. Uncharacterized components of these
extracts may have contributed to the observed activity. Since the initial discovery,
other researchers have reported similar observations [57,60], but never using two
purified recombinant proteins; one of the proteins has always been added to the
assay in a cell extract. Oberer and colleagues demonstrated CGI-58 activation of
ATGL using extracts of recombinant proteins in either COS-7 lysates or E. coli lysates
[57]. This dissertation work demonstrates that ATGL co-activation by CGI-58 can
also by observed when using insect cell extract. Therefore, if an additional factor is
needed to activate TAG hydrolase activity, then mammalian, bacterial, and insect
cells can each provide this component. A series of experiments would be useful to
identify if a component of a cell extract is necessary for synergy. If both recombinant
CGI-58 and ATGL are purified, lipase activity could then be measured with or
without a cell extract or a boiled cell extract. By boiling the extract, proteins will be
denatured, leaving lipids and small molecules intact. These extracts could be further

defined by using protein or lipid extracts from various subcellular fractions. This
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type of experiment would help to identify other proteins or small molecules
necessary for synergy.

CGI-58 binds to ATGL [41,57,60]; however, it is unclear how this binding
functions to increase ATGL TAG hydrolase activity. Increasing the levels of
substrates or decreasing the levels of end products can drive enzymatic reactions
forward. When bound to ATGL, CGI-58 could present substrate to ATGL or remove
end products to increase ATGL hydrolase activity. Although CGI-58 increases TAG
hydrolase activity of ATGL it does not serve the same function for HSL [41] or
adiponutrin [199], a close relative of ATGL. Moreover, as shown in this dissertation,
recombinant CGI-58 does not bind TAG, DAG, or FA in lipid overlay assays. However,
binding of CGI-58 to ATGL may cause a conformational change in CGI-58, allowing
the binding of the substrate or end products of TAG hydrolysis. Therefore, the lipid
overlay experiments could be repeated with or without CGI-58 pre-bound to
catalytically inactive ATGL to determine if CGI-58 increases the binding efficiency of
ATGL for TAG or if the complex can bind DAG or FA.

Alternatively, CGI-58 could function to recruit ATGL to the surface of the lipid
droplet. To test this, recombinant purified ATGL or CGI-58, alone or in combination,
could be incubated with TAG emulsified in PC and PI. Centrifugation of these
mixtures in a sucrose gradient would separate the lipid fractions from unbound
protein, thus providing insight as to whether CGI-58 is necessary for ATGL to
interact with the emulsions. Moreover, the PI(3)P or PI(5)P could be added to the
emulsified substrate to investigate whether the presence of PIPs influences CGI-58'’s

interaction with the emulsion. Additionally, partially purified recombinant variants
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of CGI-58, known to cause NLSD in humans, could be used in these experiments to
evaluate any loss of function. Together, these experiments would provide clues to

the mechanism by which CGI-58 co-activates ATGL.

CGI-58 may be more than a co-activator of ATGL

There are several observations that suggest that CGI-58 has a function in
addition to the activation of ATGL TAG hydrolase activity. Humans lacking
functional CGI-58 (NLSDi) have some similarities, but some differences from
humans lacking functional ATGL (NLSDm); NLSDm patients suffer from
cardiomyopathy, but not ichthyosis (reviewed in [59]). The hearts of NLSDm
patients cannot efficiently utilize stored TAG as an energy source and excessive
storage of TAG causes arrhythmia. Cardiomyopathy is not present in NLSDi patients,
suggesting that CGI-58 is not absolutely required for TAG hydrolase activity in
hearts, even though ATGL is required. In contrast, NLSDi patients suffer from
ichthyosis, and CGI-587/- mice have a skin barrier defect, that is not found in ATGL /-
mice, derived from a decrease in w-OH-ceramides bound to structural proteins of
corneocytes [61]. These findings suggest a unique ATGL-independent role for CGI-
58.

In a separate study, Brown and colleagues used ASO’s to decrease CGI-58
protein expression in the adipose tissues and livers of mice. Interestingly, ASO-
treated mice had smaller adipose fat pads relative to WT mice, even when
challenged on a HFD. This contrasts with increased fat pad mass when ATGL is

ablated [47]. Much like in NLSDi patients, who are not obese, TAG lipolysis in
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adipocytes proceeds with reduced or absent CGI-58 activity. These results suggest
that CGI-58 has a role separate from the co-activation of ATGL.

Due to these inconsistencies between human phenotypes and mouse models,
the idea that CGI-58 acts solely to increase ATGL activity has been revised. Zechner
and colleagues hypothesize that CGI-58 may additionally activate an unknown TAG
lipase in skin that releases fatty acids for acylceramide synthesis [200]. This may be
possible, since there are three putative lipases, LIPK, LIPM, and LIPN, that are
exclusively expressed in the epidermis; each contains an o/ hydrolase fold [201].
In particular, LIPN, when mutated, causes late-onset ichthyosis [202]. Similarly,
PNPLA1, a close relative in the same protein family as ATGL, is also expressed in
skin [201] and, when mutated, causes autosomal recessive congenital ichthyosis in
humans [203]. Since mutations in either LIPN or PNPLA1 cause ichthyosis, an in
vitro characterization of their respective enzymatic activities, and possible
interaction with CGI-58, may help to further understand the development of

ichthyosis and the roles that all of these proteins play in lipid homeostasis in skin.

CGI-58 has been proposed to have a role in the generation of lipid signaling
molecules

Recently, Brown and colleagues published findings suggesting that CGI-58
plays a role in the generation of signaling lipids in liver [204], putatively through the
previously described LPAAT activity [105,106]. LPAAT activity generates PA and
removes LPA, two potent signaling molecules [205-207]. Increases in LPA levels in

cells have been linked to increased PA formation [208], which has, in turn, been
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implicated in multiple pathways, including the phosphorylation of mammalian
target of rapamycin (mTOR) [209,210], a signaling protein, modulation of
membrane curvature [175,211], and production of an inflammatory response [208]
through increased levels of TNF-q, IL-1f3, and IL-6 [212]. Brown and colleagues
propose the following model for CGI-58 function in liver: when TNFq, IL-1(3, and IL-
6 are increased in response to inflammatory stimuli such as a HFD, CGI-58 generates
signaling lipids through either LPAAT activity or activation of ATGL TAG hydrolysis
[204]. Signaling lipids activate downstream cytokine-induced stress kinases, such as
IKK-B, S6K1, and mTOR, which, in turn, phosphorylate insulin receptor substrate-1
(IRS-1), decreasing hepatic insulin signaling. These effects were observed only in
liver and not in adipose tissue. Follow knock down of CGI-58 protein levels, hepatic
TAG increases due to reduced activation of ATGL, and the response of hepatocytes
to insulin is improved, presumably due to the inactivation of IKK-f3, S6K1, and
mTOR. These researchers examined liver lipid levels of CGI-58 ASO-treated mice
compared to WT mice by LC/MS; there were no significant changes in total hepatic
PA levels, however there were changes in PA species [63]. Our current results
indicate that CGI-58 is not an LPAAT. However, the DAG produced by CGI-58’s
interaction with ATGL may be converted to PA through DAG kinase activity,
producing a local, transient increase in PA levels. Therefore, signaling pathways
activated by PA may indeed be responsible for the observed phenotype in CGI-58
ASO-treated mice.

Development of insulin resistance has been correlated to elevated tissue

ceramide content [213]. Brown and colleagues have shown that livers of mice



103

treated with CGI-58 ASO and fed either chow or a HFD show increases in all
measured ceramide species (C16:0, C18:0, C20:0, C22:0, C24:1, C24:0) relative to
control ASO-treated mice on a similar diet [63]. Total ceramide concentrations of
the livers of ASO-treated mice were doubled compared to those of control mice.
Ceramides have been implicated in activating protein phosphatase 2A and protein
kinase C{, which inhibit Akt/PKB, thereby attenuating insulin signaling [214-216].
However, the CGI-58 ASO-treated mice showed an increase in hepatic insulin
sensitivity, demonstrating a metabolic paradox of hepatic steatosis accompanied by
increased ceramide levels, yet improved hepatic insulin sensitivity. These data
suggest that total ceramide content is not the sole determinant of insulin resistance,
and that CGI-58 plays a role in the development of insulin resistance in liver.
Inhibition of CGI-58 activity in liver has therapeutic potential in the treatment of
insulin resistance.

Analysis of the liver content of other lipids in CGI-58 ASO-treated mice is
potentially informative. There was a 10-fold increase in hepatic PG levels of CGI-58
ASO-treated mice accompanied by a slight decrease in cardiolipin levels [63]. PG is a
precursor for cardiolipin, which is an important component of mitochondrial
membranes, serving as a proton trap during oxidative phosphorylation [217].
Interestingly, knockdown of CGI-58 protein expression in cultured hepatocytes
revealed a reduction in -oxidation of FA [218]. Suggesting that either fatty acid
supply to mitochondria or mitochondrial function is impaired. Together, these two
studies may provide clues to a potential mechanism of how CGI-58 plays a role in

the fate of FA; CGI-58, through its interaction with ATGL produces FA, and through
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alteration of levels of PG and cardiolipin, may also control the rate of -oxidation in
cells through altering mitochondrial activity. Overall, these results suggest that CGI-
58 may play a role in regulating lipid metabolism through altering the levels of

ceramide and PG rather than through the generation of PA or depletion of LPA.

Characterization of the H84R mutation of CGI-58

NLSDi is caused by a variety of mutations in CGI-58. In this dissertation, we
have begun in vitro characterization of the previously described H84R variant of
CGI-58 that causes NLSDi [166]. H84A and H84R mutated variants of CGI-58 were
expressed in NLSDi fibroblasts that store excessive levels of TAG; expression of
H84A, but not H84R, was accompanied by the reduction of accumulated TAG levels
similarly to unmodified CGI-58, revealing that H84A is functionally similar to WT
CGI-58. These results suggest that the histidine residue is not critical to CGI-58
function, but arginine substitution reduces protein function. It is possible that an
arginine substitution causes an alteration in secondary or tertiary structure.
Changes in the conformation of partially purified recombinant H84 variants relative
to unmodified CGI-58 could be assessed utilizing either nuclear magnetic resonance
spectroscopy or circular dichroism.

The TAG content of the NLSDi cells was determined 48 hours after addition
of adenoviral vectors. This single time point limited the experiment. The
experimental design did not allow assessment of the rate of TAG hydrolysis. To
further understand the effect of CGI-58 mutations on the rate of TAG clearance, an

experiment that determines TAG content of cells at multiple time points after
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initiation of CGI-58 expression is necessary. Another potential complication is a high
level of adenoviral-mediated overexpression of CGI-58 in fibroblasts that normally
express very low levels of endogenous CGI-58. Massive overexpression of these
variants may mask partially functional protein activity.

To gain understanding of the importance of H84, partially purified
preparations of CGI-58 variants H84A and H84R were tested for their ability to
activate ATGL TAG hydrolase activity in vitro. Both H84A and H84R variants were
unable to increase lipase activity above ATGL-only reactions. However, throughout
experimental repetition, reactions containing H84 A CGI-58 always displayed slightly
higher lipase activity than ATGL-only reactions. These results, suggest that the H84A
variant may be partially functional, but that the H84R variant is nonfunctional. Thus,
it is important to carefully measure the rate of TAG hydrolysis when these variants
are expressed in cultured NLSDi cells. Further experiments are also required to
reveal if H84A or H84R variants of CGI-58 bind to ATGL as efficiently as WT CGI-58,
which will provide a better understanding for how the arginine substitution alters

CGI-58 function.
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Conclusions

The central aim of this thesis was to determine if CGI-58 LPAAT activity is
necessary for the co-activation of ATGL TAG hydrolase activity. Throughout the
course of answering this question, I have shown that CGI-58 is not a LPAAT through
multiple experiments. Instead, the observed LPAAT activity was due to a
contaminant protein, plsC, removal of which eliminated LPAAT activity from
preparations of CGI-58. Although partial purifications from E. coli are a frequently
utilized technique to produce proteins for functional characterization, caution must
be exercised when using metal affinity resins for one-step purifications, since
contaminant proteins are co-purified and may interfere with downstream
experiments.

Unexpectedly, CGI-58 was observed to bind to PI(3)P and PI(5)P. Preliminary
experiments in this dissertation suggest that PIP binding to CGI-58 does not alter co-
activation of ATGL. More in-depth studies utilizing a CGI-58 variant, unable to bind
PIPs, would provide more detailed information on how PIP binding influences CGI-
58 function or localization. Therefore, an important step for future research is to
identify the PIP binding site of CGI-58. The computer generated model of CGI-58
may provide clues on which residues to target for mutagenesis.

Finally, the H84R mutation of CGI-58, found in some individuals with NLSDi,
was shown to have reduced function both in in vitro assays and in cells. As this
mutation is further characterized, the information gained may be valuable in

identifying the mechanism by which CGI-58 activates ATGL TAG hydrolase activity.
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