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Fats or lipids are thought to be deleterious to human health, but recent research has

begun to identify beneficial roles for these molecules. Branched fatty acid esters of hydroxy fatty
acids, named FAHFAs, are a newly discovered group of lipids that are produced in mammalian
tissues. Administration of purified FAHFAs to mice reverses diabetes and reduces inflammation,
indicating that raising the levels of these lipids in vivo would be of therapeutic benefit. Indeed,
analysis of FAHFA levels in humans revealed that people with type 2 diabetes had lower
FAHFA levels than healthy individuals. One approach to raising FAHFA levels would be to
inhibit the proteins that are responsible for degrading these lipids in vivo. As newly discovered
lipids there are many questions that remain about these molecules, their regulation, structure,
and biological roles. Here we make progress on all these fronts. First, we report the
identification and characterization of the first FAHFA hydrolases: carboxyl ester lipase (CEL),

androgen-induced gene 1 (AlG1) protein, and androgen-dependent TFPI regulating protein
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(ADTRP). We have developed inhibitors of these enzymes and hypothesize that by inhibiting
these enzymes, we can increase FAHFA levels which will result in reduced inflammation and
better metabolic parameters. Second, we have characterized the structure and biological activity
of a novel FAHFA family discovered in oats called linoleic acid esters of hydroxy linoleic acid
(LAHLAS). LAHLAs are more potent than previously characterized FAHFAs in similar assays,
and regulate key genes involved in inflammation. These findings open up the possibility of using
LAHLAs or LAHLA analogs to modulate the immune system. In addition to these major findings,
we have also refined the structure of FAHFAs through the identification of the stereochemistry
of these lipids in cells and tissues of mice. The identification of a preferred stereoisomer in vivo
indicates that FAHFAs are produced by unidentified enzymes because non-enzymatic
production of the hydroxy fatty acid would result a racemic mixture of FAHFAs. Finally, we
optimized the methods for FAHFA analysis, which will increase the rate that labs can study

FAHFAs and open up the possibility to analyze hundreds of samples for clinical applications.
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Chapter 1:

Introduction



1.1 Discovery of FAHFAs

Though some beneficial lipids such as omega-3 fatty acids are known™, lipids are
generally considered deleterious since rodents and humans on high-fat diets become obese,
display insulin resistance, and develop type 2 diabetes*®. However, several studies have linked
increased adipose tissue de novo lipogenesis with improved metabolic health”®, a seemingly
paradoxical observation because of the impact of high-fat diets on metabolic health. Mice that
overexpress the glucose transporter Glut4 in their adipose tissue (AG40OX mice), for example,
were shown to have greatly improved metabolic health while also displaying a robust increase in
de novo lipogenesis in adipose tissues®'°. This data led to a hypothesis that the increased de
novo lipogenesis might lead elevated levels of a beneficial lipid(s), such as palmitoleic acid'' or
omega-3 fatty acids'>.This idea was tested via lipidomics of adipose tissue from WT and
AG40X mice.

Lipidomics revealed highly elevated levels of structurally novel class of mammalian lipids
in AG40X mice that were revealed to be fatty acid esters of hydroxy fatty acids (FAHFAs)
through a combination of mass spectrometry and chemical synthesis'>.Targeted analysis of
FAHFAs revealed the existence of at least 16 different FAHFA families—a family is defined as a
specific combination of fatty acid and hydroxy fatty acid. Palmitic Acid esters of Hydroxy Stearic
Acids (PAHSAs) and Oleic Acid esters of Hydroxy Stearic Acids (OAHSAs) are examples of two
different FAHFA families (Figure 1.1a). Furthermore, each family has multiple regioisomers
which differ by the branched ester position on the hydroxy-fatty acid (Figure 1.1b). For instance,
there are eight different PAHSA regioisomers in adipose tissue (13-, 12-, 11-, 10-, 9-, 8-, 7-, and
5-PAHSA), and each of these regioisomers is more concentrated in adipose tissue from AG40X
mice. We later discovered that stereochemistry of the FAHFAs might play a factor in the
regulation of these lipids. Specifically, we synthesized both enantiomers of 9-PAHSA, R-9-
PAHSA and S-9-PAHSA, and found that R-9-PAHSA is the predominant stereoisomer that

accumulated in the adipose tissue of AG40X mice (Figure 1.1¢)"™. This could be due to



increased synthesis of this stereocisomer or decreased degradation, but the fact that we find only
a single stereoisomer in tissues is supportive of the enzymatic introduction of the oxygen of the
ester group and makes it unlikely that FAHFAs are produced from spurious non-enzymatic lipid

oxidation.

1.2 Beneficial Effects of PAHSAs

Because of limitations in the number of FAHFA families that could be detected by mass
spectrometry, subsequent analysis focused on a single family, the PAHSAs. PAHSAs are most
abundant in white adipose tissue (WAT), brown adipose tissue (BAT) and liver, and fasting or
placement on a high-fat diet (HFD) results in regulation of endogenous PAHSA levels in mice.
To ensure that FAHFAs are not limited to mice, the lab compared endogenous PAHSA levels in
serum and WAT of insulin-sensitive and insulin-resistant people. These experiments revealed
that PAHSA levels correlate strongly with insulin sensitivity (Figure 1.2a), and that higher
PAHSA levels indicate better insulin sensitivity'?. This suggested that raising PAHSA levels may
improve metabolic health. Indeed, PAHSA administration to HFD-fed mice rapidly improves
glucose tolerance and reduces pro-inflammatory macrophages in WAT'™. The anti-inflammatory
PAHSAs was later shown to extend to a mouse model of colitis where PAHSAs protected
against inflammatory damage of the colon (Figure 1.2b)".

Mechanism of action studies with PAHSAs are underway, and preliminary results
indicate that the activation of two G protein-coupled receptors (GPCRs), GPR120 and
GRP40'>'® mediates at least some of the biological activity of PAHSAs"'>"®.In vitro mechanistic
studies revealed that PAHSAs augment insulin-stimulated glucose transport in adipocytes by
activating G protein-coupled receptor-120 (GPR120). GPR120 activation is also reported to
inhibit inflammation, and PAHSAs showed potent anti-inflammatory effects in immune cells. A
recent study has shown that PAHSAs augment glucose-stimulated insulin secretion via

GPR40'.



With the diverse actions PAHSAs exert on multiple tissues, it is not surprising that these
lipids activate multiple GPCRs. Many GPCRs are known metabolic sensors that can be
activated by metabolic substrates such as fatty acids, sugars, lactate, and ketone bodies. Due
the central roles of these GPCRs in metabolism, they have become a lucrative target for
pharmaceutical companies to treat metabolic diseases'’. Since PAHSAs can activate both
GPR40 and GPR120, which are both potential drug targets, these lipids provide an interesting
opportunity to compare a dual GPR40/120 agonist versus compounds that target GRP40 or
GRP120 individually. All together, these studies highlight FAHFAs as a new class of anti-
diabetic and anti-inflammatory lipids, and my graduate work focused on furthering knowledge

regarding FAHFA bioactivity and regulation using cutting-edge methods in chemical biology.

1.3 Discovery of FAHFA Hydrolases

Regulation of PAHSA levels can occur through changes in biosynthesis or degradation.
Since FAHFAs are a structurally novel class of lipids, nothing is known about the genes that are
responsible for FAHFA regulation. However, preliminary data demonstrated that tissue lysates
are capable of FAHFA hydrolysis and FAHFA biosynthesis'®. The identification of candidate
FAHFA degrading enzymes is accomplished by measuring FAHFA hydrolysis in different tissue
proteomes. After a known tissue is known to have FAHFA degrading potential, the active
lipases of that tissue are identified and then tested for FAHFA hydrolysis activity.

To carry out this strategy, a FAHFA hydrolysis assay was used to measure hydroxy
stearic acid (HSA) release from PAHSA after incubation of PAHSA with a tissue lysate (Figure
1.3a). To identify the lipases that are candidate FAHFA hydrolases, we used activity-based
protein profiling (ABPP), a chemoproteomics technology that uses active-site directed chemical
probes to detect lipases directly from cell or tissue proteomes by proteomics'®'®. Probes have
been developed to target individual classes of enzymes such including serine hydrolases (SHs),

a class that contains most of the known lipases?®2'. SHs make up approximately 1% of the



proteome with more than 100 known serine proteases and more than 100 metabolic SHs in the
human genome?. The metabolic SH family includes many lipases such as pancreatic lipase
(PNLIP), monacylglycerol lipase (MGLL), and lipoprotein lipase (LPL). The probe used to target
serine hydrolases is fluorophosphonate (FP), which covalently reacts with the serine nucleophile
of these enzymes (Figure 1.2b). Comparing the lipase profiles of the pancreatic membrane
proteome to other, less active proteomes, revealed carboxyl ester lipase (CEL) as a FAHFA
hydrolase®.

FP probes can also react with the much smaller class of threonine hydrolases, such as
the proteasome, and this is important for as two of the FAHFA hydrolases end up belonging to
the threonine hydrolase family?*. We found these threonine hydrolases, using a second strategy
that can be used to identify in combination with ABPP to find FAHFA hydrolases relies on an
experiment called competitive ABPP (Figure 1.3¢)'°. In a competitive ABPP experiment, the
ABPP probe “competes” with an inhibitor for a serine hydrolase active site. If an enzyme binds
an inhibitor it is no longer labeled by the ABPP probe, and by analyzing proteomes treated with
different inhibitors and then labeled with the ABPP probe it becomes possible to map the all of
the enzymes that are inhibited by a particular molecule. The Cravatt lab had already mapped
the targets for many serine hydrolase inhibitors using competitive ABPP. Using the Cravatt lab
inhibitors along with the known enzymes that each inhibitor blocks it is possible to use this
information to discover the enzyme(s) responsible for the hydrolysis of a specific substrates. For
example, if a one or more inhibitors prevents the hydrolysis of a FAHFA while other compounds
have no effect, comparison of the enzyme targets of the active versus inactive compounds can
reveal candidate FAHFA-degrading enzymes.

Utilizing this inhibitor screening strategy in combination with our FAHFA substrate
hydrolysis assay, we have discovered two additional FAHFA hydrolases: androgen-induced
gene 1 (AIG1) and androgen-dependent TFPI regulation protein (ADTRP)®. The

characterization of CEL, and AIG1 and ADTRP as FAHFA hydrolases are described in Chapters



2 and 3, respectively. These are the first FAHFA hydrolases identified and animals lacking these
enzymes have been generated and are being used to study the role of endogenous FAHFA

regulation on physiology.

1.4 Other Beneficial FAHFAs

The initial discovery of FAHFAs in 2014, revealed the presence of 16 FAHFA families,
each of which contains multiple regioisomers. Due to the high abundance of stearic, palmitic,
palmitoleic, and oleic acid in mammalian tissues, FAHFAs containing all combinations of these
as the fatty acids and hydroxy fatty acids were analyzed for using a targeted mass spectrometry
approach and were all found to be present. Additional methods have led to the discovery of
additional FAHFAs. For example, an in silico MS/MS library for FAHFAs was generated and
resulted in more than 1000 theoretical FAHFAs®. This library was generated using 33 of the
most common fatty acids in mammalian cells spanning from 14:1 to 24:6, and subsequent mass
spectrometry experiments analyzing egg yolk revealed the existence of previously unidentified
FAHFAs. Another approach to identify FAHFAs employed by Kuda et al, was to test whether
FAHFAs can be derived from known beneficial free fatty acids. Supplementation of n-3
polyunsaturated fatty acids (PUFAs, EPA and DHA) in mice resulted in DHA-derived FAHFAs in
their WAT and serum?. They went on to show that one of the these FAHFAs, 13-
docosahexaenoic acid hydroxy linoleic acid (DHAHLA), like 9-PAHSA, exerted potent anti-
inflammatory effects when tested in vitro?’. The detection of this lipid and other lipids such as
docosahexaenoic acid hydroxy docosahexaenoic acid (DHAHDHA) after n-3 PUFA
supplementation, reveals that these FAHFAs may be contributing to the established beneficial
effects of n-3 PUFAs. Furthermore, this study demonstrates the role of dietary lipids on levels of
endogenous FAHFA levels.

To date, only three FAHFASs have been tested for their biological activities. Given that

multiple members of many lipid families have biological activity, it begs the question whether



other, more active FAHFAs remain to be discovered. As previously discussed, one possible
approach to increase endogenous FAHFA levels is through pharmacological inhibition of
FAHFA hydrolases. Another means of increasing endogenous FAHFAs may be through
consumption of FAHFA-dense foods. But do any foods have biologically active FAHFAs? Some
lipids, like linoleic acid, cannot be biosynthesized in humans and must be acquired through the
diet. These lipids are termed “essential” and have critical roles in signaling, as they are
precursors to many downstream lipid mediators®®. FAHFAs may be a class of lipids where some
FAHFAs are endogenously biosynthesized, while other FAHFAs or their components are
obtained through the diet. In Chapter 6, we explain how we characterized linoleic acid esters of
linoleic acids (LAHLAs) from oat oil as a novel family of biologically active FAHFAs. Our findings
demonstrate that at least some of the beneficial effects of oat oil in human studies might be

attributed to LAHLAs, a routinely consumed and apparently safe FAHFA.

1.5 Scope of this Work

The work presented in this thesis is centrally focused on discovering and characterizing
biologically active FAHFAs and the first FAHFA hydrolases. In Chapter 2, we show the CEL is a
pancreatic FAHFA hydrolase that preferentially hydrolyzed FAHFAs compared to other lipids. In
addition, mutations of CEL have been like to maturity-onset diabetes of the young, type 8
(MODY8) and chronic pancreatitis. We show that the CEL MODY8 variant has a modest
increase in FAHFA hydrolase activity compared to the normal enzyme. In Chapter 3, we used
ABPP to discover the poorly characterized proteins AlIG1 and ADTRP as atypical hydrolytic
enzymes. We show that these enzymes are threonine hydrolases and preferably hydrolyze
FAHFAs over other major lipid classes. In Chapter 4, we show that the stereochemistry of 9-
PAHSA is important to its regulation. Specifically, we developed a method that resolves PAHSA
stereoisomers and show that CEL selectively hydrolyzes S-9-PAHSA while HEK cells preferably

biosynthesize R-9-PAHSA. Chapter 5 shows the development of a faster protocol for



endogenous FAHFA measurements. The time to analyze FAHFAs was shortened by greater
than 70% compared to our previous method, which will allow higher throughput of FAHFA
analysis for basic and clinical applications. Chapter 6 shows the discovery and characterization
of novel FAHFA family, LAHLAs, that were discovered in oat oil. We show that LAHLAs are the
highest abundant FAHFAs in oat oil and correlate with the beneficial metabolic effects seen in
humans ingesting oat oil extract. In addition, we show that mice and humans have endogenous
13-LAHLA within their fat. We also synthesized 13-LAHLA and a 13-aza-LAHLA, a non-
hydrolyzable version of 13-LAHLA, and show that these lipids have potent anti-inflammatory

effects in vitro.

1.6 Conclusion and Future Directions

Understanding how FAHFAs are biochemically regulated and determining the role of
these lipids in vivo are critical questions, which could have an important impact on developing
new strategies to prevent or treat type 2 diabetes and inflammatory pathologies. With current
research showing the beneficial effects of FAHFAs on metabolism and inflammation, increasing
the levels of FAHFAs either through inhibition of FAHFA hydrolases or FAHFA supplementation
has great promise.

Many mouse tissues have FAHFA hydrolase activity but only a couple of these hydrolytic
enzymes have been discovered. We have discovered herein three FAHFAs hydrolases CEL,
AlIG1, and ADTRP. These enzymes have specific tissue distribution and may mediate local
inflammation in the respective tissues where they are expressed. For example, AIG1 is the
principal FAHFA hydrolase in the brain and CEL is predominantly expressed in the pancreas.
Although the role these enzymes play in disease is unknown, we hypothesize the inhibition of
some of these enzymes may afford beneficial effects through the upregulation of FAHFA levels.
To elucidate the biology these enzymes have in vivo, we have generated tailored inhibitors to

these hydrolases in addition to generating AIG1 and ADTRP knockout (KO) mice. Prior work



has established the correlation between insulin sensitivity and increased serum PAHSA levels in
humans, and we hope that through the pharmacological inhibition of FAHFA hydrolases we can
increase systemic FAHFA levels. Although the study of FAHFAs and their roles in biology is
incomplete, we now have invaluable tools in studying this field.

Since the discovery of FAHFAs in 2014, additional FAHFA families have been
discovered®®?’. To streamline the process of discovering bioactive FAHFAs we looked to natural
sources, specifically oat oil. This was not a random effort in searching different food sources for
FAHFAs. Like FAHFAs, oat oil is known to have beneficial metabolic and anti-inflammatory
effects?®>*'. Also, oat oil contains a large amount DGDG which has a FAHFA moiety*?, therefore,
we hypothesized oat oil may also have a large abundance of free FAHFAs. We discovered a
novel FAHFA family called LAHLAs in oat oil. Plasma levels of LAHLAs correlate with the
beneficial metabolic effects seen in humans after ingesting oat oil. We synthesized 13-LAHLA
and showed that this FAHFA has greater anti-inflammatory effects in vitro compared to 9-
PAHSA, revealing the potential of better therapeutic FAHFAs in existence. Understanding the
structure-relationship activity of FAHFAs will also allow us to design synthetic FAHFAs for use in
therapies.

We also describe herein the analytical tools to efficiently measure and properly
characterize FAHFAs. With serum FAHFAs known to be correlated with metabolic status, these
have potential to be biomarkers. We have developed a faster analytical method to analyze
FAHFAs, thus being amenable to a large number of clinical samples.

Although there are many known FAHFA family members, each FAHFA family contains
many positional isomers that must be addressed in elucidating what FAHFAs are most relevant
to human physiology. It has been reported that certain PAHSA regioisomers have better anti-
inflammatory effects compared to others in their family. For example, of the 8-PAHSA
regioisomers discovered to date, 9- and 5-PAHSA have been shown to have the best

therapeutic potential. However, we do not know if the activity of these PAHSAs is due to R or S,



or even both stereocisomers. We do not understand why some FAHFAs are more active than
others in our activity assays, and further structure activity relationship (SAR) studies will need to
be established. Understanding the importance of carbon length, degrees of unsaturation,
position of the ester group, and stereocisomerism will be important to understand when
developing synthetic FAHFAs with increased potency and bioavailability.

Overall, this dissertation explores many aspects of FAHFA biology from their regulation
to discovery of new FAHFAs. In addition, we discuss novel analytical tools to identifying and
characterizing FAHFAs more efficiently. We hope that that the scientific knowledge gained from
this work can eventually be used to develop next-generation anti-inflammatory and anti-diabetic

drugs.
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1.7 Figures

b
FAHFA PAHSA
families regioisomers

o 5
OJK/\/\/\/\/\/\/\ Ho’lk/\/]\/\/\/\/\/\/\
IAAAI IR E L 5-PAHSA
2 4 6 8 10 12 14 16 18
9-PAHSA .
o OJWVVVM
5 GNP SN
Hi
o 9-PAHSA
A~ AN
RO Y Y Y W W% s HOJK/\/\/\/\/EI/\M
W
9-OAHSA X
12-PAHSA
C PAHSA
stereoisomers
2 o
A~~~ B NN
“°W HOJW
S-9-PAHSA R-9-PAHSA

Figure 1.1. Classification of FAHFAs. (a) Two different FAHFA families, PAHSA and OAHSA
are shown. (b) Structures of three different PAHSA regioisomers (5-, 9-, and 12-PAHSA).
Numbering is determined by the position of the ester bond relative to the carboxyl carbon. (c)
Chemical structures of 9-PAHSA stereoisomers (S and R).
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Figure 1.2. Beneficial effects of PAHSAs. (a) Quantification of 5-PAHSA in serum of insulin-
sensitive and insulin-resistant nondiabetic humans shows that insulin-resistant humans have

lower 5-PAHSA serum levels'. (b) PAHSA treatments improves clinical colitis score throughout
10 days of DSS treatment'®.
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Figure 1.3. Tools and assays used to identify FAHFA hydrolases. (a) Schematic of the FAHFA
substrate hydrolysis assay. (b) Schematic of ABPP. FP activity-based probe reacting with a
serine hydrolase. (¢) Schematic of competitive ABPP.
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Abstract

A recently discovered class of endogenous mammalian lipids, branched fatty acid esters
of hydroxy fatty acids (FAHFAs), possess anti-diabetic and anti-inflammatory activities. Here,
we identified and validated carboxyl ester lipase (CEL), a pancreatic enzyme hydrolyzing
cholesteryl esters and other dietary lipids, as a FAHFA hydrolase. Variants of CEL have been
linked to maturity-onset diabetes of the young, type 8 (MODY8) and to chronic pancreatitis. We
tested FAHFA hydrolysis activity of the CEL MODY8 variant and found a modest increase in
activity as compared with the normal enzyme. Together, the data suggest that CEL might break

down dietary FAHFAs.
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2.1 Introduction

Lipids serve structural, energetic, and signaling roles in biology'. These activities are
regulated by the action of lipid-modifying enzymes in the proteome?. The proper characterization
of these enzymes, however, depends on knowing the composition of the lipidome, or, the
complete set of lipids in a cell, tissue, or organism®°. The recent discovery of new lipids®®’
indicates gaps in the current knowledge of lipid biochemistry.

Transgenic mice overexpressing the GLUT4 glucose transporter in adipose tissue have
proven to be an important model for understanding the role of adipose tissue in systemic insulin
resistance®®. These animals are obese, yet have improved glucose tolerance, and increased
adipose tissue lipogenesis, which is important in maintaining insulin sensitivity'®. The link
between adipose lipogenesis and insulin sensitivity in mice and humans led to the hypothesis
that the adipose tissue might be producing a metabolically beneficial lipid.

Lipidomic profiling of adipose tissue from the GLUT4 overexpressing mice revealed
increased levels of a novel endogenous lipid family”. Structural characterization of these lipids
using a combination of mass spectrometry and chemical synthesis identified them, as branched
chain fatty acid esters of hydroxy fatty acids (FAHFAs). Subsequent analysis revealed 16
FAHFA families, which differ by the composition of their fatty acid chains. Prominent families
include palmitic, oleic, and palmitoleic acid esters of hydroxy stearic acid, referred to as
PAHSAs, OAHSAs, and POHSAs, respectively.

Analysis of the PAHSAs also revealed the existence of multiple positional isomers within
each family. For instance, 5-PAHSA and 9-PAHSA are two isomers that have the conjoining
ester bond at either 5- or 9- position (numbering from the carboxylate). A total of eight PAHSA
isomers were identified (13-, 12-, 11-, 10-, 9-, 8-, 7-, and 5-PAHSA) and tissues have different
distributions of these isomers’.

Human studies revealed that serum PAHSA concentrations were highly correlated with

insulin sensitivity’ and insulin resistant people had low levels. This suggested that raising
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PAHSA levels in vivo might be beneficial. Indeed, administration of PAHSAs to mice improved
glucose tolerance and reduced inflammation, demonstrating that increased FAHFA
concentrations are anti-diabetic and anti-inflammatory’.

The discovery of FAHFAs has led to many questions, including what are the enzymes
and metabolic pathways responsible for the production and catabolism of these lipids? Efforts
towards this goal have already revealed two atypical FAHFA hydrolases'!, AIG1 and ADTRP.
Here we describe the discovery that the pancreatic enzyme carboxyl ester lipase (CEL), can

utilize FAHFASs as substrates.

2.2 Results and Discussion

We utilized a previously described liquid chromatography-mass spectrometry (LC-MS)
assay for measuring FAHFA hydrolysis activity''. Addition of 9-PAHSA to liver lysates resulted
in the production 9-hydroxystearic acid (9-HSA), which we use to quantify hydrolysis.
Denaturation of the proteome by heat led to loss of 9-PAHSA hydrolysis activity (Figure 2.1).

We then profiled the activity of different tissue lysates using the 9-PAHSA hydrolysis
assay. The tissue with the greatest amount of 9-PAHSA hydrolysis activity (per mg of lysate)
was pancreas (Figure 2.2a). The pancreas produces a number of lipases that are secreted into
the gastrointestinal (GI) tract to facilitate digestion of lipids from diet'>. FAHFAs have been
detected in a number of foods’, indicating the need for FAHFA hydrolyzing enzyme(s) in the Gl
tract. Fractionation of pancreatic tissue into soluble and membrane proteomes revealed that 9-
PAHSA hydrolysis activity was specifically associated with the membrane fraction (Figure
2.2b). Since the addition of the AIG1 and ADTRP inhibitor KCO1 did not affect 9-PAHSA
hydrolysis (Figure 2.3a), we hypothesized that the pancreatic FAHFA hydrolase activity
originated from another enzyme(s).

The addition of fluorophosphonate rhodamine (FP-Rh), a broad serine hydrolase

inhibitor blocked 9-PAHSA hydrolysis, which indicated that the FAHFA hydrolyzing enzyme(s) in

20



the pancreas membrane fraction is a serine lipase (Figure 2.3b). We searched a tissue
database of serine hydrolases generated using activity-based protein profiling (ABPP) with a
fluorophosphonate biotin (FP-biotin)'®. Briefly, a FP-biotin probe was used to label serine
hydrolase enzymes, which were thereafter enriched by avidin chromatography, digested by
trypsin and the peptides were subsequently subjected to LC-MS/MS analysis"'*. The similar
inhibition activity of FP-Rh and FP-biotin indicated that the enzyme we sought was likely present
in the serine hydrolase database'. We identified three candidate lipases within this dataset with
preferential expression in the pancreatic membrane: carboxyl ester lipase (CEL), pancreatic
lipase (PNLIP), and pancreatic lipase related protein 2 (PNLIPRP2).

CEL is also known as bile salt-stimulated lipase'®, and its activity has been reported to
increase in the presence of the bile salt taurocholate®"". By contrast, PNLIP and PNLIPRP2 are
reportedly inhibited by taurocholate''®. Therefore, we reasoned that we might be able to
distinguish between CEL, PNLIP, or PNLIPRP2 as a candidate FAHFA hydrolase by measuring
9-PAHSA hydrolysis in the presence of taurocholate. Addition of sodium taurocholate (NaTC) to
pancreatic membrane lysates increased FAHFA hydrolysis activity in a concentration-dependent
manner suggesting that CEL is a putative FAHFA-degrading enzyme (Figure 2.2c).

Expression of CEL in HEK293T cells resulted in more than a 50-fold increase in FAHFA
hydrolysis activity compared to lysate from control (mock) cells transfected with an empty vector
(Figure 2.4a), demonstrating that CEL has FAHFA hydrolysis activity. Treatment of CEL-
transfected lysates with a CEL inhibitor WWL92'3, completely blocked FAHFA hydrolysis activity
(Figure 2.4a). The addition of WWL92 to pancreatic membrane proteome also abrogated 9-
PAHSA activity (Figure 2.4b), indicating that CEL is a principal FAHFA hydrolase in the
pancreas. Also in support of this conclusion, 9- PAHSA hydrolysis activity was substantially
reduced in pancreas tissue membrane from CEL—/— mice compared to control pancreatic tissue
from CEL+/+ mice (Figure 2.4c). Together, these data provide strong evidence that CEL is a

FAHFA hydrolase and the main source of 9-PAHSA hydrolysis activity in the pancreatic lysates.
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CEL is expressed in the acinar cells of the exocrine pancreas®. Upon feeding, CEL,
along with a variety of other lipases, are released into the gut to break down complex lipids and
aid with their absorption. Several lipids, including triglycerides, retinyl esters, phospholipids, and
cholesteryl esters are reported as CEL substrates based on in vitro studies. In vivo, however,
CEL has no impact on triglyceride®' or retinyl ester absorption?, but is reported to influence
cholesteryl ester hydrolysis®.

To ascertain the relative activity of CEL against different lipids, including FAHFAs, we
performed a broad substrate analysis (Figure 2.5). This assay used a total of 31 total lipids,
including 15 FAHFAs, a triacylglycerol (TAG), a diacylglycerol (DAG), a cholesteryl ester (CE),
along with a variety of phospholipids and lysophospholipids. Activity was monitored by the
release of fatty acids from the different substrates upon hydrolysis by CEL. The substrate
hydrolysis activity profile was generated using HEK293T membrane lysates overexpressing
mouse CEL using a previously established LC-MS assay''. As reported previously, we found
that CEL can hydrolyze TAGs, DAGs, and CEs (Figure 2.5). However, CEL hydrolyzed
FAHFAs at much greater rates than these reported substrates under the reaction conditions
employed.

Analysis of the hydrolysis data also revealed that CEL had preferences among different
FAHFAs. FAHFAs are divided into families and isomers. Families are comprised of different acyl
chains (i.e. oleic acid or palmitic acid) and isomers describe the same acyl chain combination
with the ester bond at different positions (Figure 2.5). Two clear preferences emerged from the
substrate hydrolysis activity profile with different FAHFAs. First, and most dramatically, CEL
preferentially hydrolyzed FAHFAs with the ester bond further away from the carboxylate (12-
PAHSA > 9-PAHSA >> 5-PAHSA). A similar trend was observed for all the FAHFA families
tested. Second, unsaturated FAHFAs were hydrolyzed more quickly than saturated FAHFAs

(POHSAs/OAHSAs > PAHSAs/SAHSAs). The physiological significance of these trends is
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unclear, but they do suggest that individual FAHFA isomers can be metabolized at different
rates.

CEL has been linked to diabetes, exocrine pancreatic dysfunction and chronic
pancreatitis?*?°. As such, rare variants of the CEL gene can cause maturity-onset diabetes of
the young (MODY), a hereditary, autosomal dominant form of diabetes?®®. The MODY type
caused by CEL mutations is denoted MODY8. Considering further the metabolic and anti-
inflammatory activities of FAHFAs, we tested the effect of a MODY8-associated human CEL
mutant (1686delT) on 9-PAHSA and 9-OAHSA hydrolysis activity. The human CEL mutant
exhibited a 2-fold increase in FAHFA hydrolysis compared with human CEL protein (Figure
2.6). We also tested the effect of NaTC on these two normal and disease-associated variants
and both were bile-salt sensitive, with mutant CEL having slightly higher 9-PAHSA hydrolysis
activity (Figure 2.6). Current evidence indicates that MODY8 mutations result in CEL variants
that are prone to protein aggregation in the pancreas, which could induce tissue damage
leading to the symptoms of pancreatic dysfunction?’?®, While there is no dramatic enzymatic
difference between normal CEL and the MODY8 mutant, aggregation of the latter could
nevertheless lead to physiological changes in CEL activity, which again might affect

endogenous FAHFA levels.

2.3 Conclusion

Knowing the substrates of an enzyme is a critical piece of information needed to
understand its endogenous functions of the protein. In this study, we have utilized an unbiased
approach that combines biochemistry and ABPP to characterize CEL as a FAHFA hydrolase.
The complementary tissue distribution of CEL compared to other recently discovered FAHFA
hydrolases — AlG1 and ADTRP - indicates the metabolism of FAHFAs may be differentially
regulated across the body. Future studies with knockout mice and in vivo-active inhibitors of

individual FAHFA hydrolases should enrich our understanding of the respective roles that these
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enzymes and their lipid substrates play in mammalian biology and disease. In this regard, our
results provide new hypothesis about the biochemical function of CEL that extends beyond
previously established TAG/DAG and CE substrates to include the regulation of bioactive
FAHFAs. Our findings may help to explain some of the endogenous phenotypes seen in CEL-/-
mice, such as how CEL influences lipoprotein assembly and secretion®® and how loss of CEL

promotes atherosclerosis™.
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2.4 Figures
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Figure 2.1. In vitro 9-PAHSA substrate hydrolysis assay for various murine tissues. Heat-
denatured controls show loss of 9-PAHSA hydrolytic activity. Hydrolysis rate was determine by
measuring comparing 9-HSA to the internal standard 9-HHDA and normalizing this to the weight
of tissue and reaction time. Data represents mean * s.e.m. for three biological replicates.
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Figure 2.2. Identification of a bile salt-stimulated pancreatic FAHFA hydrolase. (a)
Measurement of 9-PAHSA hydrolysis activity using tissue lysates from various tissues showed
varying levels of FAHFA hydrolysis, with the pancreas having the highest activity. (b)
Fractionation of the pancreas lysate into membrane and soluble proteomes revealed that the 9-
PAHSA hydrolysis activity is largely membrane associated. (¢) Addition of the bile salt sodium
taurocholate (NaTC) increased 9-PAHSA hydrolysis identifying CEL as the most likely FAHFA
hydrolase. Data represents mean * s.e.m values for three biological replicates.
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Figure 2.3. Pancreatic FAHFA hydrolysis is sensitive to FP-Rh but not KC01. (a) /In vitro 9-
PAHSA hydrolysis activity and full ABPP gel image for pancreas membrane lysates treated with
DMSO and KC01 (10 uM). (b) In vitro 9-PAHSA hydrolysis activity for pancreas membrane
lysates treated with DMSO and FP-Rh (10 uM). Data represents mean + s.e.m for three
biological replicates. ***p < 0.001 by Student’s t-test

27



800+ *
® 700
2= 600-
5 .S
5 £ 5001
> O
I E 400
<9
? £ 3001
<2
a =~ 200-
»
100
0_
Mock CEL WWL92 WWL92
20 uM 40 uM
b c
®» 254 Pancreas DMSO WWL92 WT KO
5 Lysate (mem) — » 251 Pancreas
2¢ 20 _— FP-Rh '3 Lysate (mem) |\ Anti-CEL
S g L 2T 20
T —= ] 2 'g e e
g "® T 15 — | Anti-R-Actin
52 10 TE
T E <35 10
S %)
x5 TE
Y 0 * iv 54
DMSO WWL92 o 0 : *
WT KO

Figure 2.4. |dentification of CEL as a FAHFA hydrolase. (a) 9-PAHSA hydrolysis activity for
membrane lysates from mock-transfected and CEL-transfected HEK293T cells, and CEL-
transfected membrane lysates treated with WWL92 (20 uM and 40 uM). Data represents mean
t s.d for two replicates. ***p < 0.001 by ANOVA. (b) 9-PAHSA hydrolysis and gel-based ABPP
(inset) for WT pancreatic membrane lysates treated with DMSO or WWL92 (10 uM). (c) 9-
PAHSA hydrolysis and western blot analysis (inset) of of CEL"* and CEL™~ pancreatic
membrane lysates. Data represents mean + s.e.m. for three biological replicates. ***p < 0.001
by Student’s t-test. Full images of gel and western blots are provided in Figure 2.7.
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Figure 2.5. In vitro lipid substrate hydrolysis assay for cellular lysates of CEL- and mock-
transfected HEK293T cells. PAHSA, palmitic acid ester of hydroxy-stearic acid; POHSA,
palmitoleic acid ester of hydroxy-stearic acid; SAHSA, stearic acid ester of hydroxy-stearic acid;
OAHSA, oleic acid ester of hydroxy-stearic acid; TAG, triacylglycerol (tri-C18:1); DAG,
diacylglycerol (C16:0/C18:1); MAG, monoacylglycerol (C18:1); CE, cholesterol ester (C18:1);
PS, phosphatidylserine (18:0, 18:2); PC, phosphatidylcholine (C17:0, C20:4); PE,
phosphatidylethanolamine (C17:0, C20:4); PI, phosphatidylinositol (C16:0, C18:1); PG,
phosphatidylglycerol (C16:0, C18:1); PA, phosphatidic acid (C17:0, C20:4); lyso-phospholipids
(all C18:1). For each assay, 20 ug of mock or CEL-transfected proteome was incubated with
100 uM substrate for 30 min at 37 °C. Data represents mean % s.d. for two replicates.
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Figure 2.6. WT and MUT CEL hydrolysis of PAHSA and OAHSA (a) In vitro 9-PAHSA and 9-
OAHSA hydrolysis activity comparing human normal wild type (hWT) CEL-transfected HEK293T
cells and human MODY8 mutant (hMUT) CEL-transfected HEK293T cells. (b) The effect of
NaTC on 9-PAHSA hydrolysis activity for hWT CEL and hMUT CEL-transfected membrane
lysates. Hydrolysis rate was normalized to western blot expression of each construct, which was
monitored by immunostaining for their V5 tag. AU (arbitrary units). Data represents mean + s.d.
for two biological replicates. *p < 0.05 by two-sided Student’s t-test for h(MUT.
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Figure 2.7. (a) Full ABPP gel image and (b) Western blots for Figures 2.4b,c.
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2.5 Experimental Section

Chemicals. FAHFAs were purchased from Cayman Chemical and other lipids were
purchased from Avanti Polar Lipids or Sigma-Aldrich. FP-rhodamine®', WWL92", and 9-
hydroxyheptadecanoic acid®** were synthesized as reported.

Tissue lysate preparation. Wild-type C57BL/6J mice were purchased from Jackson
Laboratories. All animals were housed in groups on a 14-h light, 10-h dark schedule at the Salk.
All animal care and experimental procedures were in accordance with the standing committee
on the Use of Animals in Research and Teaching at Salk and Institutional Animal Care and Use
Committee (IACUC), and the National Institutes of Health Guidelines for the Humane Treatment
of Laboratory Animals. Tissues were collected immediately after euthanasia and snap frozen
using liquid nitrogen. Tissue lysates were prepared on ice by dounce homogenizing tissues in
PBS. Homogenized lysates were centrifuged at 1,000 g for 10 min at 4 °C to pellet cell debris.
The supernatant was then used as the total lysate for some assays. To prepare membrane and
soluble fractions, the supernatant was separated by ultra-centrifugation at 100,000 x g for 45
min at 4 °C. Protein concentrations were measured using QuickStart Bradford 1x Dye Reagent
(Bio-Rad). Aliquots were flash-frozen and stored at -80 °C for further use.

Gel-based ABPP analysis. Tissue and HEK293T cell proteomes (100 uL) were treated
with FP-rhodamine (1 uM) for 30 min at 37 °C. Reactions were quenched by the addition of 4x
SDS-PAGE loading buffer (40 uL). Competitive gel-based ABPP experiments were performed
as previously described®. Samples were visualized in-gel using ChemiDoc MP imaging system
(Bio-Rad). The fluorescence from rhodamine is presented in gray scale. 1 s and 5 s exposure
times were used for native proteomes and CEL-transfected cell proteomes, respectively.

9-PAHSA and 9-OAHSA substrate hydrolysis assay and analysis. Tissue
lysates/proteomes (20 pg) were incubated with lipid substrate (100 uM) in PBS (200 pL) at 37

°C with constant shaking. After 10 minutes, the reaction was stopped by addition of 2:1 mixture
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of CHCI3:MeOH (400 pL). 9-hydroxyheptadecanoic (9-HHDA) (50 pmol) was premixed into the
CHCI3:MeOH mixture as an internal standard. The mixture was vortexed and centrifuged at
2200 x g for 5 min. The bottom organic layer was collected and dried under a stream of
nitrogen. The extract was then dissolved in MeOH (200 uL) and a portion of this sample (10 ulL)
analyzed by LC-MS using a Thermo TSQ Quantiva LC-MS fitted with an Acquity UPLC BEH
C18 (1.7 uM; 2.1 mm x 100 mm; Waters). The LC solvents were as follows: buffer A, H.O +
0.01% NH4OH + 5 mM ammonium acetate; buffer B, 95:5 ACN:H20 + 0.01% NHsOH + 5 mM
ammonium acetate. A typical LC run was 15 min long at 0.2 mL/min with a binary gradient
consisting of the following steps: 50-90% buffer B over 6 min, 90-100% B over 0.1 min, 100%
buffer B for 3 min, 100-50% buffer B over 0.1 min, and 50% buffer B for 6 minutes. MS analyses
were performed using electrospray ionization (ESI) in negative ion mode with source
parameters of 3kV spray voltage, ion transfer tube temperature of 325 °C, and a vaporizer
temperature of 275 °C. Pseudo-MRM (collision energy (CE) of 9 V, RF lens set at 97 V) was
used to detect 9-HSA ( m/z 299.3 - 299.3) and 9-HHDA (m/z 285.3 - 285.3). Hydrolysis was
quantified by measuring 9-HSA peak area and diving this by 9-HHDA peak area. The ratio of 9-
HSA/9-HHDA was then multiplied by 50 pmol (internal standard amount) and then divided by
the amount of proteome (20 pg) and reaction time (10 min) to afford hydrolysis rates. Data
represents mean values for 2-3 independent replicates.

Broad substrate hydrolysis assay. 20 ug of proteome was incubated with 100 uM
lipid substrate in a reaction volume of 250 uL PBS at 37 °C with constant shaking. After 30
minutes the reaction was quenched with 400 pL of 2:1 (vol/vol) CHCIl3: MeOH doped with
internal standard (0.5 nmol C17:1 heptadecenoic acid (C17:1 FFA) and 0.05 nmol 9-
hydroxyheptadecanoic acid (9-HHDA)). The mixture was vortexed and centrifuged at 2800 x g
for 5 min to separate the aqueous (top) and organic (bottom) phase. The organic phase was

collected and dried under a stream of N2, re-solubilized in 100 uL of 2:1 (vol/vol) CHCL3: MeOH,
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and subjected to LC-MS analysis. A fraction of the organic extract (~15 uL) was injected onto an
Agilent 6520 quadrupole-time-of-flight (QTOF) LC-MS and analyzed as described previously.
Data represents mean values for 2-3 replicates.

Western blotting. SDS-PAGE gels were transferred to PVDF membranes by iBlot2 Dry
Blotting System (Life Technologies) according to manufacturer’s protocol. Immunoblots were
blocked with Odyssey blocking buffer (LI-COR). The primary antibodies and dilutions are as
follows: anti-CEL (Rabbit, Proteintech, 15384-1-AP, 1:1,000), anti-V5 (Mouse, Invitrogen,
R96025, 1:2,000), and anti-B Actin (Rabbit, LI-COR, 926-42210, 1:1000). Secondary antibodies
anti-rabbit IRDye 800CW (goat, 926-32211, LI-COR) and anti-mouse (goat, 925-32210, LI-
COR) were applied at a dilution of 1:10,000 in blocking buffer for visualization.

Cloning and recombinant expression of CEL constructs. Full-length cDNA encoding
mouse CEL (GE Dharmacon, in pCMV-SPORTG6) was cloned into the pcDNA3.1/V5-His (B)
vector. Human CEL wild-type in pcDNA3.1/V5-His (B), Human CEL mutant (1686delT) in
pcDNA3.1/V5-His (B), and empty vector pcDNA3.1/V5-His were the same a previously
published?”?®, To recombinantly express these CEL constructs, HEK293T cells were grown to
50% confluence in 10 cm tissue culture plates and transiently transfected with 12 pg of the
desired construct using Lipofectamine 2000 (ThermoFisher Scientific) as the transfection
reagent per the manufacturer’s protocol. “Mock” transfected cells were transfected with 12 ug of
empty vector. Thirty-six hours after transfection, cells were washed with PBS (3x), harvested by
scraping, and lysed by sonication in PBS. Membrane and soluble fractions were separated by
ultra-centrifugation at 100,000 x g for 45 min at 4 °C. Protein concentrations were measured

using QuickStart Bradford 1x Dye Reagent (Bio-Rad).
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Chapter 3:

AlIG1 and ADTRP are Atypical Integral Membrane Hydrolases that

Degrade Bioactive FAHFAs
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Abstract

Enzyme classes may contain outlier members that share mechanistic, but not sequence
or structural relatedness with more common representatives. The functional annotation of such
exceptional proteins can be challenging. Here, we use activity-based profiling to discover that
the poorly characterized multipass transmembrane proteins AIG1 and ADTRP are atypical
hydrolytic enzymes that depend on conserved threonine and histidine residues for catalysis.
Both AIG1 and ADTRP hydrolyze bioactive fatty-acid esters of hydroxy-fatty acids (FAHFAs),
but not other major classes of lipids. We discover multiple cell-active, covalent inhibitors of AIG1
and show that these agents block FAHFA hydrolysis in mammalian cells. These results indicate
that AIG1 and ADTRP are founding members of an evolutionarily conserved class of
transmembrane threonine hydrolases involved in bioactive lipid metabolism. More generally, our
findings demonstrate how chemical proteomics can excavate potential cases of
convergent/parallel protein evolution that defy conventional sequence- and structure-based

predictions.
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3.1 Introduction

Activity-based protein profiling (ABPP) uses active site-directed chemical probes to
study the functions of mechanistically and/or structurally related proteins in native biological
settings'>. ABPP probes are often broad-spectrum in their reactivity such that many members
of an individual enzyme class can be characterized in parallel. A prominent example is the
fluorophosphonate (FP) class of probes* that targets the serine (Ser) hydrolases, a large and
diverse enzyme family that constitutes ~1% of all proteins in mammals and utilizes a conserved
Ser nucleophile to hydrolyze amide, ester, and/or thioester bonds in biomolecules®. Prior work
has demonstrated that FP probes provide extensive coverage of Ser hydrolases® and also react
with some members of the much smaller class of threonine (Thr) hydrolases, such as the
catalytic subunits of the proteasome’. FP probes do not cross-react with other classes of
hydrolytic enzymes, including cysteine, aspartyl, and metallo-hydrolases, and this selectivity has
facilitated the assignment of enzymes with established substrates to the Ser hydrolase class®”.
FP-probes can also be used in a competitive ABPP format, where biological samples are pre-
treated with candidate small-molecule inhibitors that may compete for binding and/or reaction
with targets of FP probes. Competitive ABPP has proven to be a robust platform for the
discovery, optimization, and characterization of inhibitors of Ser hydrolases?.

The Ser hydrolase family contains several sub-clans that are distantly, or even un-
related to one another in terms of sequence, structure, and/or mechanism®°. This remarkable
diversity raises an intriguing question — might other, as-of-yet unassigned Ser (or Thr)
hydrolases exist in the human proteome? Here, we hypothesized that reactivity with FP probes,
being a near-universal feature of these enzymes, could provide a proteome-wide assay to
discover cryptic members of the Ser/Thr hydrolase family that may have arisen by convergent or
parallel evolution''. We evaluated human cell proteomes by quantitative, mass spectrometry
(MS)-based ABPP, resulting in the discovery of a poorly characterized multipass

transmembrane protein AlIG1 as a highly FP-reactive protein. We show that AlIG1, and the
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sequence-related homologous protein ADTRP, possess conserved Thr and histidine (His)
residues required for FP reactivity and find that both enzymes hydrolyze the fatty-acid esters of
hydroxy-fatty acid (FAHFA) class of lipids in vitro and in human cells. Taken together, these
data indicate that AIG1 and ADTRP represent a mechanistically novel class of Thr-dependent

transmembrane hydrolases that regulate bioactive lipid metabolism in mammals.

3.2 Results
Discovery of AlG1 as an FP-reactive protein

We performed a series of competitive ABPP experiments where heavy and light amino
acid-labeled proteomes from a human cancer cell line (SKOV3) were pre-treated with DMSO or
an FP agent (FP-alkyne'?) at a concentration (20 uM) and incubation time (1 h) that, based on
previous studies’, would be expected to fully label many serine hydrolases. We then exposed
both DMSO-treated and FP-alkyne-blocked samples to a biotinylated FP probe (FP-biotin) and
identified FP-biotin-labeled proteins by avidin enrichment and quantitative liquid
chromatography (LC)-MS/MS analysis. Using this method, termed ABPP-SILAC", we identified
a group of proteins that were blocked in their reactivity with FP-biotin by pre-treatment with FP-
alkyne (defined as proteins that were highly enriched in DMSO-treated compared to FP-alkyne-
treated proteomes). As expected, virtually all of these proteins were annotated Ser hydrolases
(Figure 3.1a). However, within the group of FP-alkyne-sensitive proteins was one poorly
characterized protein termed androgen-induced gene 1 protein (AlG1). Additional control
experiments, as well as a review of legacy ABPP data sets performed in our lab, revealed that
AIG1 was consistently enriched in studies that compared FP-biotin versus DMSO-treated
proteomes (FP-probe-versus-no probe experiments) and showed a SILAC ratio of ~1 in probe-
versus-probe control experiments where both heavy and light-labeled proteomes were treated

with the same concentration of FP-biotin (Figure 3.2).
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AIG1 is predicted to be a 28 kDa multipass transmembrane protein (with five-six
predicted transmembrane domains; http://www.uniprot.org/uniprot/Q9NVV5) and was originally
discovered as an androgen-induced gene product from human dermal papilla cells' and later
found to interact with the E3 ligase Pirh2 by yeast two-hybrid screening'®. The biochemical
functions of AIG1, however, remain unknown. BLAST and HHpred searches failed to detect any
sequence homology between AIG1 and known Ser/Thr hydrolases and also revealed that there
are no proteins in the Protein Data Bank (PDB) with substantial sequence-relatedness to AIG1.
These searches did, however, identify one protein in the human proteome that shares ~37%
sequence identity with AIG1 — another poorly characterized protein termed ADTRP (androgen-
dependent TFPI-regulating protein)'’. We next set out to test whether AIG1 (and ADTRP)

displayed biochemical properties consistent with those of a Ser hydrolase.

Conserved Thr and His residues in AlG1

We recombinantly expressed human AlG1 (hAIG1) as a C-terminal epitope-tagged
protein in HEK293T cells and confirmed that this protein reacts with a rhodamine-conjugated FP
probe (FP-Rh) by gel-based ABPP, which detected hAIG1 signals as 25 and 15 kDa bands in
the membrane proteome of HEK293T cells (Figure 3.3a). FP-Rh-labeling of hAIG1 was time-
dependent (Figure 3.3b), irreversible (Figure 3.3c), and competitively blocked by pre-treatment
with FP-alkyne (Figure 3.3a). We also found that both the rat and mouse variants of AIG1
reacted with FP-Rh (Figure 3.4). Notably, when variants of AIG1 were expressed without a C-
terminal epitope tag, we observed that they migrated as ~15-17 kDa proteins, which was
substantially lower in molecular mass than that predicted from their full sequences (see below
for further discussion). Recombinantly expressed human and mouse ADTRP were also labeled
by FP-Rh and migrated as ~15 kDa proteins (Figure 3.4).

The protein sequence of hAIG1 contains 15 Ser residues, but, surprisingly, none of them

were conserved across AIG1/ADTRP homologues from different species (Figure 3.1b and
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Figure 3.5). On the other hand, we identified a single Thr residue (Thr-43 in hAIG1) that was
completely conserved (Figure 3.1b and Figure 3.5). We next mutated several Ser/Thr residues
within the hAlG1 sequence to alanine (Ala, or A), including Thr-43 (T43), expressed these AlG1
variants in HEK293T cells, and evaluated their reactivity with FP-Rh by gel-based ABPP.
Among the 15 individual Ser/Thr-to-Ala mutant proteins evaluated, only the T43A mutant
showed a complete loss of FP-labeling (Figure 3.6a and Figure 3.7). We also mutated the
corresponding Thr residue in ADTRP (T47; Figure 3.1b) and the resulting T47A mutant showed
a similar loss of FP-labeling (Figure 3.6b).

Despite extensive efforts using established LC-MS methods for mapping small-molecule
probe-labeling sites in proteins'®, we were unsuccessful in directly identifying Thr-43 as the site
of FP-reactivity in AIG1. Thr-43 is predicted to reside within a long and hydrophobic tryptic
peptide (aa 41-67), which may have complicated its detection by MS. We do note, however, that
our ABPP-SILAC experiments with FP probes, in aggregate, provided 74% overall coverage of
the AlG1 sequence and, in none of these experiments, was an unmodified form of the tryptic
peptide bearing Thr-43 detected (Figure 3.8).

Ser/Thr hydrolases also possess conserved basic residues that activate the Ser/Thr
nucleophile for catalysis. In most (but not all) Ser hydrolases, this basic residue is a histidine
(His), while catalytic proteasomal subunits and other N-terminal Thr (or Ser or Cys) nucleophile-
dependent enzymes use the N-terminal a-amine group as a base'®%°. Review of the sequence
alignment of AIG1 with homologous proteins identified a single conserved His residue His134
(Figure 3.1b). Mutation of His134 to Ala in AIG1 (H134A) eliminated FP-labeling (Figure 3.6c),
while mutation of two other non-conserved His residues (H32A and H150A mutants) had no
effect (Figure 3.7). Mutation of the corresponding conserved His residue in ADTRP to alanine
(H131A) also blocked FP labeling of this protein (Figure 3.6d).

We next analyzed the protein sequences for both AIG1 and ADTRP using six different

transmembrane topology prediction programs (CCTOP, Phobius, PSORT II, TMHMM, TMpred,
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and Uniprot) and found that these programs consistently predicted that both the conserved Thr
and His residues of AIG1 and ADTRP were located within transmembrane domains of these

proteins (Figure 3.9).

AIG1 and ADTRP hydrolyze FAHFA lipids

The strong reactivity displayed by AIG1 and ADTRP with FP probes and the
dependency of these interactions on conserved Thr and His residues suggested that these
poorly characterized proteins could represent a novel class of Thr hydrolases. The predicted
multipass transmembrane structure of AIG1 and ADTRP also led us to hypothesize that one or
more lipids may serve as substrates for these enzymes. We directly tested this premise by
screening AlG1 and ADTRP against a panel of lipid substrates. The membrane lysates of
hAIG1- and hADTRP-transfected HEK293T cells showed negligible hydrolytic activity above a
mock-transfected control proteome with the majority of tested lipid substrates, including
common classes of (lyso)-phospholipids and neutral lipids (e.g., tri-, di- and mono-glycerides)
(Figure 3.10a). In contrast, both AIG1 and ADTRP-transfected cell membrane lysates robustly
hydrolyzed several fatty-acid esters of hydroxy-fatty acids (FAHFAs) (Figure 3.10a and Figure
3.11a). FAHFAs are a recently identified class of bioactive lipids isolated from murine adipose
tissue and their levels correlate with insulin sensitivity in both rodents and humans?'. AIG1 and
ADTRP displayed a preference for FAHFAs with branching distal from the carboxylate head
group of the lipids (Figure 3.10a).

The FAHFA hydrolase activities of AIG1 and ADTRP were abolished by mutating their
putative catalytic nucleophilic residues Thr-43 and Thr-47, respectively (Figure 3.10b and
Figure 3.11b). Of note, mutation of Thr-43 to Ser in AIG1 impaired, but did not totally eliminate
FAHFA hydrolytic activity or FP labeling of the mutant protein (Figure 3.10b,c). We also tested

the H134A mutant of AIG1 and H131A mutant of ADTRP and found that these proteins showed
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no detectable FAHFA hydrolase activity above a mock-transfected control (Figure 3.10d and

Figure 3.11c).

Discovery and characterization of AIG1 inhibitors

Beyond their reactivity with FPs, many Ser/Thr hydrolases are sensitive to inhibition by
other types of small molecules, in particular, compounds bearing electrophilic carbonyl centers?.
We performed competitive gel-based ABPP experiments with a structurally diverse library of
carbamates?, B-lactones®, and activated ureas' and identified several compounds that
blocked FP-Rh labeling of hAIG1 (Figure 3.12a). Inhibitors of AIG1 included the B-lactone
KC012® and the N-hydroxyhydantoin (NHH) carbamate JJH260 (1) (Figure 3.13a), which
blocked FP-labeling of AIG1 with ICso values of 0.17 £ 0.03 uM and 0.50 + 0.14 uM, respectively
(Figure 3.13b and Figure 3.12b) and kqs/[I] values of 2820 + 780 M's™ and 300 + 25 M's™,
respectively (Figure 3.12c). Both KC01 and JJH260 also inhibited FAHFA hydrolysis by AlG1
with ICso values of 0.21 £ 0.08 uM and 0.57 + 0.14 pM, respectively (Figure 3.13c). We finally
identified structurally related inactive control compounds — the p-lactone tetrahydrolipstatin
(THL) and the NHH carbamate ABC34?? (Figure 3.13a) — that did not inhibit the FP reactivity
(Figure 3.13b and Figure 3.12b) or FAHFA hydrolysis activity (Figure 3.13c) of AIG1. KC01
and JJH260 also inhibited ADTRP as assessed by competitive gel-based ABPP, albeit with
much lower potency (ICso values of 1.3 and 8.5 pM, respectively; Figure 3.14).

The activity of KC01 suggested that a fluorescent analogue WHP012® might also serve
as a tailored activity-based probe for AIG1. Consistent with this premise and with a covalent
mode of inhibition of AIG1 by B-lactones, we found that wild-type hAIG1, but not the T43A
mutant, was robustly labeled by WHPO1 in transfected HEK293T cell membrane proteomes

(Figure 3.15).
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KC01%, THL*, and ABC34?2 have been previously characterized for their selectivity
across the Ser hydrolase class by competitive ABPP experiments. We complemented these
past studies by also evaluating the selectivity profile of JUH260 by ABPP-SILAC in human
cancer cell proteomes, which confirmed inhibition of endogenously expressed AlG1 and
established ABHDG6, LYPLA1, and LYPLAZ2 as additional off-targets of JJH260 (Figure 3.16a).
PPT1, a common target of NHH carbamates?®?, was also found to be inhibited at low micromolar
concentrations of JUH260 by gel-based ABPP (Figure 3.16b). Comparing the inhibitor
selectivity profiles revealed complementary sets of off-targets, as neither LYPLA1 nor LYPLA2
were inhibited by KC01%, while the AlG1-inactive control compound ABC34 blocked both
ABHD6 and PPT1?%? (Figure 3.13d). Thus, we concluded that the function of AIG1 could be
pharmacologically characterized in biological systems by evaluating the effects of both active

compounds (KC01 and JJH260) compared to their inactive controls (THL and ABC34).

AIG1 is a principal FAHFA hydrolase in human cells

Little is known about how FAHFAs are inactivated in human cells, so we next asked
whether AIG1 was a principal regulator of the metabolism of this lipid class in situ. RNA
expression profiling indicated strong AlIG1 expression in the human prostate cancer cell line
(LNCaP)®, which we confirmed by ABPP-MudPIT (12 spectral counts/1 mg proteome). We
were also able to detect a 15 kDa WHPO1-reactive band in LNCaP cells by gel-based ABPP,
and the WHPO1 labeling of this protein was blocked by pre-treatment with KC01 and JJH260,
but not THL and ABC34 (Figure 3.17a), consistent with its designation as endogenous AIG1.
Both KC01 and JJH260, but not THL or ABC34 also inhibited the FAHFA hydrolase activity of
LNCaP cell lysates, which was mostly found in the membrane fraction (Figure 3.18a,b). We
next established an in situ FAHFA hydrolysis assay by treating human cells with a doubly
isotopically labeled substrate ['*C1s]-palmitic acid (PA) ester of [°H19]-9-hydroxy-stearic acid

(HSA) ("*C,?H-PAHSA,; Figure 3.17b). Cells were treated with inhibitor or control compound (5
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uM) for 4 h followed by the addition of *C,?°H-PAHSA (2 uM, 5 mL of media) for 2 h, and then
harvested and PAHSA and its hydrolytic products — "*C1e-PA and ?H19-9-HSA (?H19-HSA) —
extracted and analyzed by LC/MS. After first validating this experimental approach with multiple
concentrations of *C,?H-PAHSA and HEK293T cells that heterologously express AlG1 (Figure
3.18c¢,d), we measured *C,?H-PAHSA hydrolysis in LNCaP cells treated with various inhibitors.
KCO01 and JJH260-treated cells exhibited a substantial (~70-80%) reduction in "*C+6-PA and
2H,5-HSA products, while cells treated with the control compounds THL and ABC34 showed
negligible alterations in *C,2H-PAHSA hydrolysis compared to DMSO-treated cells (Figure
3.17c¢). A similar profile of inhibitor activity on *C,?H-PAHSA hydrolysis was observed in AIG1-
transfected HEK293T cells (Figure 3.18e).

We complemented these pharmacological studies by knocking down AlG1 expression in
LNCaP cells using RNA-interference (RNAI) technology. We generated two stable shRNA-
knockdown lines targeting AIG1 (shAlG1-1 and -2 lines) and a control line expressing an shRNA
targeting an unrelated protein (GFP; shControl line). Substantial and selective reductions in
AIG1 expression were observed in both shAlG1 lines compared to the shControl line by gel-
based ABPP using the tailored and broad-spectrum probes WHPO01 and FP-Rh, respectively
(Figure 3.17d and Figure 3.19a). Proteomic lysates from shAIG1 lines also showed significant
reductions in 9-PAHSA hydrolysis compared to lysates from the shControl line (Figure 3.19b).
We next treated shAIG1 and shControl cells with "*C,?H-PAHSA and observed a ~70%
reduction in hydrolysis products in the shAlG1 cells compared to shControl or uninfected cell
lines (Figure 3.17e). Finally, we analyzed FAHFA hydrolysis in human T-cells, where we
detected AIG1 by gel-based ABPP (Figure 3.20a). The FAHFA hydrolase activity of human T-
cell membrane lysates was substantially reduced following treatment with KC01 or JJH260, but
not THL or ABC34 (Figure 3.20b). Similar results were obtained for in situ experiments, where

pre-treatment of human T-cells with KC01 or JJH260, but not THL or ABC34 blocked the
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cellular hydrolysis of '*C,2H-PAHSA (Figure 3.17f). These results, taken together, indicate that

AIG1 functions as a major FAHFA hydrolase in human cells.

3.3 Discussion

We have discovered herein using ABPP that the poorly characterized multipass
transmembrane proteins AIG1 and ADTRP represent a new family of hydrolytic enzymes that
degrade the FAHFA class of signaling lipids. Several lines of biochemical evidence support that
AlG1 and ADTRP use conserved Thr and His residues as a catalytic nucleophile and base,
respectively. That these residues are generally predicted to be embedded within
transmembrane domains of AIG1 and ADTRP indicates these enzymes could have evolved to
perform hydrolytic chemistry within the cell membrane environment, reminiscent of the regulated

26-29 \which have also been

intramembrane proteolysis (RIP) class of transmembrane proteases
studied by ABPP®*-32, This feature, if experimentally validated, may endow AIG1 and ADTRP
with a special capacity to hydrolyze FAHFAs, which, unlike most neutral- and phospho-lipids,
possess ester bonds along the length of their otherwise hydrophobic acyl chains, and these
bonds are presumably also buried within the lipid bilayer. It is not yet clear why AIG1 and
ADTRP migrate as much lower MW proteins than that predicted from their sequence, but it is
possible that these proteins are proteolytically processed in cells or migrate aberrantly by SDS-

PAGE due to their high transmembrane content®

. We also do not yet understand the functional
differences between AIG1 and ADTRP, although we note that the cell/tissue distributions of
these enzymes are quite distinct, with AIG1 being broadly expressed with highest signals in
brain and macrophages, and ADTRP showing a more restricted profile of expression principally
in metabolic organs, such as liver, kidney, intestine, and brown fat (biogps.org).

We have identified an initial set of pharmacological tools to study AlG1, including

multiple classes of lead inhibitors (KC01, JJH260) and structurally related inactive control

compounds (THL, ABC34), as well as tailored ABPP probes (WHPO1) for enhanced detection of

50



endogenous AlG1 activity in native proteomes. While further research will be required to
optimize the potency and specificity of AIG1 (and ADTRP) inhibitors, we should note that NHH
carbamates have been developed into selective and in vivo-active inhibitors for other Ser
hydrolases®. If optimized inhibitors verify that AIG1 and/or ADTRP regulate FAHFA metabolism
in vivo, these enzymes could represent new targets for treating metabolic disorders, such as
type 2 diabetes?".

Finally, we offer some speculation on the existence of additional outlier members of the
Ser/Thr hydrolase class. Our studies to date of FP-reactive proteins in mammalian cells have
not uncovered clear examples of other proteins beyond AIG1 and ADTRP that lack designation
as Ser/Thr hydrolases (e.g., see Figure 3.1a), suggesting that the annotation of enzymes from
this class may be near-completion in humans. The HHpred search results, however, uncovered
a distinct set of uncharacterized AIG1/ADTRP-like proteins that possess the conserved Thr and
His residues and are found in non-mammalian eukaryotic organisms (Panther family
PTHR12242; members in insects, plants, protozoa, and other non-vertebrates). Microbial
proteomes also remain much less extensively characterized, and, considering their massive
evolutionary and metabolic diversity**, we would not be surprised if bacteria contain many
additional classes of unassigned Ser/Thr hydrolases. Our findings underscore the power of
chemical proteomic methods like ABPP for the discovery and functional characterization of such

enzymes.

51



3.4 Figures and Tables

a
0 20 0000000000000 00000000000000 +
L o R A S A N e R S I X NN 3
B e Yo B o S M N OB I BN IS S T B I 2SO
R 15 Ky %0 g}%%,;‘&& '1/0/2,6:0(4’70;(\&;7&;32){; % (‘720’20/%/3)\?%@7'25( S %
o) 2, 4 %, 5
S 15
o X 10
=
© P
o eeo
o 00 L oo
Ow 5 70, B Bk
10 0, B % %
j o O(o% %
»n 2 0
g 242 245 248 251 254 257 260 263 266 269 272 275
275
*
H. sapiens AIGl 1 --MALVPCQ---VLRMAILLSYCSILCNYKAIEMPSHQT----- YGGSWKFL|T|FIDLVIQAVFFGICVL
M. musculus AIGl --MALVPCQ---VLRVAILLSYCSILCNYKATEMPSHQT-—--- YGGSWKFL | T | FIDLVIQAVFFGICVL
D. rerio AIGl [51]RKMALIPSQ---ILRVAILLSYFSILCNYKAIDMPAHQT -~~~ YGGSWKFL | T | FIDLVIQAVFFGVCVL
A. gambiae AGAP008626-PA [14]VYGALRTLM---HFIVAVQFSY-GIYYDFTYVHFPPGMLRPGGEFGGKLKYL T |VWDAILQAVYFTICLL
S. cerevisiae YHR140W MMSCLVPTRETLTLNTACLLTSTWGFVRATSVVLPPSLSK--—-- AGHKQFL | T [ IISITATIINNAVNIS
H. sapiens ADTRP -—-MTKTST---CIYHFLVLSWYTFLNYYISQEGKDEVKPKILANGARWKYM | T |LLNLLLQTIFYGVTCL
D. rerio LOC100537455 [ 10 ] TASMAGVMK---TFCHIAAFSWYAFIIQCIYAKDVSDLPSGIFVYGGPWKYL | T | FLNLVLQMVFFGLASV

* * *

H. sapiens AIG1 60 TDLSSLLTRGSGNQEQERQLKKLISLRDWMLAVLAFPVGVFVVAVFWIIYAYDREMIY---PKLLDNFIPG
M. musculus AIG1 TDLSSLLTRGSGNQEQERQLRKLISLRDWTLAVLAFPVGVFVVAVFWTIYAYDREMIY~---PRLLDNFIPG
D. rerio AIGl TDLSSLLTKGSASMEQERQLRKLIGLRDWMMAVLAFPVGVFVVTMFWTLYLYDRDLIY---PRLLDNFIPQ
A. gambiae AGAP008626-PA NDFIGT-===—== NEVAPKRMPLIRKLKDYMLAAFAFPVALNVGVTFWTLMAIDRELVF---PKALDAVFPG
S. cerevisiae YHR140W NYYIQR NNKMNLETKKKSDFISRHVTLPVSLVLESIVATVYWPLRLFFVNLIMHGVESTAKTPFPM
H. sapiens ADTRP DDVLKR-TKGG--——-~— KDIKFLTAFRDLLFTTLAFPVSTFVFLAFWILFLYNRDLIY---PKVLDTVIPV
D. rerio LOC100537455 ND-LQP-VGKG-——-—— SKMSLLCLCKDLLFSVFVFPVGMFVVLLFWLIFAYDRQLVY---PASIDNFFPP
* * *k
H. sapiens AIGl 128 WLNHGM TTVLPFILIEMRTSHHQYP---SRSSGLTAICTFSVGYILWVCWVHHVTGMWVYPF-LEHIG
M. musculus AIG1 WLNHGM TTVLPFILIEMRTSHHQYP---SRSSGLAAICTFSVGYILWVCWIHHVTGMWVYPF-LEHIG
D. rerio AIGl WLNHGM TTVLPFIIIEMRTTHHRYP---SRPCGLLAVCAFAVGYVVWMCWVHSMTGVWVYPL-LEHIG
A. gambiae AGAP008626-PA WLNHVM TNIVIFMVIEICTSFRQYP---SRKAGLTGLGIFMASYLGWLHVVRHFGGIWVYPV-LDVLN
S. cerevisiae YHR140W TVDMATI LYPILYLLADHYLSGSGTKFKLSNKHAWLIVTSLAFSYFQYLAFLIDAGQGQAYPYPFLDVN
H. sapiens ADTRP WLNHAM TFIFPITLAEVVLRPHSYP---SKKTGLTLLAAASIAYISRILWLYFETGTWVYPV-FAKLS
D. rerio LOC100537455 WLNHAM TVVLPILFGEILLEPHVFP---KTKNGLAALGVVGLAYLGWVIWVYCTVGIWVYPL-LGLFS
*
H. sapiens AIG1 193 PGARIIFFGSTTILMNFLYLLGEVLNNYIWDTQKS MEEEKEKPKLE-=--=--
M. musculus AIG1 SGARIIFFGSTTILMNFLYLLGEVLNSYIWDTQRTKAPSCQDTQSSLSCAKPVONLCKDTFMLEGGKARA
D. rerio AIGl PTARILFFFCLMALINVYYVLGEILNNYIWDSSK CI LESDKTKTD---—~-~
A. gambiae AGAP008626_PA LPQRILFFAVSLGFCVGLYLLGEFFNNLIWTKELKQLRAATAGGA SKKTK
S. cerevisiae YHR140W EPYKSIIFVVVATITWAYYVFYQKFPPKYIKKSAKKGDKN
H. sapiens ADTRP LLGLAAFFSLSYVFIASIYLLGEKLNHWKWGDMRQPRKKRK
D. rerio LOC100537455 HSGLAIFFFLNMLVVSLLFLLGKALNYKVWGKKHLKFTSSR

Figure 3.1. Discovery and characterization of AIG1 and ADTRP as FP-reactive proteins in the
human proteome. (a) Competitive ABPP-SILAC analysis to identify FP-alkyne-inhibited proteins,
where protein enrichment and inhibition were measured in proteomic lysates from SKOV3 cells
treated with FP-alkyne (20 uM, 1 h) or DMSO using the FP-biotin probe following established
protocols'. Annotated Ser hydrolases are indicated by red markers; AlIG1 is marked in black
and with an arrow. Data represent the median SILAC ratios * s. d. for peptides quantified for
each protein from one experiment representative of two biological replicates. (b) Sequence
alignment of AIG1 orthologues from multiple species, as well as homologous ADTRP proteins
(http://www.st-va.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cqi). Residues conserved between all
sequences are marked with asterisks. The conserved Thr (Thr43 in human AIG1) and His
(His134 in human AlIG1) residues are boxed in red.
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Figure 3.2. Additional analysis of AIG1 signals in MS-based ABPP experiments. (a) Upper
graph, mean spectral count values for AIG1 in previous ABPP-MudPIT experiments performed
on human cancer cell lines using the FP-biotin probe. These data were extracted from reference
% and show enrichment of AIG1 from FP-biotin, but not no-probe control experiments performed
with cancer cell membrane proteomes. Lower graph, ABPP-SILAC analysis of a control
experiment comparing proteins from heavy amino acid-labeled SKOV3 cell proteome treated
with FP-biotin (5 uM) with proteins from an untreated light amino acid-labeled SKOV3 cell
proteome, confirming enrichment of the Ser hydrolases identified in Figure 3.1a (including
AIG1). Data represent the median SILAC ratios + s. d. for peptides quantified for each protein
from two biological replicates. (b) ABPP-SILAC analysis of a control experiment comparing FP-
biotin-enriched proteins from heavy and light amino acid-labeled SKOV3 cell proteomes each
treated with the same concentration of FP-biotin (5 uM), confirming a SILAC ratio of ~1.0 for the
Ser hydrolases identified in Figure 3.1a (including AlG1). Data represent the median SILAC
ratios  s. d. for peptides quantified for each protein from two biological replicates.
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Figure 3.3. Characterization of FP-reactivity of recombinant hAIG1. (a) ABPP gel of the
membrane proteomes (1.0 mg proteome mL™") of mock- and hAIG1-transfected HEK293T cells
showing FP-labeling of AIG1. Proteomes were treated with either DMSO or FP-alkyne for 30
min at 37 °C, followed by FP-rhodamine (1 uyM, 30 min, 37 °C). (b) ABPP gel of the membrane
proteome (0.5 mg proteome mL™") of hAIG1-transfected HEK293T cells showing time course of
FP labeling. Proteomes were treated with 1 uM FP-Rh at 37 °C for the indicated time. (c) ABPP
gel of the membrane proteome (0.5 mg proteome mL™") of hAIG1-transfected HEK293T cells
showing irreversibility of FP labeling. Proteome was treated with FP-rhodamine (1 uM, 30 min,
37 °C) and, following gel filtration to remove excess probe, samples were incubated at 37 °C for
the indicated time before SDS-PAGE and in-gel fluorescence scanning.
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Figure 3.4. AIG1 and ADTRP orthologues also react with FP probes. Left image, ABPP gel of
the membrane proteomes (0.5 mg proteome mL™") of mock-, C-terminal-tagged hAIG1-, and
untagged hAIG1-, mouse (m)AIG1-, rat (r)AIG1-, hADTRP-, and mADTRP-transfected
HEK293T cells demonstrating labeling of all variants by FP-Rh. Proteomes were treated with 1
MM FP-Rh for 30 min at 37 °C and analyzed by SDS-PAGE and in-gel fluorescence scanning.
Right image, Coomassie blue-stained gel to assess relative protein expression (right gel).
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Figure 3.5. Additional sequence alignments of AIG1 and ADTRP proteins from different
species. (a) Sequence alignment of AIG1 orthologues across multiple species (http://www.st-
va.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi). Asterisks indicate residues conserved across all of
the displayed proteins; the proposed Thr nucleophile and His base are shown in red. (b)
Sequence alignment of mouse and human ADTRP
(http://www.stva.ncbi.nim.nih.gov/tools/cobalt/cobalt.cgi). Asterisks indicate residues conserved
between the two sequences; the proposed Thr nucleophile and His base are shown in red.
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Figure 3.6. Identification of Thr and His residues critical for FP labeling of AIG1 and ADTRP. (a-
d) ABPP gels and Western blots of membrane proteomes (0.5 mg proteome mL™) showing
selective FP-Rh labeling of WT-, but not the indicated Thr-to-Ala and His-to-Ala mutants of
human (h) AlG1 (a, ¢) and ADTRP (b, d) in transfected HEK293T cell lysates. Proteomes were
treated with 1 yM FP-Rh for 30 min at 37 °C. Full images of gels and Western blots are
provided in Figure 3.21.
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Figure 3.7. Assessment of FP reactivity of hAIG1 Ser, Thr, and His mutants. (a) ABPP gels of
membrane proteomes (0.5 mg proteome mL™") of mock-, wild-type hAIG1-, and mutant hAIG1-
transfected HEK293T cells. Proteomes were treated with 1 uM FP-Rh for 30 min at 37 °C and
analyzed by SDS-PAGE and in-gel fluorescence scanning. (b) Western blots of membrane
proteomes (0.5 mg proteome mL™") of mock-, wild-type hAlIG1-, and mutant hAlG1-transfected
HEK293T cells. B-actin was measured as a loading control.
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1 MALVPCQVLRMAILLSYCSILCNYKAIEMPSHQTYGGSWK FL E
44 FIDLVIQAVF FGICVLTDLSSLLTRGSGNQEQERQLKKLISLRDW
89 MLAVLAFPVGVFVVAVFWIIY AYDREMIYPKLLDNFIPGWLNHGM

134 HTTVLPFILIEMRTSHHQYPSRSSGLTAICTF SVGYILWVCW VH
178 HVTGMWVYPFLEHIGPGARIIFF GSTTILMNF LYLLGEVLNNYI
222 W DTQKSMEEEKEKPKLE

Figure 3.8. Sequence coverage of hAIG1 enriched and characterized from transfected
HEK293T cells using ABPP-MudPIT and ABPP-SILAC experiments with the FP-biotin probe.
Portions of the hAIG1 sequence observed by LC-MS are colored in blue; Thr43 is boxed and
colored red.
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Figure 3.9. Predicted transmembrane domains and topology of AIG1 and ADTRP. Predicted
transmembrane domains and topology maps for AIG1 (a) and ADTRP (b) based on six different
transmembrane topology prediction programs (CCTOP, Phobius, PSORT II, TMHMM, TMpred,
and Uniprot). Each table entry represents the span of residues in the protein sequence
predicted to be transmembrane-embedded by the indicated program. Five of the six programs
predict six transmembrane domains (TM1 through TM6) for AIG1 and ADTRP. In the topology
maps, residues are color-coded based on the percentage of programs that predict localization in
the membrane. Thr-43 and His-134 of AIG1 and Thr-47 and His-131 of ADTRP are indicated in
red.
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Figure 3.10. AIG1 and ADTRP are FAHFA hydrolases. (a) /n vitro lipid substrate hydrolysis
assays for membrane proteomes of mock and hAIG1-transfected HEK293T cells. PAHSA,
palmitic acid ester of hydroxy-stearic acid; POHSA, palmitoleic acid ester of hydroxy-stearic
acid; SAHSA, stearic acid ester of hydroxy-stearic acid; OAHSA, oleic acid ester of hydroxy-
stearic acid; TAG, triacylglycerol (tri-C18:1); DAG, diacylglycerol (C16:0/C18:1); MAG,
monoacylglycerol (C18:1); CE, cholesterol ester (C18:1); PS, phosphatidylserine (18:0, 18:2);
PC, phosphatidylcholine (C17:0, C20:4); PE, phosphatidylethanolamine (C17:0, C20:4); PI,
phosphatidylinositol (C16:0, C18:1); PG, phosphatidylglycerol (C16:0, C18:1); PA, phosphatidic
acid (C17:0, C20:4); lyso-phospholipids (all C18:1). For each assay, 20 ug of mock or AIG1-
transfected proteome was incubated with 100 uM substrate for 30 min at 37 °C. Data represent
mean values for two biological replicates. (b-d) 12-OAHSA hydrolysis (b, d) and gel-based
ABPP (c) assays for membrane proteomes from mock, wild-type hAIG1, and mutant hAIG1-
transfected HEK293T cells. For (b, d), 20 ug of each proteome was incubated with 100 uM 12-
OAHSA for 30 min at 37 °C. Data represent mean values for two biological replicates. For (c),
proteomes were treated with 1 yM FP-Rh for 30 min at 37 °C, and B-actin was used as a
loading control for gel experiments. Low and high exposures of the FP-Rh-labeled samples are
shown to demonstrate the residual FP-labeling observed with the T43S, but not T43A mutant of
hAIG1. Full images of the gel and Western blot are provided in Figure 3.22.
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Figure 3.11. ADTRP shows FAHFA hydrolase activity. (a) /n vitro lipid substrate hydrolysis
assays for membrane proteomes of mock- and hADTRP-transfected HEK293T cells. See
legend for Figure 3 for definitions of lipid substrates. For each assay, 20 ug of mock or ADTRP-
transfected proteome was incubated with 100 uM substrate for 30 min at 37 °C. Data represent
mean values for two biological replicates. (b & ¢) In vitro 12-OAHSA hydrolysis assays for the
membrane proteomes of mock, wild-type hADTRP, and mutant hADTRP-transfected HEK293T
cells. 20 pg of each proteome was incubated with 100 uM 12-OAHSA for 30 min at 37 °C. Data
represent mean values for two biological replicates.
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Figure 3.12. Evaluation of inhibitor sensitivity of AIG1 by competitive ABPP. (a) ABPP gel of the
membrane proteome of hAIG1-transfected HEK293T cells (0.5 mg proteome mL™), treated with
a collection of previously described Ser hydrolase inhibitors?>?33¢-38_Proteomes were incubated
with 20 uM inhibitor for 30 min at 37 °C and then treated with 1 uM FP-Rh for 30 min at 37 °C.
(b) ICso curves quantifying the inhibition of hAIG1 by KC01 (ICso = 0.17 £ 0.03 uM) and JJH260
(ICso = 0.50 £ 0.15 uM) as measured by gel-based competitive ABPP with the FP-Rh probe.
Band intensities were quantified relative to the DMSO-treated control lane using ImageJ
software (http://imagej.nih.gov/ij/). Data represent mean values * s. e. m. for three biological
replicates. (¢) Time-dependent inhibition of AIG1 by KC01 and JJH260 with calculated kobs/[I]
values as measured by competitive ABPP with the FP-Rh probe (1 uM, 2 min) following the
indicated pre-treatment times with inhibitors. Data represent average values for three biological
replicates; calculated kovs/[l] values are expressed £ s. d
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Figure 3.13. Discovery of inhibitors and structurally related inactive control compounds for
AIG1. (a) Chemical structures of two hAIG1 inhibitors, KC01 and JJH260, and the respective
control compounds, THL and ABC34. (b) ABPP gels demonstrating inhibition of FP-Rh labeling
of hAIG1 by KC01 and JJH260, but not THL and ABC34. Proteomes were treated with each
inhibitor at the indicated concentrations for 30 min at 37 °C, followed by FP-Rh (1 uM, 30 min,
37 °C). Full images of the gels are provided in Figure 3.23. (c) Concentration-dependent
inhibition of the 9-PAHSA hydrolysis activity of hAlG1-transfected HEK293T membrane
proteome by KC01 (ICso = 0.21 £ 0.08 uM) and JJH260 (0.57 £ 0.14 uM), but not THL and
ABC34. For these experiments, proteomes were incubated with each inhibitor at the indicated
concentration for 30 min at 37 °C. 20 ug of each proteome was then incubated with 100 uM 9-
PAHSA for 30 min at 37 °C. Data represent mean values * s. e. m. for three biological
replicates. (d) Venn diagram showing overlapping and distinct target profiles for AIG1 inhibitors
KCO01 and JJH260 and control compounds THL and ABC34.
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Figure 3.14. Evaluation of inhibitor sensitivity of ADTRP by competitive ABPP. (a) ABPP gel of
the membrane proteome of hADTRP-transfected HEK293T cells (0.5 mg proteome mL™"),
treated with a collection of previously described Ser hydrolase inhibitors?>?33¢-38_Proteomes
were incubated with 20 yM inhibitor for 30 min at 37 °C and then treated with 1 yM FP-Rh for 30
min at 37 °C. (b) ICso curves quantifying the inhibition of hADTRP by KC01 (ICso = 1.3 £ 0.4 uM)
and JJH260 (ICso = 8.5 + 3.0 uM) as measured by gel-based competitive ABPP with the FP-Rh
probe. Data represent average values + s. e. m. for three biological replicates.
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Figure 3.15. WHPO1 labeling of AIG1. (a) ABPP gel of the membrane proteomes (0.5 mg
proteome mL™") of mock- and hAIG1-transfected HEK293T cells, showing labeling of AIG1 by
WHPO01. Proteomes were treated with either 1 uM FP-Rh or 2 yM WHPO01 for 30 min at 37 °C..
(b) ABPP gel of the membrane proteomes of mock-, wild-type hAIG1-, and mutant hAIG1-
transfected HEK293T cells. Proteomes were treated with 2 yM WHPO01 for 30 min at 37 °C.
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Figure 3.16. Competitive ABPP experiments to assess the selectivity of JUH260 against human
Ser hydrolases. (a) Competitive ABPP-SILAC analysis to identify JJH260-inhibited proteins,
where protein enrichment and inhibition were measured in SKOV3 cell proteomic lysates treated
with DMSO or JJH260 (5 uM, 1 h) followed by FP-biotin (5 uM, 1 h) using established
protocols'. Data represent the median SILAC ratios + s. d. for peptides quantified for each
protein from two biological replicates. (b) ABPP gel of the soluble fraction (1.0 mg proteome mL"
") of PPT1-transfected HEK293T cells showing concentration-dependent inhibition with JJH260.
Proteome was incubated with the indicated concentration of JJH260 for 30 min at 23 °C, chased
with 1 yM ABCA45 for 30 min at 23 °C, treated with PNGase F, and then reacted with Rh-N3
under standard click conditions and analyzed by SDS-PAGE and in-gel fluorescence scanning.
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Figure 3.17. AIG1 inhibitors block FAHFA hydrolysis in mammalian cells. (a) ABPP gel of the
membrane proteome of LNCaP cells demonstrating inhibition of endogenous AIG1 by KC01 and
JJH260. Cells were treated with 5 uM of each compound for 4 h at 37 °C. lysed, and membrane
proteomes labeled with WHPO1 (2 uM, 30 min, 37 °C) before gel-based ABPP. (b) Structure of
double-labeled 9-PAHSA (["*C16]-PA-[D1o]-HSA, or *C,?H-PAHSA) and its hydrolytic products
3C1e-palmitic acid (**C1e-PA) and 2Higo-hydroxystearic acid (2H1o-HSA). (c) *C,2H-PAHSA
hydrolysis activity of LNCaP cells treated in situ with DMSO or inhibitors (5 uM) for 4 h at 37 °C
and then fed 2 pM ['3C16]-PA-[D19]-HSA for 2 h. Data represent mean + s. e. m. for four
biological replicates. (d) ABPP gel of the membrane proteomes of shAIG1 and control LNCaP
cell lines. Proteomes were treated with 2 uM WHP01 for 30 min at 37 °C. (e) *C,?H-PAHSA
hydrolysis activity of shAIG1 and control LNCaP cell lines. Cells were fed 2 uM *C,?H-PAHSA
for 2 h prior to analysis. Data represent mean + s. e. m. for five biological replicates. (f) '*C,2H-
PAHSA hydrolysis activity of human T-cells treated in situ with DMSO or inhibitors. Cells were
treated with 5 uM of each inhibitor for 4 h at 37 °C and then fed 2 pM ["®*C+¢]-PA-[D1o]-HSA for 2
h. Data represent mean + s. e. m. for three biological replicates. ***p < 0.001 by two-sided
Student’s t-test for inhibitors-treated or shAIG1 versus control cell lines.
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Figure 3.18. Further assessment of AIG1-dependent FAHFA hydrolysis in human cells. (a) In
vitro 9-PAHSA hydrolysis assays for the membrane and soluble proteomes of LNCaP cells,
showing that the majority of the hydrolytic activity resides in the membrane proteome. 20 pg of
each proteome was incubated with 100 yM 9-PAHSA for 30 min at 37 °C. Data represent mean
values for two biological replicates. (b) In vitro 9-PAHSA hydrolysis assays for the membrane
proteome of LNCaP cells treated with DMSO or the indicated inhibitors (each at 5 uM, 30 min
pre-treatment). 20 ug of each proteome was then incubated with 100 uM 9-PAHSA for 30 min at
37 °C. Data represent mean values % s. e. m. for three biological replicates. **p < 0.01 by
Student’s t-test for inhibitor-treated versus DMSO-treated controls. (¢) '*C,2H-PAHSA hydrolysis
activity of HEK293T cells transfected with wild-type AlG1, the T43A-AlG1 mutant, or a mock
control. Transfected cells were fed 2 uM *C,2H-PAHSA for 1 h. Data represent mean values +
s. e. m. for three biological replicates. (d) *C,?’H-PAHSA hydrolysis activity of HEK293T cells
transfected with wild-type AIG1, wild-type ADTRP, or a mock control. Transfected cells were fed
a lower concentration of *C,’H-PAHSA (500 nM) for 1 h. Data represent mean values + s. e. m.
for three biological replicates. (e) '*C,2H-PAHSA hydrolysis activity of hAIG1-transfected
HEK293T cells treated in situ with DMSO or the indicated inhibitors (each at 5 uM, 4 h pre-
treatment). Cells were fed 2 yM *C,?H-PAHSA for 1 h. Data represent mean values * s. e. m.
for four biological replicates. ***p < 0.001 by two-sided Student’s t-test for inhibitor-treated
versus DMSO-treated controls.
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Figure 3.19. Further assessment of AlG1-knockdown human LNCaP cell lines. (a) ABPP gel of
the membrane proteomes (1.0 mg proteome mL™") of the indicated shRNA cell lines. Proteomes
were treated with 1 yM FP-Rh for 30 min at 37 °C and then analyzed by SDS-PAGE and in-gel
fluorescence scanning. Note that global serine hydrolase signals are similar between shAIG1
and shControl cells (AIG1 is not detected with the FP-Rh probe in these cells due to overlapping
serine hydrolase signals, but is shown in Figure 5d using the WHPO1 probe). (b) /n vitro 9-
PAHSA hydrolysis assays for the membrane proteomes of the indicated shRNA cell lines
(shControl, shAIG1-1, and shAlIG1-2) and an uninfected control LNCaP cell line. 20 ug of each
proteome was incubated with 100 uM 9-PAHSA for 30 min at 37 °C. Data represent mean
values £ s. e. m. for three biological replicates. **p < 0.01 by two-sided Student’s t-test for
shAIG1 versus control cell lines.
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Figure 3.20. Further assessment of AIG1 and FAHFA hydrolysis in primary human T-cells. (a)
ABPP gel of the membrane proteome (1.0 mg proteome mL™") of primary human T-cells treated
with DMSO or inhibitors (each at 5 uM, 30 min, 37 °C). Proteomes were subsequently treated
with either 1 uM FP-Rh or 2 yM WHPO01 for 30 min at 37 °C and analyzed by SDS-PAGE and
in-gel fluorescence scanning. The proposed band for AlG1 (partially obscured by an overlapping
band) is indicated by a red label. (b) In vitro 9-PAHSA hydrolysis assays for the membrane
proteomes of human T-cells treated with DMSO or inhibitors (each at 5 uM, 30 min pre-
treatment). 20 pg of each proteome was incubated with 100 uM 9-PAHSA for 30 min at 37 °C.
Data represent mean values + s. e. m. for three biological replicates. ***p < 0.001 by two-sided
Student’s t-test for inhibitor-treated versus DMSO-treated controls.
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Figure 3.21. (a) Full gel images and (b) full Western blots for Figures 3.6a-d.

75



hAIG1 hAIG1

¥ <9< X <o«
S =] Q R E=)]
o =
SzEfEe =R ghah
MW MW
(in kDa) (in kDa)
— 100 — 100
-7 —75
—50 — 50
FP-Rh anti-B-actin = = — — -
-7 —37
- - 25 anti-AlG1 -—————_ o

— 15

Figure 3.22. Full gel image and Western blot for Figure 3.10c.
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Table 3.1 Primers used for site-directed mutagenesis of hAIG1 and hADTRP.

Mutation

hAIG1

S16A

H32A

T43A

T43S

T60A

S63A

S64A

T67A

S70A

S84A

H134A

T135A

H150A

S154A

S157A

S166A

T180A

S202A

S227A

hADTRP

Forward primer sequence

5'-GATGGCAATCCTGCTGGCTTACTGCTCTATCCTGTG-3'
5'-CCATCGAAATGCCCTCAGCCCAGACCTACGGAGG-3’
5'-GGAGGGAGCTGGAAATTCCTGGCGTTCATTGATCTGG-3'
5'-GGAGGGAGCTGGAAATTCCTGTCGTTCATTGATCTGG-3'
5'-GGCATCTGTGTGCTGGCTGATCTTTCCAGTCTTCTGAC-3'
5'-GCTGACTGATCTTGCCAGTCTTCTGACTCGAGGAAGTGG-3'
5'-GCTGACTGATCTTTCCGCTCTTCTGACTCGAGGAAGTGG-3'
5'-CCAGTCTTCTGGCTCGAGGAAGTGGGAACCAGG-3'
5'-CTTCTGACTCGAGGAGCTGGGAACCAGGAGCAAGAGAGGC-3'
5'-GCTCAAGAAGCTCATCGCTCTCCGGGACTGG-3'
5'-GCTGAATCACGGAATGGCCACGACGGTTCTGCC-3
5'-GCTGAATCACGGAATGCACGCGACGGTTCTGCC-3'
5’-GGACATCGCACGCTCAGTATCCCAGCAGGAGCAGC-3’
5'-CCATCAGTATCCCGCCAGGAGCAGCGGACTTACC-3'
5'-GTATCCCAGCAGGAGCGCCGGACTTACCGCC-3'
5'-CATATGTACCTTCGCTGTTGGCTATATATTATGGGTGTGCTGGG-3'
5'-GGTGCATCATGTAGCTGGCATGTGGGTGTACC-3'
5'-CAGGAGCCAGAATCATCTTCTTTGGGGCTACAACCATCTTAATG-3'

5'-CTGGGATACACAGAAAGCTATGGAAGAAGAGAAAGAAAAGCC-3'
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T47A 5'-GCAAGGTGGAAATATATGGCGCTGCTTAATCTGCTC-3'

H131A 5-GGCTGAATCATGCAATGGCCACTTTCATATTCCCCATCAC-3’

Table 3.2. Detailed MRM transitions used for the targeted LC-MS analysis.

Species detected

[3C16]-PA-[D1g]-HSA
[3C16]-PAHSA
[D1g]-HSA

9-HHDA

[3C16]-PA

C17:1 FFA

Precursor

ion

572.7

553.5

318.4

285.2

2713

267.2

Product

ion

2713

2713

318.4

285.2

2713

267.2

Collision
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energy

30

30

Dwell time

100

100

25

25

25

25

Polarity

Negative
Negative
Negative
Negative
Negative

Negative



3.5 Experimental Section

ABPP-MudPIT and competitive ABPP-MudPIT sample preparation. For ABPP-
MudPIT samples, proteomes (1 mg/mL in 1 mL of PBS) were labeled with FP-biotin (5 uM) for 1
h at 23 °C while rotating. After labeling, the proteomes were denatured and precipitated using
4:1 MeOH/CHCIs, resuspended in 0.5 ml of 6 M urea in PBS, reduced using tris(2-
carboxyethyl)phosphine (TCEP, 10 mM) for 30 min at 37 °C, and then alkylated using
iodoacetamide (40 mM) for 30 min at 23 °C in the dark. The biotinylated proteins were enriched
with PBS-washed avidin-agarose beads (100 pL; Sigma-Aldrich) by rotating at 23 °C for 1.5 h in
PBS with 0.2% SDS to a final volume of 6 mL. The beads were then washed sequentially with
10 mL PBS with 0.2% SDS, 10 mL PBS (3x) and 10 mL DI H2O (3x). On-bead digestion was
performed using sequencing-grade trypsin (2 ug; Promega) in 2 M urea in PBS with 2 mM
CaCl, for 12—14 h at 37 °C (200 uL). Peptides obtained from this procedure were acidified with
formic acid (5%) and stored at —20 °C prior to analysis. SILAC experiments were performed
using the human SKOV3 breast cancer cell line (ATC HTB-77). The isotopically labeled cell
lines were generated by = 5 passages in either light (100 ug/mL each of L-arginine and L-lysine)
or heavy (100 pug/mL each of ['*Cs'°N4]L-arginine and ["*Ce'°N4]L-lysine) SILAC RPMI medium
(ThermoScientific) supplemented with 10% dialyzed FBS (Omega Scientific) and penicillin-
streptomycin (GE Life Sciences). Light and heavy cells were treated with the test compound or
DMSO, respectively, at 37 °C. Cells were then washed with sterile PBS (3x), harvested, and
lysed by sonication in PBS. The membrane and soluble fractions were separated by ultra-
centrifugation at 100,000 g for 45 min at 4 °C. 2 mg/mL light proteome (0.5 mL) and 2 mg/mL
heavy proteome (0.5 mL) were subsequently treated with FP-biotin (5 uM) for 1 h at 23 °C,
combined, and processed as above for the ABPP-MudPIT protocol. For competitive ABPP
experiments with FP-alkyne, the concentration of probe (20 uM) was chosen based on prior gel-

based experiments demonstrating saturation of labeling for many serine hydrolases at
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comparable concentrations of FP probe.™ In addition, previous studies have shown effective
competition of most FP-Rh labeled bands in mouse brain with 10 uM FP-alkyne.®

HHpred searches. Remote homology detection was performed using the HHpred
algorithm*. Briefly, a seed alignment was generated using the CLUSTALW algorithm on the
seven protein sequences shown in Figure 3.1 (UniProt IDs: AIG1_HUMAN, AIG1_MOUSE,
ADTRP_HUMAN, F1QYR4_DANRE, Q7Q8H9_ANOGA, YHUO_YEAST,

E7FAT8_DANRE). The CLUSTALW alignment was used as input for the HHpred server
(http://toolkit.tuebingen.mpg.de/hhpred) and it was run using the default parameters to search
all available HMM databases.

Cell culture methods. HEK293T cells (ATCC CRL-3216) were cultured in DMEM
(Gibco), supplemented with L-glutamine (2 mM), 10% FCS (Omega Scientific), and penicillin-
streptomycin (GE Life Sciences) at 37 °C and 5% CO.. LNCaP cells (ATCC CRL-1740) were
cultured in RPMI 1640 (Gibco), supplemented with L-glutamine (2 mM), 10% FCS, and
penicillin-streptomycin at 37 °C and 5% CO.. T-cells were purified from peripheral blood
mononuclear cells (PBMCs) obtained from human subjects using STEMCELL Technologies kits
as per manufacturers instructions. Typically 100-150 million T-cells were obtained from 500 mL
human subject derived PBMCs at > 95% purity as confirmed by flow cytometry analysis. T-cells
were cultured in dye-free RPMI supplemented with 10% FCS at 37 °C and 5% CO..

Cloning and recombinant expression of AIG1 and ADTRP. Full-length cDNA
encoding human AIG1 (GE Healthcare, in pOTB7 vector) was cloned into the pCMV6-Entry
vector with C-terminal Myc and DDK tags. (Sense primer: 5'-GGG CGG CCG GGA ATT CGC
GAA CAT GG-3"; Antisense primer: 3'-AAG CCT AAATTG GAA ACG CGG CCG CTT TA-5".
Full-length cDNA encoding for human ADTRP in the pCMV6-XL5 vector was purchased from
Origene. Full-length cDNA constructs encoding for mouse AlG1 in the pCMV-Sport6 vector, rat
AlG1 in pExpress-1 vector, and mouse ADTRP in the pCMV-Sport6 vector were purchased

from GE Life Sciences. To recombinantly express AlG1 or ADTRP, HEK293T cells were grown
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to 40% confluence in a 10 cm tissue culture plate and transiently transfected with 4 pg of the
desired construct using polyethyleneimine ‘MAX’ (MW 40,000, PEI; Polysciences, Inc.) as the
transfection reagent per the manufacturer’s protocol. ‘Mock’ transfected cells were transfected
with 4 pug of empty vector. 48 h after transfection, cells were washed with PBS (3x), harvested
by scraping, and lysed by sonication in PBS. The membrane and soluble fractions were
separated by ultra-centrifugation at 100,000 g for 45 min at 4 °C. Protein concentrations were
measured using the DC Protein Assay kit (Bio-Rad). Aliquots were flash-frozen and stored at —
80 °C for further use.

Site-directed mutagenesis. Point mutations in both human AlIG1 and ADTRP were
generated by the QuikChange site-directed mutagenesis protocol (Strategene) as per the
manufacturer’s instructions. For primers used for each mutation, see Table 1. Primers were
obtained from Integrated DNA Technologies. All DNA sequencing was performed by Eton
Biosciences Inc.

Gel-based ABPP analysis. Tissue and cell proteomes (50 uL) were treated with either
FP-rhodamine (1 uM) or WHPO01 (2 uM) for 30 min at 37 °C. The reactions were then quenched
by addition of 4x SDS-PAGE loading buffer (20 uL). Competitive gel-based ABPP experiments
were performed as previously described.” Samples were visualized in-gel using a ChemiDoc
MP imaging system (Bio-Rad). The fluorescence from rhodamine is presented in gray scale. 2-5
s exposure times and 20-60 s exposure times were used for AIG1/ADTRP-transfected and
native proteomes, respectively. Relative band intensities were quantified using ImageJ software
(http://imagej.nih.gov/ij/).

Western blotting. Cell proteomes were separated by SDS-PAGE, transferred to
nitrocellulose membrane (60 V for 90 min), and blocked by 5% milk in TBS-Tween. The primary
antibodies used and dilutions are as follows: anti-AlG1 (Rabbit, Sigma-Aldrich, SAB1304597,

1:250), anti-ADTRP (Rabbit, Atlas, HPA048113, 1:500), and anti-B-actin (Mouse, Cell Signaling,
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3700S, 1:1000). IRDye 800CW anti-rabbit and anti-mouse secondary antibodies (LI-COR,
1:10000) were used as secondary antibodies for visualization.

AlIG1 and ADTRP LC/MS substrate hydrolysis assays. FAHFA substrates were
purchased from Cayman Chemical Co. All non-FAHFA lipid substrates were purchased from
Avanti Polar Lipids Inc. unless mentioned otherwise. 20 pg of proteome was incubated with 100
MM lipid substrate in a reaction volume of 250 pL in PBS at 37 °C with constant shaking. After
30 minutes the reaction was quenched with 400 yL of 2:1 (vol/vol) CHCIs: MeOH, doped with
internal standard (0.5 nmol C17:1 heptadecenoic acid (C17:1 FFA) and 0.05 nmol 9-hydroxy-
heptadecanoic acid (9-HHDA)). The mixture was vortexed and centrifuged at 2800 g for 5 min to
separate the aqueous (top) and organic (bottom) phase. The organic phase was collected and
dried under a stream of N, re-solubilized in 100 pL of 2:1 (vol/vol) CHCIs: MeOH, and subjected
to LC-MS analysis. A fraction of the organic extract (~ 15 pL) was injected onto an Agilent 6520
quadrupole-time-of-flight (QTOF) LC-MS and analyzed as described previously.?® All data
presented for substrate hydrolysis assays is the average of 2-5 independent biological
replicates, error bars represent S.D. (n = 2), and S.E.M. (n = 3-5).

Synthesis of AlG1 inhibitors and probes. FP-biotin, FP-rhodamine, and FP-alkyne
were synthesized in-house as previously described.**'*?> KC01 and WHP01 were synthesized
in-house as previously described.?® ABC34 was synthesized in-house as previously described.?
Tetrahydrolipstatin (THL) was purchased from Sigma-Aldrich. ['*C+e]-PA-[D19]-HSA was
synthesized according to the previously described method, using isotopically labeled starting
materials.?'

9-PAHSA feeding assay. For the pharmacology studies, cells were treated in situ with 5
uM KCO01, THL, JJH260, or ABC34 for 4 h at 37 °C in a volume of 5 mL in dye-free RPMI
(LNCaP cells, T-cells) or dye-free DMEM (HEK293T cells) supplemented with 10% FCS. 2 uM
['3C16]-PA-[D19]-HSA was then added to the media for 1 h (HEK293T cells) or 2 h (LNCaP cells,

T-cells) at 37 °C. Thereafter the media was collected (5 mL) and the cells were washed with
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sterile PBS (3x) and harvested by scraping. The cells were re-suspended in 1 mL sterile PBS
and mixed by vortexing with 3 mL of 2:1 CHCIs: MeOH with the internal standard mix (50 pmol
each of C17:1 FFA, 9-HHDA, and [**C+6]-PAHSA). The two phases were separated by
centrifugation at 2800 g for 10 min, and the organic phase (bottom) was collected and dried
under stream of N.. The lipid extracts were re-solubilized using 100 uL of 2:1 CHCIs: MeOH,
and 10 pL was used for the targeted LC-MS analysis. The MRM transitions for the targeted LC-
MS analysis are presented in Table 2.

shRNA knockdown studies. AIG1 MISSION shRNA bacterial glycerol stocks were
purchased, and the lentiviral-based shRNA gene knockdown was performed in LNCaP cells
using the manufacturer’s protocol (Sigma-Aldrich). Briefly, 1 ug shRNA transfer vector, 0.1 ug
of the VSVG envelope vector and 0.9 ug packaging vector dVPR were transfected using 6 uL of
X-tremeGENE 9 (GE Life Sciences) into 1.8 x10° HEK293T cells cultured in 5 mL DMEM with
L-glutamine (2 mM) and 10% FCS and 5% CO- to generate the lentiviral transduction particles
(LTP). 0.25 x 10° LNCaP cells were infected with the LTP generated from the transfections
along with 5 pg/mL polybrene (to enhance infection) cultured in 5 mL RPMI 1640 with 10% FCS
and 5% CO., and thereafter the lentiviral-infected LNCaP cells were selected on puromycin (1
ug/ml). After six rounds of puromycin selection, LNCaP cells infected with the LTP generated
using the constructs TRCN0000142987 (shAlIG1-1; Sigma-Aldrich) and TRCN0000422331
(shAlG1-2; Sigma-Aldrich) showed >75% knockdown of AIG1 by gel-based ABPP and substrate
hydrolysis assays and were selected for further studies. As a negative control (shControl),
shRNA transfer vector targeting GFP was used.

MS and data analysis. MS was performed using a LTQ (for spectral counting studies),
or LTQ-Orbitrap or Orbitrap Velos (for SILAC studies), following previously described protocols
(ThermoFinnigan).”** Peptides were eluted using a five-step multidimensional LC-MS protocol
in which increasing concentrations of ammonium acetate are injected followed by a gradient of

increasing acetonitrile, as previously described.** For all samples, data were collected in data-
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dependent acquisition mode over a range from 400—-1,800 m/z. Each full scan was followed by
up to 7 or 30 fragmentation events for experiments using the LTQ and Orbitrap or Orbitrap
Velos instruments, respectively. Dynamic exclusion was enabled (repeat count of 1, exclusion
duration of 20 s) for all experiments. The data were searched using the ProLuCID algorithm
against a human reverse-concatenated nonredundant (gene-centric) FASTA database that was
assembled from the Uniprot database. ProLuCID searches specified static modification of
cysteine residues (+57.0215 m/z; iodoacetamide alkylation) and required peptides to contain at
least one tryptic terminus. For SILAC samples, data sets were searched independently with the
following parameter files; for the light search, all amino acids were left at default masses; for the
heavy search, static modifications on lysine (+8.0142 m/z) and arginine (+10.0082 m/z) were
specified. For data collected on the Orbitrap mass spectrometers, precursor-ion mass tolerance
was set to 50 ppm. The resulting peptide spectral matches were filtered using DTASelect
(version 2.0.47), and only half-tryptic or fully tryptic peptides were accepted for identification.
Peptides were restricted to a specified false positive rate of <1%. SILAC ratios were quantified
using in-house CIMAGE software.'® Briefly, a 10-min retention time window was used for peak
identification using 10 ppm mass accuracy and requiring a coelution R2 value greater than 0.8.
Peptides detected as singletons, where only the heavy or light isotopically labeled peptide was
detected and sequenced but which passed all other filtering parameters, were given a ratio of
20, which is the maximum SILAC ratio reported here.

Statistical analysis. Statistical analyses were performed using the GraphPad Prism 6
(for Mac OS X) software. Data derived from three or more replicates are shown as mean values
t s. e. m. Student’s t-test (two-tailed) was used to study statistically significant differences

between study groups. A P value of <0.05 was considered statistically significant for this study.
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Stereochemistry of Endogenous Palmitic Acid Ester of 9-
Hydroxystearic Acid and Relevance of Absolute Configuration to

Regulation
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Abstract

Lipids have fundamental roles in the structure, energetics, and signaling of cells and
organisms. The recent discovery of fatty acid esters of hydroxy fatty acids (FAHFAS), lipids with
potent anti-diabetic and anti-inflammatory activities, indicates that our understanding of the
composition of lipidome and the function of lipids is incomplete. The ability to synthesize and
test FAHFAs was critical in elucidating the roles of these lipids, but these studies were
performed with racemic mixtures, and the role of stereochemistry remains unexplored. Here, we
synthesized the R- and S- palmitic acid ester of 9-hydroxystearic acid (R-9-PAHSA, S-9-
PAHSA). Access to highly enantioenriched PAHSAs enabled the development of a liquid
chromatography-mass spectrometry (LC-MS) method to separate and quantify R- and S-9-
PAHSA, and this approach identified R-9-PAHSA as the predominant stereoisomer that
accumulates in adipose tissues from transgenic mice where FAHFAs were first discovered.
Furthermore, biochemical analysis of 9-PAHSA biosynthesis and degradation indicate that the
enzymes and pathways for PAHSA production are stereospecific, with cell lines favoring the
production of R-9-PAHSA and carboxyl ester lipase (CEL), a PAHSA degradative enzyme,
selectively hydrolyzing S-9-PAHSA. These studies highlight the role of stereochemistry in the
production and degradation of PAHSAs and define the endogenous stereochemistry of 9-
PAHSA in adipose tissue. This information will be useful in the identification and
characterization of the pathway responsible for PAHSA biosynthesis, and access to enantiopure

PAHSASs will elucidate the role of stereochemistry in PAHSA activity and metabolism in vivo.
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4.1 Introduction

Mice engineered to overexpress the glucose transporter, GLUT4, selectively in their
adipose tissue (AG40X mice)' have provided insights into the link between obesity and Type 2
diabetes because they are obese but have lower fasting glycemia and enhanced glucose
tolerance. Analysis of adipose tissues from AG40X mice demonstrated marked increases in de
novo lipogenesis,?® and this activity is necessary for the enhanced glucose tolerance in these
animals. Lipidomics analysis of adipose tissue from AG40X mice to identify specific lipids that
might contribute to the insulin sensitive phenotype led to the discovery of a novel class of lipids*
that are highly elevated in AG40X adipose tissues.* These lipids were named Fatty Acid esters
of Hydroxy Fatty Acids (FAHFAs) to describe their structures (Figure 4.1).

FAHFAs contain two acyl chains connected through a single ester bond (Figure 4.1),
and further targeted liquid chromatography-mass spectrometry (LC-MS) determined that at least
16 different FAHFA families exist,* which differ in their acyl chain constituents (Figure 4.1), and
additional FAHFA families have been found since.>® For instance, palmitic acid esters of
hydroxy stearic acids (PAHSAs) and oleic acid esters of hydroxy stearic acid (OAHSAs) are two
of the most abundant families that were identified.* In addition, for each FAHFA family that has
been looked at in detail, different ester regioisomers exist (Figure 4.1). In adipose tissue of wild-
type and AG40X mice, eight distinct PAHSA regioisomers (5, 7, 8, 9, 10, 11, 12, and 13) were
identified.* Regioisomers demonstrate differential regulation and biological activity. For example,
all the PAHSA regioisomers were markedly elevated in adipose tissue and serum of AG40OX
mice while the isomers in liver were decreased. Furthermore, when wild type mice were placed
on a high-fat diet, only two PAHSA isomers were changed in serum, while all isomers were
reduced in subcutaneous adipose tissue but some were elevated in perigonadal adipose
tissue®. This suggests that PAHSAs can be regulated as a family or individually under different

conditions and in different tissues. Furthermore, 5- and 9-PAHSA have potent anti-diabetic
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effects in vivo and enhance glucose transport and insulin secretion in vitro, but only 9-PAHSA
has anti-inflammatory effects in dendritic cells, highlighting regiospecific biological activity.*

Interest in the PAHSASs was piqued further by the analysis of human sera that revealed
that PAHSA levels are lower in insulin-resistant humans relative to their insulin-sensitive
counterparts, suggesting that PAHSAs may play an important role in maintaining normal blood
sugar and insulin sensitivity in people.* Indeed, oral administration of 9-PAHSA or 5-PAHSA to
mice on a high-fat diet improved glucose tolerance through multiple pathways that include
increases in glucagon-like peptide 1 (GLP-1) and insulin secretion.*

The anti-inflammatory properties of FAHFAs can also extend to the treatment of
inflammatory diseases as was demonstrated by recent work showing that oral 9-PAHSA
treatment reduces the severity and impedes inflammation and damage associated with colitis in
a mouse model.” And other novel FAHFA families with anti-inflammatory activities have
recently been discovered. Omega-3 fatty acid FAHFAs, produced after the addition of omega-3-
fatty acids to cells, have potent anti-inflammatory activity.®

Thus, FAHFAs, and in particular PAHSAs, are an exciting class of novel lipids with a
range of biological activities. One important structural question that remains unanswered is the
natural configuration of the chiral center in PAHSAs. We studied 9-PAHSA, the most abundant
and a biologically active PAHSA. Herein we report the first asymmetric synthesis of R- and S-9-
PAHSA (Figure 4.2) and R- and S-9-HSA, and utilize these compounds to define the
stereochemistry of endogenous 9-PAHSA from AG40X mouse adipose tissue. This work
represents a critical step in understanding PAHSA biology by defining endogenous FAHFA

structure.
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4.2 Results and Discussion
Synthesis of enantiopure R- and S-9-PAHSA and 9-HSA

We developed multi-gram scale syntheses of enantiopure R- and S-9-PAHSA and HSA
to further understand the influence of FAHFA structure on their pronounced biological effects.
Building upon previous work synthesizing related compounds such as palmitic acid esters of
hydroxy palmitic acid (PAHPAs)® and methods for accessing enantioenriched 9-HSA (54% ee)®
we have developed a route that provides material on large scale (> 5 gram batches), high
enantiomeric excess (>98% ee), and free from heavy metal impurities - all enabling extensive
biological testing.

Using epichlorohydrin as both a readily available chiral starting material and lynchpin
that connects the three regions of PAHSAs, the synthesis of both enantiomers was achieved.
The synthesis of R-9-PAHSA (1-R) began with the addition of 7-octenylmagnesium bromide into
S-(+)-epichlorohydrin 4 using catalytic copper (l) iodide to generate chlorohydrin 5 (Scheme
4.1). Epoxide formation from chlorohydrin 5, yielding epoxide 6, was followed by a second
epoxide opening reaction at the less substituted position using octylmagnesium chloride in the
presence of cuprous iodide to afford secondary alcohol 7 as a solid. The relay of enantiopurity,
and retention of configuration at the chiral center, was assessed by derivatization of 7 as the S-

O-acetylmandelate ester®'®

with the diastereomeric ratio found to be greater than 99:1
(supporting info). Palmitoylation of alcohol 7 with palmitoyl chloride and pyridine provided ester
8. Reaction of 8 with ozone in the presence of N-methylmorpholine N-oxide (NMO)' followed by
Pinnick oxidation' of the crude intermediate provided R-9-PAHSA (1-R) in 55% yield.
Degradation of R-9-PAHSA (1-R) by saponification yielded R-9-HSA (Supporting Information).
S-9-PAHSA (1-S) and S-9-HSA were synthesized in an analogous manner, substituting R-(+)-
epichlorohydrin 9 at the start of the synthesis (in place of S-(+)-epichlorohydrin 4) through the

same 5 step sequence in 61% overall yield (Scheme 4.1).
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Determination of endogenous 9-PAHSA stereochemistry

Fatty acid oxidation is a common event in the production of bioactive lipids.
Prostaglandins and leukotrienes, for example, are generated from the oxidation of arachidonic
acids.” The enzymatic introduction of oxygen occurs in a stereospecific manner and the
stereochemistry in these lipids define their activity." The PAHSASs also contain an oxidized fatty
acid, the HSA, which places a stereocenter in this lipid. Since stereochemistry has an important
role in bioactive lipid function, and can provide information about the enzymes and biochemical
pathways for lipid metabolism, we sought to define the endogenous stereochemistry of 9-
PAHSA.

We have an established method to separate and analyze these different families and
isomers using reversed-phase chromatography,’ however, this method is unable to resolve
stereoisomers. The first step in determining the stereochemistry of natural FAHFASs required us
to develop a method capable of separating the different isomers. We attempted several
approaches to separate PAHSAs (Scheme 4.2). First, we used chiral GC, where 1-R and 1-S
were converted to the corresponding methyl ester using TMS-diazomethane, but we were
unable to separate these stereoisomers. Next, we converted rac-1 to the corresponding amide
with S-1-phenylethan-1-amine to generate diastereomers that we hoped to separate. These
attempts were also unsuccessful, likely owing to the large distance between to two chiral
centers.

Unable to separate the 9-PAHSA stereocisomers with our resources, we decided to use
Phenomenex’s (Torrance, CA) chiral screening service. We provided enantiopure R-9-PAHSA
and rac-9-PAHSA. These compounds were tested on 6 of their chiral columns (Cellulose-1,
Cellulose-2, Cellulose-3, Cellulose-4, Amyolse-2, and Amylose-1) using 3 different mobile
phases (water/acetonitrile, hexane/ethanol, and methanol/isopropanol). The column and mobile
phase that provided the best resolution was the Lux 5 um Cellulose-3 column with

methanol/isopropanol/trifluoroacetic acid (TFA) (90:10:0.1) (Figure 4.3). Using these conditions
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and column as a starting point, we continued to refine the method for our purposes. Specifically,
we needed to modify the method since TFA is not compatible with LC-MS,"® and we needed the
sensitivity of mass spectrometry to be able to detect 9-PAHSA from endogenous sources.

These efforts led to an optimized method that uses a Lux 3 um Cellulose-3 column in
combination with an isocratic MeOH/H,O/formic acid (96:4:0.1) mobile phase (Figure 3A).
Under these conditions, R-9-PAHSA elutes from the column at 20.2 min, while S-9-PAHSA
elutes at 17.4 min, affording 2.8 min of peak separation to resolve these stereoisomers. One
caveat with this method is that liquid chromatography conditions required to separate the
stereoisomers use formic acid, a mobile phase modifier typically reserved for positive mode
ionization, but 9-PAHSA detection by mass spectrometry requires negative mode ionization. In
our initial tests we used a mobile phase that was similar to our established FAHFA
measurement method, which includes 0.01% ammonium hydroxide,' however, this could not
achieve baseline resolution of the stereoisomers (Figure 4.4). It is important to note that with
the presence of 0.1% formic acid, we observed a 25-fold reduction in the sensitivity of our
detection due to the impaired ionization of the 9-PAHSA (Figure 4.4). As a result, any possibility
of detecting endogenous 9-PAHSA requires a sample with high concentrations of this lipid.

We have previously shown that FAHFA levels are dramatically upregulated in AG40X
mice.® Specifically, 9-PAHSA levels were elevated ~16-18 fold in the white adipose tissue
(WAT) of AG40X and the final concentration of 9-PAHSA is ~1000pmol/g in perigonadal white
adipose tissue (PGWAT). The high 9-PAHSA concentrations make the PGWAT from AG40X
mice the best tissue to measure endogenous 9-PAHSA under conditions of reduced sensitivity.
Additionally, by comparing WT and AG40X samples by chiral LC-MS we can readily identify the
9-PAHSA peak as the one with the largest fold change between the two samples to provide an
unambiguous identification of this lipid in the resulting chromatograms. LC-MS analysis of the
samples revealed that R-9-PAHSA was elevated in AG40X samples compared to WT PGWAT,

with the R-9-PAHSA peak clearly elevated in the LC-MS chromatogram (Figure 4.5A). There is
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also a much smaller peak that overlaps with the S-9-PAHSA standard. We cannot determine if
this is S-9-PAHSA or a 10-PAHSA stereoisomers because S-9-PAHSA or a 10-PAHSA have
similar retention times (Figure 4.6). We analyzed these same samples using our standard (i.e.
non-chiral reverse phase) method (Figure 4.7) and found an equivalent fold change for R-9-
PAHSA (chiral column) and total 9-PAHSA (reversed-phase column) (Figure 4.5B) highlighting
that R-9-PAHSA is the main source of the elevated 9-PAHSA levels we observe in AG40X

PGWAT.

Stereospecificity of 9-PAHSA degradation and biosynthesis

Having identified the predominant stereoisomer in AG40X PGWAT, we wanted to test
whether the biochemical pathways or enzymes that control 9-PAHSA biosynthesis and
degradation are stereospecific. We have recently identified the enzyme carboxyl ester lipase
(CEL) to be a FAHFA hydrolase."” CEL is an enzyme of the exocrine pancreas and is secreted

into the gut to assist with the digestion of lipids from the diet.™

Though originally identified as a
triglyceride and cholesterol ester hydrolase, our recent work clearly shows that this enzyme
prefers FAHFAs, including 9-PAHSA.

The pancreas has the highest 9-PAHSA hydrolytic activity compared to other tissues,
and we showed that this FAHFA degrading activity is due to CEL. To determine if CEL prefers
R- or S-9-PAHSA, we carried out a previously reported LC-MS assay to measure hydrolytic
activity." ' We expressed CEL in HEK293T cells and isolated membrane lysates from these
cells to measure CEL-mediated 9-PAHSA hydrolysis. The data clearly demonstrate that CEL
prefers S-9-PAHSA to R-9-PAHSA as a substrate (Figure 4.8A), indicating that the enzyme is
stereoselective. In support of this finding, this same trend was also observed when testing the
hydrolytic activity of these enantiomers in mouse pancreatic membrane lysate (Figure 4.8B).

This data supports the idea that PAHSA metabolism in vivo is stereoselective, and at least in

the pancreas, this activity favors the degradation of S-9-PAHSA.
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Although the biosynthetic enzymes responsible for FAHFA synthesis are unknown, it has
been previously shown that the addition of palmitoyl-CoA and 9-HSA to liver and WAT lysate
results in the production of 9-PAHSA.* Here, we present a cell-based assay where the addition
of HSAs results in the production of FAHFAs, such as 9-PAHSA. In this assay, we treat
HEK293T cells with either R- or S-9-HSA, incubate the cells for two hours, and then harvest the
cells and extract the 9-PAHSA for subsequent analysis by LC-MS. The R- or S-9-HSA is
acylated by endogenous free fatty acids such as palmitate and oleate, as these were not added
as acyl-donors. R-9-HSA-treated cells exhibited a substantial increase of 9-PAHSA and 9-
OAHSA (~80%) compared to S-9-HSA-treated cells (Figure 4.9). The stereospecificity of 9-
PAHSA biosynthesis supports the idea of that PAHSA biosynthesis is mediated by an
unidentified acyl transferase and is not the result of a non-enzymatic acylation. Furthermore,
these preliminary data indicate a preference for the biosynthesis of R-9-PAHSA, which, if similar
in adipose tissue could explain the observation of R-9-PAHSA as the preferred stereocisomer in

vivo.

4.3 Conclusion

The importance of absolute structure in the biochemistry and biological activity of lipids
prompted us to develop the first stereoselective synthesis of PAHSAs, which enabled us to
identify the natural isomer in adipose tissue as R-9-PAHSA. Starting from this important finding,
this chemistry will enable access to numerous enantiopure FAHFAs, necessary to better
understand their chemistry and biology. As the synthetic approach is modular, it is readily
adaptable to the synthesis of related compounds. With the improved sensitivity of our chiral LC-
MS method the measurement of additional FAHFA stereoisomers in other tissues is possible.
An important insight from the current work is that FAHFAs are products of enzymatic, not
chemical production of the hydroxylated acids. Chemical oxidation of lipids with reactive oxygen

species, such as peroxides, results in the production of racemic fatty acids.’®> By contrast,

100



enzyme-mediated hydroxy fatty acid production proceeds stereospecifically to produce
enantiopure hydroxy lipids.?>?" The discovery that R-9-PAHSA, but not S-9-PAHSA, is
increasing in the AG40X WAT supports the idea that this is an enzyme-mediated pathway and
chemical oxidation of lipids does not have a role in PAHSA production in these mice. Additional
work will endeavor to identify the enzymes and pathways that mediate PAHSA production in
vivo, and small molecule activators or inhibitors of these PAHSA biosynthetic enzymes might
someday allow control over endogenous PAHSAs levels. The continued interplay between
chemical synthesis, biology, and biochemistry will reveal the biological potential of FAHFAs and

identify new ways to regulate these molecules for therapeutic benefit.
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4.4 Figures and Schemes
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Figure 4.1. Endogenous FAHFA structures. Analysis of AG40X mice revealed the existence of
FAHFAs. Sixteen different FAHFA families, which differ in the composition of their acyl chains
(e.g. PAHSA and OAHSA) were observed. And within each family there exist multiple
regioisomers such as 9- and 5-PAHSA.
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S-9-PAHSA (1-S)

Figure 4.2. Structures of S-9-PAHSA (1-S) and R-9-PAHSA (1-R).
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Figure 4.3. Result of screening service by Phenomenex. UV trace (abs=210 nm) showing
resolution of rac-9-PAHSA. Resolution was acquired using a Lux 5 um Cellulose-3 column and
an isocratic gradient consisting of 90:10:0.1 (methanol/isopropanol/trifluoroacetic acid).
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Figure 4.4. Effects of mobile phase additives on separation and intensity with chiral column. LC-
MS traces of rac-9-PAHSA (2 pmol) with different modifiers in the mobile phase ran on a Lux 3
pum Cellulose-3 column. AUC, area under the curve. With the presence of the basic modifier,
ammonium hydroxide R- and S-9-PAHSA stereoisomers were not well resolved (top trace). With
the acidic modifier, formic acid, the stereocisomers were resolved, but with lower ionization
efficiency (bottom trace).
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Figure 4.5. R-9-PAHSA is the prominent enantiomer in mouse adipose tissue. (A)
Representative PAHSA MS traces in PGWAT of WT and AG40OX mice with rac-, R-, and S-9-
PAHSA standards resolved on a Lux 3 um Cellulose-3 chiral column. (B) 9-PAHSA and R-9-
PAHSA fold change in AG40X PGWAT vs WT PGWAT analyzed on a reversed-phase column
and chiral column, respectively. PAHSA levels were normalized to the endogenous lipid
d18:1/16:0 ceramide. Data represents means + the standard error of the mean for three
biological replicates. ns, not significant.
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Figure 4.6. LC-MS analysis of rac-10- and rac-9-PAHSA on a chiral column. PAHSAs were run
on a Lux 3 um Cellulose-3 column with an isocratic flow of 0.4 mL/min of a 96:4 MeOH:H20 +
0.1% formic acid solution.
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Figure 4.7. Analysis of WT and AG40OX WAT samples using our original method. Isocratic flow
at 0.2 mL/min using 93:7 MeOH: H20 with 5 mM ammonium acetate and 0.01% ammonium
hydroxide on a Luna C18(2) reversed-phase column. The increase in 9-PAHSA in the AG40X
PGWAT versus the WT PGWAT is evident and the fold change is similar to the increase of R-9-
PAHSA levels (Figure 4.5).
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Figure 4.8. CEL prefers S-9-PAHSA as a substrate. (A) R-, S-, and rac-9-PAHSA hydrolysis
activity for membrane lysates from CEL-transfected and mock-transfected HEK293T cells. Data
represent means and the standard deviation for two biological replicates. (B) R-, S-, and rac-9-
PAHSA hydrolysis activity for mouse pancreatic membrane lysates. Data represents mean and
the standard error of the mean for three biological replicates. **p < 0.01 by Student’s £ test.
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Figure 4.9. R-9-HSA is the preferred 9-HSA enantiomer for FAHFA biosynthesis. Biosynthesis
of 9-PAHSA and 9-OAHSA in HEK293T cells after incubation with 100 uM of R- or S-HSA for 2
h. *p < 0.05 by two-sided Student’s t-test comparing R-9-HSA-treated versus S-9-HSA-treated
HEK293T cells.
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Scheme 4.1. Syntheses of R-9-PAHSA from S-(+)-epichlorohydrin (4) and S-9-PAHSA from R-
(+)-epichlorohydrin (9). Conditions: (a) 7-octenylmagnesium bromide, Cul, THF, -78 to 23 °C
(1-R sequence 92%, 1-S sequence 91%); (b) NaOH, Et.O, 23 °C; (c¢) octylmagnesium chloride,
Cul, Et,0, —78 to 23 °C (1-R sequence 70%, 1-S sequence 90%; over two steps); (d) palmitoyl
chloride, pyr., CH2Cl, 0 to 23 °C(1-R sequence 91%, 1-S sequence 78%); (e) Oz, NMO, CH.CI-
2, =10 °C then NaClO2, NaH2PO., 2-methyl-2-butene, t-BuOH, 23 °C (1-R sequence 94%, 1-S
sequence 96%).
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Scheme 4.2. Synthesis of 9-PAHSA derivatives prepared for chiral separation.
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4.5 Experimental Section

Materials. All chemical reagents were purchased from Sigma-Aldrich unless otherwise
stated. 5-, 9-, 12-PAHSA LC-MS standards were purchased from Cayman Chemical. [*C16]-
Palmitic acid was purchased from Cambridge Isotopes and used to synthesize the 13C-9-
PAHSA used as an internal standard. Organic solvents for chemical synthesis were purchased
from EMD Millipore (Billerica, MA). Solvents for HPLC were purchased from EMD Millipore and
solvents for LC-MS were from Honeywell Burdick & Jackson.

Biological sample preparation. Lipid extraction was performed based on known
protocol.?>?* Murine tissues (60-150 mg), human fat biopsy (50-70 mg) were Dounce
homogenized on ice for 40 strokes in a mixture of 1.5 ml: 1.5 ml: 3 ml citric acid buffer (100 mM
trisodium citrate, 1 M NaCl, pH 3.6): methanol: chloroform. 13C-9-PAHSA standard (0.5-5 pmol
per sample depending on tissue type) was added to chloroform prior to extraction. The resulting
mixture was centrifuged at 2,200 g, 6 min, 4 °C to separate organic and aqueous phases, and
the organic phase containing extracted lipids was removed with a Pasteur pipette, dried under a
gentle stream of Nitrogen and stored at -80 °C prior to solid phase extraction (SPE). SPE was
performed at room temperature via gravity flow. SPE cartridge (500 mg silica, 6 ml, Thermo
Scientific, 60108-411) was conditioned with 15 ml hexane. Extracted lipids (reconstituted in 200
ml chloroform) were loaded onto column. Vial containing lipids was washed with an additional
100 ml chloroform and the wash also loaded onto the column. Neutral lipids were eluted with 16
ml 5% ethyl acetate in hexane, followed by elution of FAHFAs with 16 ml ethyl acetate. FAHFA
fraction was dried under nitrogen and stored at -80 °C prior to LC-MS.

9-PAHSA enantiomer hydrolysis assay. Rac-, S-, and R-9-PAHSA hydrolysis was
measured and analyzed as described.” Briefly, tissue/cell membrane lysates (20 pg) were

incubated with rac-, R-, or S-9-PAHSA (100 uM) in PBS (200 puL) at 37 °C while being shaken.
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Lipids were then extracted using a 2:1 CHCIls/MeOH mixture (400 uL) spiked with 9-
hydroxyheptadecanoic acid (50 pmol) as an internal standard. This mixture was votexed, and
spun for 5 min at 2200g. The bottom organic layer was isolated and dried. The extract was then
dissolved in 100 uL MeOH and 10 uL was subjected to LCMS using a Thermo TSQ Quantiva
MS fitted with an Acquity UPLC BEH C18 column (Waters).

Targeted LC-MS analysis of PAHSAs. PAHSAs were measured on a TSQ Quantiva
LC-MS via Multiple Reaction Monitoring (MRM) in negative ionization mode as described.' The
following MS source parameters were used: spray voltage, 3.5 kV; ion transfer tube
temperature, 325 °C; vaporizer temperature, 275 °C; sheath gas, 2.7 L/min; aux gas, 5.0 L/min;
and sweep gas, 1.5 L/min. A Luna C18(2) reversed-phase column (3 pum, 250 x 2.0 mm,
Phenomenex) was used. PAHSAs were resolved with isocratic flow at 0.2 mL/min using 93:7
MeOH: H>O with 5 mM ammonium acetate and 0.01% ammonium hydroxide over 100 minutes.
MRM [collision energy (CE) of 28 V , RF lens set at 106 V] was used to detect PAHSA (m/z
537.6 > 255.2).

Targeted LC-MS analysis of PAHSA enantiomers. PAHSA enantiomers were
analyzed on a TSQ Quantiva LC-MS in negative mode with the same parameters mentioned
above. Resolution of 9-PAHSA enantiomers was achieved using a Lux Cellulose-3 chiral
column (3 um, 250 x 4.6 mm, Phenomenex) with an isocratic flow rate of 0.4 mL/min of a 96:4
MeOH:H20 + 0.1% formic acid solution.

FAHFA biosynthesis assay. Prior to seeding HEK293T cells, 6-well plates were
pretreated with 50 mg/mL poly-lysine for 2 hours. Cells were grown in DMEM supplemented
with 10% FCS. After cells reached 90-95% confluence, the media (2 mL/well) was replaced with
100 mM R- or S-12-HSA.. After incubation at 37 °C, 5% CO2 for 2 hours, cells were washed with
sterile PBS (3x) and harvested by scraping. Cells were re-suspended in 1 mL sterile PBS and

mixed with 3 mL of 2:1 CHCl;:MeOH with internal standard (5 pmol'*C4-9-PAHSA). The sample

114



was vortexed and centrifuged at 2200 g. The bottom organic layer was isolated and dried. The

extract was then dissolved in 100 mL MeOH and 10 mL was subjected to LCMS.
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A Faster Protocol for Endogenous FAHFA Measurements
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Abstract

Fatty acid esters of hydroxy fatty acids (FAHFAs) are a recently discovered class of
endogenous lipids with anti-diabetic and anti-inflammatory activities. Interest in these lipids is
due to their unique biological activity and the observation that insulin resistant people have
lower palmitic acid esters of hydroxystearic acid (PAHSASs) levels, suggesting that a FAHFA
deficiency may contribute to metabolic disease. Rigorous testing of this hypothesis will require
the measurement of many clinical samples; however, current analytical workflows are too slow
to enable enough samples to be analyzed quickly. Here, we describe the development of a
significantly faster workflow to measure FAHFAs that optimizes the fractionation and
chromatography of these lipids. We can measure FAHFAs in 30 minutes with this new protocol
versus 90 minutes using the older protocol with comparable performance in regioisomer
detection and quantitation. We also discovered through this optimization that oleic acid esters of
hydroxystearic acids (OAHSAs), another family of FAHFAs, have a much lower background
signal than PAHSAs, which makes them easier to measure. Our faster workflow was able to
quantify changes in PAHSAs and OAHSAs from mouse tissues and human plasma highlighting

the potential of this protocol for basic and clinical applications, respectively.
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5.1 Introduction

The adipose tissue Glut4 overexpressor (AG40X) mouse model is a valuable system for
understanding the molecular pathways related to insulin sensitivity and metabolic disease'™®.
Normally, obesity in rodents and humans is linked to the onset of insulin resistance and,
eventually, the development of diabetes®’. AG40OX mice are unique because they are obese,
yet they remain insulin sensitive and are resistant to diabetes'®. Gene expression studies
followed by metabolic tracer studies revealed that AG40OX have increased lipid production (i.e.,
de novo lipogenesis (DNL)) in their adipose tissue and this increased DNL is necessary for the
improved metabolism of these mice®°. Elevated fatty acid levels are typically associated with
poorer metabolic outcomes® suggesting that AG40X mice might be producing beneficial lipids in
their adipose tissue. Lipidomics of these animals followed by structure elucidation of the lipids
with the largest fold change between AG40OX and WT samples revealed the existence of a new
class of lipids called Fatty Acid Esters of Hydroxy Fatty Acids (FAHFAs). FAHFA are highly
elevated in AG40X mice® and subsequent biological studies demonstrated that FAHFAs have
potent anti-diabetic and anti-inflammatory activities®'°. Serum and adipose tissue PAHSA levels
from insulin resistant people are lower indicating that a FAHFA deficiency might underlie
metabolic disease®.

FAHFA families are defined by the composition of the fatty acid and hydroxy fatty acid.
Analysis of AG40X adipose tissue revealed the existence of 16 different FAHFA families®. For
example, the two most highly upregulated FAHFA families in adipose tissue of AG40X mice
were palmitic acid esters of hydroxy stearic acids (PAHSAs) and oleic acid esters of hydroxy
stearic acids (OAHSASs).

Within each FAHFA family discovered so far there are multiple regioisomers, which differ

by the position of the ester. The distribution and amounts of the different regioisomers can vary
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substantially between tissues. In mice, for example, there are eight different PAHSA
regioisomers in adipose tissue three in liver, and six in serum®. The structural similarity of these
regioisomers poses a challenge for their detection and quantitation. Obtaining baseline
separation of different PAHSA regioisomers required extremely long isocratic gradients 90
minutes in length®"".

As interest in FAHFAs grows, faster protocols for analyzing and measuring different
families and regioisomers'? are needed. The current protocol for PAHSA measurements, for
instance, are time-consuming because of the difficulty in separating PAHSA isomers from each
other and from a contaminating ceramide®'". This protocol also had a background which was
negligible for most tissues with higher PAHSA levels but constitutes ~10-15% of the PAHSA
signal in serum, which has low PAHSA concentrations.

Here, we optimized the protocol for endogenous FAHFA measurements to afford a
method with significantly shorter run times but similar analytical performance. Our optimized
protocol provides a rapid, robust method for measuring FAHFAs (PAHSAs and OAHSAs) that
should increase the throughput and quality of endogenous FAHFA measurements for basic and

clinical studies.

5.2 Results and Discussion
Development of a faster FAHFA LC-MS gradient

In our previous studies, we established a 90-minute liquid chromatography (LC) method
to resolve PAHSA isomers using a Luna C18(2) (3 um, 250 x 2.0 mm, Phenomenex) column".
Due to the long run time of each sample, this method is not ideal for analyzing hundreds of
samples. To increase throughput of FAHFA analysis, we needed to shorten our run time while
maintaining chromatographic resolution of FAHFA regioisomers. Our prior method went through
extensive optimization of carrier solvents, additives, temperature, and flow rates and we did not

want to alter these in developing a new method''. We made a mix of different PAHSA isomers
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(5-, 9-, and 12-PAHSA) and OAHSA isomers (5-, 9-, and 12-OAHSA) and analyzed their
retention times and resolution using different reversed phase columns. We found that the
Acquity UPLC BEH C18 column (1.7 um, 2.1 mm x 100 mm, Waters) afforded the best
resolution in a 30-minute time frame (Figure 5.1).

In addition to shortening our run time, we also wanted to reduce the time and material for
sample preparation. After the extraction of lipids, we enrich for FAHFAs by using solid-phase
extraction (SPE). This step is critical in removing other lipids and contaminants that could impair
chromatographic resolution and cause signal suppression of FAHFAs. We previously
established a FAHFA enrichment setup using a silica extraction cartridge, however, this step
would take nearly 4 hours. The majority of this time was waiting for flow through of solvent by
gravity and drying down the eluted FAHFAs. To reduce the sample prep time, we modified the
SPE method to utilize smaller volumes of elution solvent in addition to using positive pressure
(nitrogen) to flow solvent through the column. Strata SI-1 Silica SPE cartridges (500 mg silica, 3
mL, Phenomenex) were conditioned with 6 mL of hexane, followed by sample addition to the
cartridge. Neutral lipids were then eluted using 6 mL of 95:5 hexane:ethyl acetate, followed by
the elution of FAHFAs with 4 mL of ethyl acetate. Solvents were added in 2 mL increments to
avoid overfilling the SPE column. When applying positive pressure through the column, it is
important not to dry out the sorbent bed mass to prevent phase collapse. This method can also
be used with a vacuum manifold compatible with the SPE cartridges. Overall, this SPE method

for FAHFA enrichment will take 1 hour.

Separation of 5-PAHSA from the ceramide contaminant.

The most referenced FAHFAs with biological activity are 5- and 9-PAHSA, therefore it is
essential that we can detect these two PAHSA regioisomers in biological samples with our
shorter method. In addition to SPE background issues when measuring PAHSA, another

challenge to measuring PAHSAs, specifically 5-PAHSA is the existence of a contaminating
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signal from a ceramide. Specifically, C16:0 ceramide shares all the major MRM transitions with
PAHSAs'. This peak can be differentiated from PAHSASs by its differences in MRM transitions
ratio. For example, the two most abundant product ions from the collision-induced dissociation
of PAHSAs are palmitate (m/z 255.2) and dehydrated HSA (m/z 281.2), with the m/z 255.2
being greater than the m/z 281.2. For the contaminant ceramide, this ratio reversed, with the
m/z 281.2 being greater than the m/z 255.2.

When initially measuring mouse serum PAHSAs with our faster method, we had issues
separating the 5-PAHSA and the ceramide peak. In order to separate the 5-PAHSA from the
ceramide, we tried altering the column temperature and flow rate (Figure 5.2a,b). Although
lowering the flow rate from 0.2 ml/min to 0.15 ml/min allowed separation of 5-PAHSA and the
ceramide peak, this came at the cost of extending the method from 30 minutes to 40 minutes. In
order to keep our method under 30 minutes, we decided to increase the pH of the mobile phase
by using 0.03% NH4OH instead of our usual 0.01% NH4OH (Figure 5.3c). The increase in pH
allows PAHSAs to elute faster while the neutral ceramide is unaffected, thus allowing resolution
of 5-PAHSA and the ceramide.

With the increase in NHsOH in the mobile phase, we were concerned that this would
break down FAHFAs as esters are base-labile. To test this, we ran a PAHSA ladder consisting
of 12-, 10-, and 9-PAHSA with either 0.01% NH4+OH or 0.03% NH4OH and compared the area
under the curves (AUC) (Figure 5.3). The increased pH does not degrade FAHFAs as can be
seen by comparing the integrated peak areas of the respective PAHSA standards. In addition,

with the increased pH, one can also observe the earlier retention shift of PAHSAs.

Solid-phase extraction contributes to the PAHSA background.
We previously reported that the use of silica SPE columns and some buffers yield
background when trying to detect PAHSA™'. For tissues with high levels of FAHFAs such as

WAT and liver, this background is negligible. However, for other tissues or serum where FAHFA
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levels are low, a background signal can account for up to 15% of the total PAHSA signal'".
Indeed, we find that this background is problematic when measuring serum PAHSAs using our
faster protocol where we observe extremely high background that can account for up to 50% of
the signal in some runs.

Previous literature has shown that the SPE cartridges can be major sources of
background contamination'™'®. The most abundant contaminants from the SPE cartridges are
phthalates and other plasticizers which are used in the manufacturing process of these
cartridges. This background contamination is not constant and can vary from lot-to-lot and even
column-to-column™. When we tested our SPE columns from two different lots, we observed
variation in PAHSA background (Figure 5.4). The two lots had background PAHSAs ranging
from 5- to 13/12-PAHSA, but with different PAHSA trace profiles. For example, in the cartridge
from lot one, 13/12- and 9-PAHSA have similar peak heights, while in lot two, 9-PAHSA has the
greatest peak height (Figure 5.5). This high level of background PAHSAs poses serious issues
when measuring PAHSA from serum or a tissue with low PAHSA levels. The lot-to-lot variation
also poses problems as the blank background levels can be significantly different.

The general workflow for the SPE enrichment of FAHFAs begins by prepping the SPE
column for sample loading by equilibration with hexanes, loading of the sample in 200 uL of
chloroform, followed by stepwise elution of analytes from the SPE column. To address the
background issue, we tested a SPE prewash step with different organic solvents to remove the
PAHSA background before equilibrating the column with hexanes.

We used different organic solvents in isolation or in combination to see which afforded
minimal PAHSA background (Figure 5.6). For example, for the “EA + MeOH Prewash” we
added 6 mL of ethyl acetate (EA) followed by 6 mL methanol (MeOH) before starting with our
conditioning step of 6 mL hexanes. For these blank runs, we added 200 uL CHCL3 to the

column after the conditioning step with hexanes to emulate true sample loading. We still

126



observed some PAHSA background with these prewashes, however it was significantly reduced
(Figure 5.6).

The triple wash with EA, MeOH, and DCM did not appear to have any added benefit
compared to the MeOH prewash alone. Although the MeOH prewash appeared to lower
background more than the EA prewash for this lot of SPE cartridges, when using biological
samples, we noticed the EA prewash was more reliable than MeOH prewash in sample
reproducibility. We believe this is due to the MeOH not being completely removed before the
sample is loaded, thus limiting the sample from binding to the stationary phase. We also tried an
NH. SPE cartridge to enrich for FAHFAs, but this also had high levels of background PAHSAs

that could not be removed with a MeOH prewash (Figure 5.7).

OAHSAs have lower background signal

Although PAHSAs have been the most studied FAHFAs to date®'®, we reasoned that
other FAHFA families may also serve as excellent markers of FAHFA levels. Indeed, during our
discovery of FAHFAs, we found six FAHFA families that were highly elevated in the AG40X
adipose tissue®. As mentioned previously, the SPE columns can cause significant PAHSA
background if the columns are not prewashed. In addition, if one alters the pH of the mobile
phase for FAHFA analysis, this could lead to overlap of the 5-PAHSA and the C16:0 ceramide.
Due to the potential diagnostic potential of serum FAHFA measurements, we wondered whether
other FAHFAs might have a lower background to obviate this issue.

PAHSAs and OAHSAs only differ by their acyl chains. PAHSAs have a palmitoyl group
(C16:0) while OAHSAs have an oleoyl group (C18:1). This physical difference can be seen
chromatographically, as the OAHSA regioisomers elute later than analogous PAHSA isomers.
For example, with our shorter method, the retention time of 9-OAHSA is ~19 min while the

retention time of 9-PAHSA is ~18 min, showing that OAHSAs are slightly more hydrophobic
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than PAHSAs (Figure 5.1c). This difference is more pronounced when comparing the same
OAHSA and PAHSA regioisomers with the original method (Figure 5.1b).

Before measuring OAHSAs in tissues, we needed to determine if OAHSAs have
background signal after SPE. Here we analyzed background OAHSA levels from two different
SPE cartridge lots (Figure 5.6). As shown earlier, SPE cartridges have high and varying
amounts of PAHSA background (red lines), yet the background OAHSA levels (blue lines), are
not distinguishable compared to noise. The non-existent OAHSA background signal is ideal for
studying the regulation of these lipids in tissues where total FAHFA levels are low, which

includes blood.

FAHFA regioisomers and quantitation

To validate that our optimized FAHFA detection method affords similar results as our
previous method, we analyzed PAHSAs in PGWAT of WT and AG40X mice using our shorter
method and the original method (Figure 5.8a,b). Previously, we have shown that PAHSAs are
significantly upregulated in the WAT of AG40OX mice, with 9-PAHSA being the most abundant
PAHSA isomer®. We observe the same profile when analyzing PAHSAs on the original and
shorter method from this biological sample (Figure 5.8a,b). When comparing the traces of the
PGWAT from WT and AG40X mice with the original method and the shorter method, the shape
of the peaks and the separation of the isomers look identical and full resolution of PAHSA
regioisomers is achieved. No prior data exists on OAHSA regioisomers and their distribution in
tissues. When analyzing OAHSAs in PGWAT in WT and AG40X mice, we observed increased
levels of OAHSAs in the AG40X, with 9-OAHSA having the highest degree of upregulation
(Figure 5.8c,d). This overall profile is similar to what is seen for PAHSAs and is also consistent
when comparing OAHSASs on the original and shorter methods.

When comparing the peak heights (the Y-axis of the chromatograms) with the same

sample on the original versus shorter the method, one will notice they are different. The peak
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height is shorter for the original method due to the sample being spread out over a longer period
of time compared to the shorter method. Although there is an obvious difference in peak height,
the area under the curve is unaffected and is the same between both methods (Figure 5.9).
When the same sample, either PGWAT WT or AG40X, is analyzed on the shorter method
versus the original method, the absolute quantities are the same.

We then quantified the PAHSA and OAHSA regioisomers in the PGWAT of WT and
AG40X mice using the shorter method and the longer method to determine whether there are
any performance differences (Figure 5.10). All measured PAHSA regioisomers measured were
increased in the AG40X mice, which is consistent with our previously reported measurements.®
We did notice that this cohort of AG40X mice had lower levels of 9-PAHSA than what was
previously reported, however, this may be due different age and sex of these mice. In our
original report of FAHFAs, we used female mice at 8-14 weeks of age®, while in this study we
used male mice at 40 weeks of age. Overall, the two methods performed equivalently with the
same concentrations of PAHSAs measured regardless of the gradient utilized.

In order to accurately quantify and properly assign endogenous OAHSA isomers based
on their retention times, we synthesized the internal standard '*C1s-12-OAHSA (Scheme 5.1;
Figure 5.11). In WAT, we detected 9-, 10-, 11-, 12, and 13-OAHSA in PGWAT, with 9-OAHSA
being the mostly highly upregulated OAHSA regioisomer in AG40OX mice. As with our longer
method, we could not achieve baseline resolution of the 12- and 13-OAHSA regioisomers,

therefore these two regioisomers are reported as a single value (i.e. 13/12-OAHSA).

Detection of PAHSAs and OAHSAs in human plasma.

Using the shorter method, we wanted to determine if we could detect PAHSAs and
OAHSAs in human plasma. To avoid the issue of dietary sources affecting endogenous plasma
FAHFAs, we analyzed PAHSAs and OAHSAs in fasting humans (Figure 5.12). 5-6 plasma

samples were analyzed in addition to two SPE procedural blanks to show background levels
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coming from the SPE cartridge. The background for PAHSAs can be seen from the black and
gray lines but are not visible when looking at plasma OAHSAs. For the PAHSA measurements
plasma was taken from 3 humans twice at on different days. For example, 1A and 1B represent
that same human, but with blood draws a couple weeks apart. For PAHSAs, 5-, 6-, 7-, 8-, 9-,
10-, 11-, and 13/12-PAHSA regioisomers were detected in all five human plasma samples. For
the OAHSAs, 8-, 9-, 10-, 11-, and 13/12-OAHSA can be identified with 8-,9-, and 10-OAHSA
having the highest levels. There is also a peak at ~24 minutes which is 5-OAHSA (see
alignment with 5-OAHSA standard (Figure 5.13). PAHSA and OAHSA levels not only vary
between different human subjects, but also from the same subject, and further human and

animal studies should provide more insight into this observation.

5.3 Conclusion

Here, we optimized the FAHFA chromatography to afford shorter run times without a
loss in baseline resolution between FAHFA regioisomers. We discovered that solid-phase
extraction (SPE) cartridges are the most significant and variable contributors to the PAHSA
background signal and the background can be mitigated by additional wash steps in the SPE
protocol. At the same time, other FAHFAs, in particular OAHSAs have no background, which
might make OAHSAs the ideal markers for blood FAHFA levels. Lastly, the faster protocol was
tested on fasting human plasma to determine the feasibility of this approach for clinical studies,
and we detected multiple PAHSA and OAHSA regioisomers with excellent analytical
performance.

The emerging importance of FAHFAs in biology and medicine will require better and
faster methods for their detection. By optimizing several key steps with a better column, we
reduced the analysis time by nearly 70%. Moreover, these studies revealed that other FAHFAs,
notably OAHSAs, have several qualities that improve their detection in blood, such as lower

backgrounds and lack of any contaminating lipids. However, the physiologic and
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pathophysiologic regulation and the biological activities of the OAHSAs have not been reported.
With this protocol in hand it should now be possible to determine whether FAHFAs, PAHSAs

and OAHSAs, are reliable markers of insulin resistance in people.
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5.4 Figures
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Figure 5.1. Development of a faster FAHFA Analysis Method. (a) Structures of 5-, 9-, and 12-
PAHSA and 12-OAHSA. Extracted ion chromatograms showing the retention times of 5-, 9-, and
12-PAHSA and 5-, 9-, 12-OAHSA standards on a Luna C18(2) (3 um, 250 x 2.0 mm,
Phenomenex) (b) and an Acquity UPLC BEH C18 column (1.7 um, 2.1 mm x 100 mm, Waters)
(c).
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Figure 5.2. Resolution of 5-PAHSA and ceramide. (a) Traces showing the effect of altering
column temperature ranging from 20 °C to 40 °C on resolution of 5-PAHSA and the ceramide.
(b) Traces showing the effect of different flow rates on the resolution of 5-PAHSA and ceramide.
(c) Traces showing the effect of increasing the mobile phase pH. Black lines represent the
transition m/z 537 - 255 (which is shared by PAHSAs and the ceramide contaminant). Purple
line represents the internal standard "*C+6-5-PAHSA, which is used as a surrogate for analyzing
5-PAHSA retention time. Although 5-PAHSA is present in mouse serum, it is not shown on as
the chromatogram has to be magnified in order to be seen.
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Figure 5.3. Stability of PAHSAs with different NH4OH percentages in mobile phase. Extracted
ion chromatogram of 12-, 10-, and 9-PAHSA with their respective AUC with either 0.01% NH4OH
(top trace) or 0.03% NH4OH (bottom trace).
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Figure 5.4. SPE cartridges have variable PAHSA background from lot-to-lot. Extracted ion
chromatograms for PAHSASs (top) and internal standard *C4-9-PAHSA (bottom). Internal
standard was added during the sample loading step to account for variation in the SPE

procedure.
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Figure 5.5. Background SPE OAHSAs and PAHSAs. Extracted ion chromatograms for
background PAHSAs (red) and OAHSAs (blue) in SPE cartridges from two different lots.
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Figure 5.6. Effects of prewashing SPE cartridge on PAHSA background. SPE columns from the
same lot number were prewashed with EA alone, MeOH alone, EA + MeOH, or EA + MeOH +
DCM and their PAHSA background was compared to PAHSA background from a non-
prewashed column (black line).
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Figure 5.7. SPE background using Strata NH2 (500 mg/ 3 mL) cartridges. Using the NH>
cartridges, we conditioned the columns with 4 mL of hexane and then followed with sample
application. We then eluted neutral lipids with 4 mL of CHCI3:IPA (2:1) and then eluted FAHFAs
with 4 mL of 2% acetic acid in diethyl ether. (a) Comparison of background PAHSAs with and
without a methanol prewash. Mouse serum PAHSAs are not above SPE background with (c) or
without a methanol prewash step (b).
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Figure 5.8. Analysis of OAHSAs and PAHSAs in PGWAT of WT and AG40OX with our original
and shorter method. Extracted ion chromatograms comparing PGWAT PAHSAs in AG40X and
WT mice using the original (a) and shorter method (b). Extracted ion chromatograms analyzing
OAHSAs in PGWAT WT and AG40X mice in the original (c) and shorter method (d).
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Figure 5.9. Quantitative comparison of WT and AG40X PGWAT using the original versus the
shorter method. Levels of 9-, 10, 11-, and 13/12-OAHSAs with the shorter and original methods
for PGWAT AG40X (a) and for PGWAT WT (b). OAHSA regiosomers quantified with the shorter
method are depicted by bars with horizontal lines, and regiosomers measured on the original

method are depicted by bars with vertical lines.
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Figure 5.10. PAHSA and OAHSA quantification and distribution in AG40X and WT PGWAT.
Quantification of PAHSA (a) and OAHSA (b) isomers in WT and AG40X PGWAT. Data are
expressed as means + SEM. Differences between groups was evaluated with Mann-Whitney
test. n=3-5/group, *p<0.05.
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Figure 5.11. Overlay of '3C1s-12-OAHSA and WT PGWAT OAHSAs. Overlay of extracted ion
chromatograms showing the internal standard *C+s-12-OAHSA compared to WT PGWAT

OAHSAs.
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Figure 5.12. PAHSA and OAHSA regioisomers in fasting human plasma. Extracted ion
chromatogram of PAHSASs (top trace) and OAHSAs (bottom trace).
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(bottom trace).
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Table 5.1 MRM transitions for PAHSAs and OAHSAs and their respective standards. Quantifier
ion is the fatty acid (FA), and the qualifier ions are the hydroxy fatty acid (HFA) and the HFA
dehydration product (HFA-H2O). The HFA-H20 ion and the FA ion for OAHSA have the same
m/z. The HFA ion and the FA ion for *Cs-12-OAHSA have the same m/z. Q1 represents parent
ion and Q3 represents daughter ions.

FAHFA Q1[M-H Q3FA Q3HFA Q3 HFA-H20
PAHSA 5375 2552  299.3 281.2
13C,-9-PAHSA 5415 2592 2993 281.2
OAHSA 5635 2812 2993 —

13C, 5-12-OAHSA 5816 2993 - 281.2

145



Scheme 5.1. Synthesis of *C1s-12-OAHSA. (a) A 250 mL round-bottom flask equipped with stir
bas was charged with 12-hydroxystearic acid (TCI, >75%, 20 g, 66.7 mmol, 1 eq) and methanol
(100 mL, 0.667 M), affording a clear solution. Concentrated sulfuric acid was added dropwise
(3.55 mL, 66.7 mmol, 1 eq), giving a clear solution. A condenser was attached and the reaction
was refluxed for 1 hour. Upon cooling to ambient temperature, solid sodium bicarbonate was
added in portions until the pH was ~7-8. The mixture was vacuum filtered through celite and
concentrated. The residue was taken up in ethyl acetate; washed with saturated aqueous
sodium bicarbonate, water, and brine; dried (sodium sulfate); filtered; and concentrated. The
crude white solid was recrystallized from hexanes, affording the desired product as a white solid
(16.0 g, 76%). (b) A 10 mL round-bottom flask equipped with stir bar was flame-dried under
vacuum, cooled to ambient temperature, flushed with nitrogen, sealed with a rubber septum,
and maintained under a nitrogen atmosphere. Uniformly "*C-labelled oleic acid (Cambridge
Isotope Laboratories, 25 mg, 0.083 mmol, 1 eq) and dry DCM (2 mL, 0.042 M) were added via
syringe, affording a clear, colorless solution. The reaction was cooled in an ice-water bath for 15
minutes before adding oxalyl chloride (0.03 mL, 0.35 mmol, 4.0 eq) dropwise via syringe. The
solution remained clear, but yellowed slightly. The reaction was allowed to warm to ambient
temperature and aged for 12 hours. The reaction was concentrated with the warming bath of the
rotavap at ambient temperature. The crude amber oil was used in the next step without further
purification. (¢) A 10 mL round-bottom flask equipped with stir bar was flame-dried under
vacuum, cooled to ambient temperature, flushed with nitrogen, sealed with a rubber septum,
and maintained under a nitrogen atmosphere. The reaction vessel was charged with methyl 12-
hydroxyoctadecanoate (25 mg, 0.081 mmol, 1 eq) and spurged with nitrogen. Dry DCM (1 mL,
0.041 M, 1/2 total volume) and pyridine (0.033 mL, 0.41 mmol, 5 eq) were added via syringe,
affording a clear, slightly yellow solution. The flask was submerged in an ice-water bath and
aged for 15 minutes before adding dropwise via syringe a solution of uniformly "*C-labelled
oleoyl chloride in dry DCM (1 mL, 1/2 total volume). The reaction was allowed to warm to
ambient temperature and aged twelve hours before quenching with deionized water (2 mL). The
biphasic mixture was vigorously stirred for 30 minutes before transferring to a separatory funnel.
The aqueous layer was extracted with DCM (5 mL x 3). Combined organics were washed with
0.5 M aqueous HCI (5 mL), saturated aqueous sodium bicarbonate (5 mL), brine (5 mL), dried
over sodium sulfate, filtered and concentrated. The residue was purified by column
chromatography, eluting with hexanes:ethyl acetate (100:0 to 95:5) affording the desired
product (28 mg) as a yellow oil in 60% yield over two steps. (d) Taking no precaution to
maintain a dry, inert environment, a 4 mL vial equipped with “flea” stir bar was charged with 18-
methoxy-18-oxooctadecan-7-yl uniformly *C-labelled-oleate (28 mg, 0.047 mmol, 1 eq) and
THF (1 mL, 0.05 M), giving a clear, colorless solution. An aqueous solution of lithium hydroxide
(0.094 mL, 1 M, 0.094 mmol, 2 eq) was added, giving a clear, colorless solution. The reaction
was stirred until conversion was complete. The reaction was acidified with ice cold aqueous HCI
until pH was ~1, and extracted with ethyl acetate (x3). Combined organics were washed with
brine, dried (sodium sulfate), filtered and concentrated to give 12-OAHSA as a clear oil (26 mg,
95%).
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5.5 Experimental Section

Chemicals and standards. All PAHSAs, OAHSAs, and *C4-9-PAHSA were purchased
from Cayman Chemical Company. The internal standard *C+s-12-OAHSA was synthesized as
described (Scheme 5.1)

Samples for FAHFA measurements. Male AG40X mice and WT FVB littermate
controls'® at 40 weeks of age were used for FAHFA measurements. Mice were fed on chow diet
(Lab Diet, 5008) ad libitum. Human plasma samples were prepared as previously described"’.

Lipid extraction. Lipid extraction was based on previous literature'"'®. PGWAT (150
mg) Dounce homogenized on ice in a mixture of 1.5 mL PBS, 1.5 mL methanol, and 3 mL of
chloroform. 5 pmol/sample of *C4-9-PAHSA and *C1s-12-OAHSA and 1 pmol/sample of *C1e-
5-PAHSA were added to the chloroform prior to extraction. The mixture was then centrifuged at
2,200 g, 5 min, 4°C to separate the organic (bottom) and aqueous phases. The organic phase
was then transferred to a new vial and dried down under a gentle stream of nitrogen and stored
at -80°C. For blood samples, 200 uL of mouse serum or human plasma was added to 1.3 mL of
PBS, 1.5 mL methanol and 3 mL chloroform with internal standard (1 pmol/sample of *C;-9-
PAHSA, *C+s-12-OAHSA, and "*C1s-5-PAHSA). The resulting mixture was then vortexed for 30
s and then centrifuged to separate the organic and aqueous phases. The organic phase was
transferred, dried and stored following the same method for tissues.

Solid phase extraction (SPE). SPE was slightly modified from a previously reported
method''. SPE was performed at room temperature using positive pressure (nitrogen) to push
solvents though a Strata Sl-1 Silica SPE cartridge (500 mg silica, 3 mL, Phenomenex, 8B-S012-
HBJ-T). For the following steps, we recommend adding the elution solvents in aliquots of 2 mL.
The SPE cartridge was first pre-washed with 6 mL of ethyl acetate and then conditioned with 6
mL hexane. Afterwards, extracted lipids, from the previous lipid extraction step, were

reconstituted in 200 pL chloroform and then applied to the cartridge. Neutral lipids were eluted

148



using 6 mL 5% ethyl acetate in hexane, followed by elution of FAHFAs using 4 mL ethyl acetate.
The FAHFA fraction was dried down under a gentle stream of nitrogen and stored at -80°C.
Targeted LC/MS analysis of PAHSAs and OAHSAs. PAHSAs and OAHSAs were
measured on a TSQ Quantiva LC/MS instrument using Multiple Reaction Monitoring (MRM) in
negative ionization mode. The following MS source parameters were used: spray voltage, 3.5
kV; ion transfer tube temperature, 325°C; vaporizer temperature, 275°C; sheath gas, 2.7 L/min;
aux gas, 5.0 L/min; and sweep gas, 1.5 L/min. An Acquity UPLC BEH C18 column (1.7 um, 2.1
mm x 100 mm, Waters) was used for separation of FAHFAs. PAHSAs and OAHSAs were
resolved with isocratic flow at 0.2 mL/min using 93:7 methanol:water with 5 mM ammonium
acetate and 0.03% ammonium hydroxide over 30 minutes. The column was kept at a constant
temperature of 25°C. Each extracted and fractionated sample was reconstituted in 40 uL
methanol and 10 pL was injected for analysis. Multiple reaction monitoring (MRM) was utilized
using one quantifier and one or two qualifier transitions per FAHFA (Table 5.1). The collision
energies (CE) for the MRM transitions are as follows: FA (29 V), HFA (28 V), and HFA-H20 (27

V).
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LAHLAs, a novel class of anti-inflammatory FAHFAs
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Abstract

Bioactive lipids are important contributors to physiology and different lipid classes
mediate different biology. Prostaglandins, leukotrienes, and thromboxanes are all members of
the eicosanoid family because they share an underlying structure of 20 carbons, yet modest
structural differences between these lipids can elicit very different biological activities. Fatty
acid esters of hydroxy fatty acids (FAHFAs) are a recently discovered class of bioactive
endogenous mammalian lipids with anti-diabetic and anti-inflammatory activity. FAHFAs are
classified into families based on the composition of fatty acid and hydroxy fatty acid. To date
there have been over 20 FAHFA families reported but only two FAHFA families—palmitic acid
esters of hydroxy stearic acids (PAHSAs) and docosahexaenoic acid esters of hydroxy linoleic
acid (DHAHLA)—have been functionally characterized. Akin to other bioactive lipids, to fully
appreciate the biological role of FAHFAs, additional members of this class of lipids should be
functionally characterized to determine their bioactivity. Here we report the identification,
structural elucidation, and functional characterization of linoleic acid esters of linoleic acid esters
(LAHLAs). The structure of a known oat oil lipid led us to hypothesize that oat oil might contain
FAHFAs, and analysis of a bioactive preparation of oat oil led to the identification of 13-LAHLA.
Synthesis of 13-LAHLA validated our structural assignment and confirmed the presence of this
lipid in oat oil as well in rodent tissues, indicating that this is also an endogenous lipid. Cellular
assays revealed that 13-LAHLA can inhibit LPS induction of the cellular inflammatory response
to down regulate the expression and secretion of cytokines and other important mediators of the
immune response. These studies highlight the importance of characterizing additional FAHFAs,

as they can reveal novel bioactive molecules which should be explored for biological activity.
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6.1 Introduction

Inflammation is a protective response to pathogens and injury that includes many cell
types and different classes of molecules including proteins and metabolites. Under normal
conditions inflammation helps clear pathogens and can remove dead cells from injured tissue,
and as these events occur the inflammation should subside. In the absence of resolution,
however, a state of chronic inflammation emerges, and can lead to additional diseases including
atherosclerosis and cancer.

One therapeutic option for treating inflammation target the biochemical pathways
associated with the production of pro-inflammatory prostaglandins, highlighting the importance
of lipid mediators in physiological pathways. The recent discovery of endogenous lipids with
anti-diabetic and anti-inflammatory activity, fatty acid esters of hydroxy fatty acids (FAHFAs),
indicate the existence of additional, uncharacterized lipid mediators of inflammation’.

FAHFA families are comprised of different combinations of fatty acids and hydroxy fatty
acids, such as palmitic acid esters of hydroxy stearic acids (PAHSAs) and oleic acid esters of
HSAs (OAHSASs). Within each FAHFA family there also exists several (as many as eight)
regioisomers that differ in the position of the linking ester with respect to the carboxylate. For
example, in human and mouse fat, we observe the following regioisomers: 13-PAHSA, 12-
PAHSA, 11-PAHSA, 10-PAHSA, 9-PAHSA, 8-PAHSA, and 5-PAHSA".

FAHFAs were discovered as a structurally novel class of upregulated lipids in a mouse
model that is insulin sensitive and protected from diabetes even though these animals are
obese. FAHFAs are also downregulated in humans that are insulin resistant but not diabetic,
supporting a role for these lipids in human biology and disease'. Biological testing of PAHSAs
revealed potent anti-diabetic and anti-inflammatory activities in vivo. Mechanistic studies
revealed that FAHFAs regulate several cellular and physiological pathways, and that some of

the biology is attributable to PAHSA acting as agonists for GPR120, a G-protein coupled

155



receptor’. Other ligands for GPR120 include the omega-3 fatty acids, which are essential fatty
acids that are obtained only through diet®. Analysis of FAHFAs in a mouse model of colitis
showed that anti-inflammatory activity of FAHFAs extends beyond metabolic models and further
solidified a role for GPR120 in mediating PAHSA activity®.

FAHFAs are endogenous metabolites in that we find their levels regulated by changes in
biochemistry on mice with similar diets, indicating their endogenous regulation. At least three
lipases—CEL, Aig1, and ADTRP—have been found to prefer FAHFAs as substrates in vitro,
suggesting the existence of dedicated biochemical pathways for regulating these lipids*®. For
some FAHFAs, exogenous sources of FAHFAs or FAHFA precursors (fatty acids or hydroxy
fatty acids (HFAs)) might contribute to their levels in vivo. Administration of omega-3 fatty acids
to cells or mice, for example, results in the production of docosahexaenoic acid esters of
hydroxy linoleic acids (DHAHLAs), which were shown to have potent anti-inflammatory activity
in cellular assays®. The discovery of DHAHLAs from DHA also signaled the possibility that
perhaps FAHFAs have a role in the activity of omega-3 fatty acids, and fish oils.

As a recently discovered class of lipids, there is still much more work that needs to be
done to explore the biological and potential therapeutic impact of the FAHFASs. Including all the
regioisomers, there are greater than 80 reported FAHFAs, yet only three of these have been
synthesized and tested for their biological activity. To expedite the discovery of additional
bioactive FAHFAs, we wondered whether there existed other, natural sources biologically active
lipids that hinted at the presence of bioactive FAHFAs. Oat oil emerged as a potential source of
bioactive FAHFAs because it has shown both anti-inflammatory and anti-diabetic activities”?,
like FAHFASs, and an digalactosyldiacylglycerol (DGDG) lipid containing a FAHFA, linoleic acid
ester of 15-hydroxy linoleic acid (15-LAHLA), has been identified®. We reasoned that this lipid
could be a metabolic precursor of FAHFAs.

Separation of oat oil afforded a FAHFA-enriched fraction that was then tested for

biological activity in an inflammatory assay. The FAHFA-enriched fraction showed a dose-
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dependent decrease in the production of IL-6 from a macrophage cell line treated with
lipopolysaccharide (LPS). While PAHSA levels are extremely low in oat oil, we found that oat oil
has high levels of uncharacterized 15-, 13-, and 9-LAHLA. Plasma analysis from people fed oat
oil revealed elevated levels of LAHLAs, which correlated with increases in the levels of the
appetite regulating hormones GLP-1, PYY, and CCK".

Hydroxy linoleic acids are also known as hydroxyoctadecadienoic acids, or HODEs,
which are endogenous mammalian lipids produced from the oxidation of linoleic acid by
lipoxygenases. The presence of HODEs in tissues suggested that endogenous LAHLAs might
exist and targeted lipidomic analysis of mouse and human tissues confirmed the presence of
13- and 9-LAHLA in white adipose tissue (WAT). Synthesis and testing of 13-LAHLA, which is
found in oat oil and mammalian tissues, revealed this lipid to be a potent modulator of cytokine

levels in LPS-treated macrophages.

6.2 Results and Discussion
Oat Oil and the FAHFA fraction from oat oil have anti-inflammatory activity

Because other FAHFAs have shown to have anti-inflammatory properties, we tested
whether oat oil and FAHFA-enriched oat oil could modulate inflammation using an in vitro cell
culture model. The experiment measures interleukin 6 (IL-6) release from a mouse macrophage
cell line (RAW 264.7 cells) upon treatment with lipopolysaccharide (LPS). Previously, this assay
had been used to demonstrate anti-inflammatory effects for 9-PAHSA and 13-DHALHA, as both
of these lipids mitigated LPS-stimulated IL-6 release from RAW 264.7 cells®. We used this
assay to test whether oat oil had any effect in this assay. We performed a dose-response by
incubating different concentrations of oat oil (2-400 parts per million (ppm)) for 20 hours and
then measured secreted IL-6 levels. For oat oil, suppression of LPS-stimulated IL-6 secretion

was observed as low as 10 ppm (~15% inhibition) with a clear dose-response (Figure 6.1b).
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To determine whether FAHFAs within oat oil might be responsible for this activity, we
enriched FAHFASs using a previously established solid-phase extraction (SPE) protocol'®. We
performed a dose-response experiment with the FAHFA-enriched oat oil (2-400 parts per million
(ppm)) for 20 hours and then measured secreted IL-6 levels. This fraction was more potent that
the unenriched fraction with ~30% inhibition at 2 ppm and >90% inhibition at 100 ppm and
(Figure 6.1c). To show that these effects were due to activity and not cytotoxicity, we performed
a MTT cell viability assay (Figure 6.2). There was no observed death cellular death at the
tested concentrations of oat oil and FAHFA-enriched oat oil.

These experiments positively identify oat oil as a source of lipid soluble molecules with
the ability to modulate cellular inflammation but does not conclusively identify FAHFAs since
other molecules might also be enriched in this fraction. For instance, previous studies have
identified a natural product class called avenanthramides from oats with anti-inflammatory
activity''?. Thus, we still need to determine whether oat oil contains FAHFAs, and whether

those FAHFASs have biological activity that are consistent with these observations.

LAHLAs a new FAHFA family are abundant in oat oil

Using our established targeted liquid chromatography mass spectrometry (LC-MS)
method in multiple reaction monitoring (MRM) mode'®, we analyzed oat oil to determine if there
were free FAHFAs after FAHFA-enrichment using SPE. FAHFAs are analyzed in negative
ionization mode and yield three characterized product ions that that correspond to the free fatty
acid (FFA), the hydroxy fatty acid (HFA), and the dehydration product of the hydroxy fatty acid.
First, we looked for PAHSAs and OAHSASs, two families that are in high abundance in mouse
adipose tissue. These experiments validated the existence of FAHFASs in oat oil as we could
detected some PAHSA and OAHSA regioisomers; however, the levels of these lipids were very
low (~ 1 pmol/mg in oat oil, which we thought would be too low to observe any biological

activity.)
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FAHFA metabolism in oats might favor different families and isomers, so we expanded
our search to include other FAHFAs, including FAHFAs we had not observed in mammalian
tissues. In particular, we were sure to include transitions for LAHLAs, which were reported as
parts of the galactolipids. Specifically, we monitored the precursor-to-product ion transitions to
the component linoleic acid (m/z 557.5 - 279.2, red) and hydroxy linoleic acid (m/z 557.5 >
295.2, black) to detect LAHLAs (Figure 6.3a). This analysis revealed the existence of three
different LAHLA isomers in oat oil (Figure 6.3b) and MS2 data for all three isomers provided the
signature ions (m/z 279.2, m/z 295.2, and m/z 277.2) expected for a LAHLA (Figure 6.3c).

Unlike the PAHSAs and OAHSAs, which are less than 1 pmol/mg, LAHLAs are much
more abundant reaching concentrations of ~350 pmol/mg. We found no other FAHFAs in these
samples that were as abundant as the LAHLAs and we focused our energy on the potential role

of the LAHLAs.

LAHLAs are present in human plasma after oat oil ingestion

With the large abundance of LAHLAs present in oat and the beneficial metabolic effects
seen from human subjects who ingest oat oil, we wanted to determine if these favorable effects
could be due to FAHFAs. To investigate this, we measured plasma FAHFAs in people that had
consumed oat oil and compared these samples to controls (no oat oil). Initial blood samples
were taken after the subjects fasted overnight. Subsequent blood samples were taken at 1, 3, 5,
and 7 hours post-ingestion of a controlled breakfast supplemented with either oat oil or yogurt
(control).

Using LC-MS we did not observe any LAHLA peaks in the plasma of subjects when
fasting overnight, however three peaks (retention time = 7.5, 8.5, and 9.3 min) were present at
every time point after oat oil ingestion (Figure 6.3e). Although all three LAHLA peaks exist at
each time point after the subject has ingested oat oil, the levels of these peaks vary. For

example, over time, the 7.5 peak decreases while the 8.5 and 9.4 peaks increase. When
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comparing the MRM of LAHLAs in subjects ingesting oat oil versus control, LAHLAs were much
lower in plasma control subjects versus oat oil ingesting subjects, suggesting that oat oil is the
source of these lipids or that oat oil is modulating endogenous LAHLA levels (Figure 6.4).

We also quantified the levels of PAHSAs and OAHSAs in the plasma of subjects
ingesting oat oil versus the control food (Figure 6.3f,h). Plasma PAHSA and OAHSA levels
were not changed in oat oil versus control subjects. By contrast, plasma LAHLA levels were
increased in the plasma of oat oil treated subjects at every measured time point post-ingestion.
The highest plasma concentration of LAHLAs (~ 40 nM) was measured at 7 hours post-
ingestion which was ~45-fold higher than control treated subject plasma also at 7 hours.

As reported in the initial study, ingesting oat oil such lowers glycemia and increasing
satiety hormones GLP-1 and PYY, and CCK at 7 hours post-ingestion’. LAHLA levels correlate
with these beneficial effects. Since pure LAHLAs were not administered in these studies we can
only speculate that LAHLAs might responsible for some of the beneficial effects; however, we
feel that the data points to the LAHLAs as an interesting new family of FAHFAs that warrant

further investigation.

Identification of the LAHLA regioisomers in oat oil

To be able to study these LAHLASs in greater detail, we needed to know which
regioisomers were present and then synthesize pure version of these lipids for biological
assays. The numbering nomenclature of FAHFAs is determined by the carbon of the hydroxy
fatty acid where the ester is formed (starting from the carboxylate), such as 5-, 9-, and 13-
PAHSA. As mentioned, we observed three LAHLA peaks, indicating the presence of at least
three different LAHLA regioisomers. To identify the structures of these LAHLA isomers, we
developed an approach based on the recently reported method for the structural elucidation of

the 13-DHAHLAS®. By performing an MS3 they were able to identify the family and regioisomer of
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the 13-DHAHLA, with the MS3 spectra providing the information necessary to identify the
regioisomer.

We did not have access to an instrument capable of MS3 measurements, so we
performed a pseudo-MS3 instead. In this approach, we increased the source voltage of the
mass spectrometer to induce the first fragmentation of the LAHLAs into LA and HLA, and then
fragmented the HLA in the mass spectrometer to reveal the regioisomer position of the ester
group (Figure 6.5a). Analysis of the oat oil samples using this approach led to HLA fragments
that with the same exact retention times (6.0, 6.7, and 7.3 min) as the LAHLA peaks (Figure
6.5b). Pure 13-HLA (also known as 13-HODE) eluted much earlier in the gradient indicating that
the HLA fragments we were detecting are product ions of the LAHLAs (data not shown).

The most abundant fragment ions of the HLA peaks at 6.0, 6.7 and 7.3 were used to
determine where the position of the hydroxy group is on the HLA (Figure 3c,d). For example,
using a MS2 scan range of m/z 100-250 the HLA fragmentation profile for the peak at 6.0 yields
a major ion at m/z 223.1699 which is consistent with a calculated fragment of 15-HLA (m/z
223.1704). The peak at 6.7 min matches to 13-HLA with a product ion at m/z 195.1383 and the
peak at 7.3 matches to 9-HLA with a product ion at m/z 171.1017. The 13- and 9-HLA fragment
results are consistent with prior results using the standard MS3 approach®.

The relative retention times of LAHLASs is consistent with what we observe for other
FAHFAs: the farther away the ester is from the carboxylate the earlier the retention time (i.e.,
15-LAHLA elutes first and 9-LAHLA elutes later). The large abundance of 15-LAHLA in oat oil is
consistent with the high abundance of 15-HLA and 15-LAHLA-containing galactolipid (Figure
6.1a and 6.3b)*". The three LAHLA isomers in human plasma correspond to 15-, 13-, and 9-
LAHLA (Figure 6.3e), but 13-LAHLA is the most abundant LAHLA at 3 hours (Figure 6.3e),
suggesting that endogenous metabolism is also playing a role in shaping the levels of different

LAHLA regioisomers.
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LAHLASs are present in mouse and human adipose tissues

We have previously shown that PAHSAs are endogenous FAHFAs with the highest
levels found in adipose tissue'. There exist multiple PAHSA regioisomers with 9-PAHSA being
the most abundant PAHSA. Although PAHSAs are present in some foods, they can be
synthesized endogenously. We explored if LAHLAs were also present in mouse adipose tissues
as well. We examined subcutaneous white adipose tissue (SQWAT) of wild-type (WT) mice fed
ad libitum for the presence of LAHLAs and observed that there were multiple LAHLA
regioisomers present with 13-LAHLA being the most abundant regioisomer (Figure 6.7a,b). We
also observed a similar finding with 13-LAHLA being the most abundant regioisomer in human
white adipose tissue (Fig 6.7c,d). Additional studies will be needed to know whether 13-LAHLA
is produced in tissues locally, but for now it is sufficient to know that 13-LAHLA can be found in
mammalian tissues as a potential bioactive lipid. Because 13-LAHLA was the most abundant
plasma lipid after three hours in subjects ingesting oat oil, and we could find evidence of 13-
LAHLA in rodent and human adipose tissue but not 15-LAHLA, we decided to focus on 13-
LAHLA since it would inform us about a bioactive lipid that is present in oat oil and in

mammalian tissues.

Synthesis and characterization of 13-LAHLA

To determine if 13-LAHLA has direct effects on metabolism and inflammation, we first
needed to synthesize 13-LAHLA (Figure 6.6a). The characteristic precursor-to-product ion
transitions and the retention times were the same for the synthetic and natural 13-LAHLA
indicating a structural match (Figure 6.6b). Using the synthetic 13-LAHLA, we validated the

structure of the LAHLA isomers in oat oil and human plasma as 13-LAHLA (Figure 6.6c).
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13-LAHLA exhibits anti-inflammatory effects in vitro

PAHSAs, specifically 9- and 5-PAHSA have been shown to have anti-inflammatory
effects. PAHSAs have been shown to block LPS-stimulated dendritic cell activation and cytokine
production’. In addition, these PAHSAs were protective against dextran sodium sulfate-induced
colitis in mice®. In vitro data shows that PAHSAs exhibit their anti-inflammatory effects through
GPR120, however, other anti-inflammatory signaling pathways may be involved”.

Due to beneficial effects of PAHSAs, we wanted to know if LAHLAs are also bioactive
which would be consistent with other FAHFAs and with our initial results with oat oil assays. We
analyzed the effects of 9-PAHSA and 13-LAHLA on suppressing LPS-stimulated mRNA
cytokine levels in RAW 264.7 macrophages. Both 9-PAHSA and 13-LAHLA at 10 uM
significantly suppressed mRNA levels of IL-6 and IL-18, with 13-LAHLA having a much greater
effect (Figure 6.8a,b). In addition, 13-LAHLA (10 uM) also suppressed mRNA levels of iINOS
and COX-2 in RAW 264.7 cells when co-stimulated with LPS for 20 hours (Figure 6.8c,d).
These pro-inflammatory cytokines and downstream effectors of INOS and COX-2 such as NO
and prostaglandins, respectively, in activated macrophages play crucial roles in inflammatory
diseases. We hypothesize that 13-LAHLA is interfering with the stimulatory signaling of LPS on
nuclear factor kappa B (NF-kB) as this proinflammatory transcription factor modulates diverse

transcriptional targets including IL-1B, IL-6, COX-2 and iNOS™.

Synthesis of a non-hydrolyzable 13-LAHLA

To rule out the possibility that the effect of 13-LAHLA was not due to its hydrolytic
products LA or 13-HLA (13-HODE), we synthesized a non-hydrolyzable 13-LAHLA derivative.
We replaced the internal ester to an amide and call this compound 13-aza-LAHLA (Figure

6.8e). To test that 13-aza-LAHLA was protected from enzymatic hydrolysis, we performed an in
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vitro substrate hydrolysis assay using either 13-LAHLA or 13-aza-LAHLA as a substrate for
carboxyl ester lipase (CEL), our fastest reported FAHFA hydrolase (Figure 6.8f). 13-LAHLA
was significantly hydrolyzed by CEL-transfected membrane proteome while 13-aza-LAHLA was
protected from hydrolysis. We then sought to determine if changing the ester to an amide would
affect activity. We tested 13-aza-LAHLA and 13-LAHLA for their ability to suppress IL-6
secretion in LPS-stimulated RAW 264.7 cells (Figure 6.8g). At 25 uM, 13-aza-LAHLA exhibited
stronger inhibition of LPS-induced IL-6 secretion than 13-LAHLA. 9-PAHSA was used a positive
control. This data shows that altering the ester to an amide of 13-LAHLA does not negatively

affect its activity.

6.3 Conclusion

The presence of a DGDG-monoestolide, which contains a 15-LAHLA in its structure, led
to the hypothesis that some of the biological activity of oat oil might be due to heretofore
unidentified FAHFAs in the oat oil. The identification of the biologically active 13-LAHLA
validated this hypothesis and revealed a novel FAHFA family with potent anti-inflammatory
activity. Several questions about the mechanism of LAHLA activity remain, but our results
suggest that this lipid, which is also found in mouse tissues, might have a central role in
regulating cellular and physiological inflammation. Future studies should explore the regulation

and role of 13-LAHLA in vivo as a mediator of inflammation.
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6.4 Figures
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Figure 6.1. Anti-inflammatory effects of oat oil. (a) Structure of a highly abundant DGDG-
monoestolide found in oat seed. The FAHFA moiety is highlighted in red. Oat oil (b) and
FAHFA-enriched oat oil (c) effects on LPS-stimulated RAW 264.7 IL-6 secretion. 400, 100,
10, and 2 ppm of oat oil and FAHFA-enriched oat oil was co-treated with LPS for 20 hours
and the media was removed for IL-6 analysis while the cells were then were tested viability.
Data represents mean + S.E.M. for three biological replicates. ****P < 0.0001; **P < 0.01;
versus LPS by one-way ANOVA. ns, not significant.
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Figure 6.2. MTT cell viability assay for oat oil and FAHFA-enriched oat oil treatment.
Corresponds to Figure 6.1b,c.
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Figure 6.3. LAHLAs are present in oat oil and human plasma post-ingestion of oat oil. (a)
Structure of 15-LAHLA showing the hydroxy linoleic acid (black) and linoleic acid (red). (b)
MRM of LAHLAs in oil shows three peaks representing three different LAHLA regioisomers.
FAHFAs were normalized to the internal standard "*C,-9-PAHSA. Data represents mean +
S.D. (n =2). (c) MS2 of expected LAHLA at m/z 557.5 yields three major fragments at m/z
279.2, m/z 295.2, and m/z 277 .2. (e) Representative MRM chromatogram of LAHLAs in
human plasma before and after ingesting oat oil. The three peaks represent three LAHLA
regioisomers. (f-h) Levels of plasma FAHFAs in oat-oil versus control treated subjects over
the time course of 7 hours. (f), PAHSA, palmitic acid ester of hydroxy stearic acid; (g)
OAHSA, oleic acid ester of hydroxy stearic acid (h) LAHLA, linoleic acid ester of linoleic acid.
Time 0 hours represents plasma FAHFAs when subjects fasted overnight. Data represents
mean + S.E.M. (n = 10-12). *P < 0.05 by two-sided Student’s t-test for oat oil treated versus
control treated.
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Figure 6.5. Identification of LAHLA regioisomers. (a) Schematic of a pseudo-MS3 approach
to identify the hydroxy position of the LAHLA HLA. (b) lon chromatogram of FAHFA-enriched
oat oil with a source energy of 60 eV showing the presence of LAHLAs (m/z 557.4575) and
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of MS/MS fragments from 15-HLA, 13-HLA, and 9-HLA which correspond with the major
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Figure 6.6. Synthesis and characterization of 13-LAHLA. (a) Synthesis of 13-LAHLA. (b)
MRM of 13-LAHLA (m/z 557) showing relative ratios of the three LAHLA-specific
transitions. (¢) Chromatogram of LAHLA isomers in human plasma at 7 hour post-
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Figure 6.7. 13-LAHLA is present in mouse and human WAT. (a) Chromatogram of LAHLA
isomers (m/z 557.5 - 279.5) in mouse SQWAT (top trace) with 13-LAHLA standard
(bottom trace) for retention time alignment and isomer identification. (b) Quantification of
13-LAHLA and total LAHLA levels in mouse SQWAT. Data represents mean + s.e.m. (n =
3). (¢) Chromatogram of LAHLA isomers in human WAT (top trace) compared to 13-
LAHLA standard (bottom trace). (d) Quantification of 13-LAHLA and total LAHLA in
human WAT. Data represents mean + s.e.m. (n = 3).
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Figure 6.8. Anti-inflammatory effects of 13-LAHLA and 13-aza-LAHLA. (a) Effects of 9-
PAHSA (10 uM) and 13-LAHLA (10 uM) on IL-6 and IL-18 mRNA levels in RAW 264.7
macrophages co-treated with LPS (100 ng/mL) for 20 hours. Data represents mean + S.D. (n
= 3-4). ***P < 0.001, ****P < 0.0001 by two-sided Student’s t-test for FAHFA treated versus
LPS treated alone. (b) Effects 13-LAHLA (10 uM) on iNOS and COX-2 mRNA levels in RAW
264.7 macrophages co-treated with LPS (100 ng/mL) for 20 hours. Data represents mean +
S.D. (n = 3-4). *P < 0.01, ***P < 0.001by two-sided Student’s t-test for FAHFA treated
versus LPS treated alone. (¢) Structure of 13-LAHLA (top) and 13-aza-LAHLA (bottom) (d)
In vitro substrate assay for 13-LAHLA and 13-aza-LAHLA using membrane proteomes of

mock- and CEL-transfected HEK293T cells.
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2.5 Experimental Section

Chemicals. 9-PAHSA was purchased from Cayman Chemical. 13-LAHLA and 13-aza-
LAHLA were synthesized.

Mouse and human tissue for FAHFA measurements. Wild-type C57BL/6J mice were
purchased from Jackson Laboratories. All animals were housed in groups on a 14-h light, 10-h
dark schedule at the Salk. All animal care and experimental procedures were in accordance
with the standing committee on the Use of Animals in Research and Teaching at Salk and
Institutional Animal Care and Use Committee (IACUC), and the National Institutes of Health
Guidelines for the Humane Treatment of Laboratory Animals. SQWAT was collected
immediately after euthanasia and snap frozen using liquid nitrogen. Human adipose tissue from
a 46 year-old African American female was purchased (BioreclamationlVT, Hicksville, NY).
Human plasma samples were obtained and prepared as previously described’. An IRB letter of
exemption for the deidentified human plasma samples used in this study is on file at the Salk
Institute for Biological Sciences.

Lipid extraction and SPE. Lipid extraction of samples and solid-phase extraction was
performed as previously described™. Briefly, WAT (150 mg) was dounce homogenized on ice
in a mixture of PBS, methanol, and chloroform (1.5 mL/1.5 mL/3 mL). Five pmol of *C4-9-
PAHSA was added to the chloroform prior to lipid extraction as an internal standard. The
mixture was vortexed and then centrifuged at 2200 g for 5 min. The organic layer (bottom) was
then transferred to a new vial, dried down, and then stored at -80°C for future use. The human
plasma was prepared similarly, except no dounce homogenization was performed. SPE was
performed at room temperature using a Strata SI-1 silica cartridge (500 mg silica, 3 mL ,
Phenomenex). The column was washed using 6 mL of ethyl acetate followed by column
equilibration with 6 mL hexanes. The lipid extract from the prior step was then added to the

equilibrated column and neutral lipids were removed using 6 mL of 95:5 hexanes:ethyl acetate
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followed by the elution of FAHFAs with 4 mL ethyl acetate. This eluate was dried down and then
subjected to LC-MS analysis.

Cell culture methods. RAW264.7 cells were cultured in RPMI 1640, supplemented with
10% FBS at 37 °C and 5% CO..

IL-6 ELISA and viability assay. RAW 264.7 cells were seeded using a 48-well plate
(2.5 X 10* cells per well). The next day when cells were ~50% confluent, cells were co-treated
with LPS (100 ng/mL) and compound (oat oil extract or FAHFA) in a total volume of 200 pL
media for 20 hours at 37°C before the supernantants were collected. Secreted IL-6 was
quantified using the mouse IL-6 ELISA MAX™ Deluxe Kits following the manufacturer’s protocol
(BioLegend). After the media was removed for IL-6 measurements, the remaining cells were
assessed for their viability using the MTT assay according to the manufacturer’s protocol
(Calbiochem).

qT-PCR. RAW 264.7 cells (6-well plate, 60-70% confluent) were co-treated with FAHFA
and LPS (100 ng/mL) or the equivalent amount of DMSO in cell media for 20 hours. Total RNA
was isolated using a Purelink RNA Mini Kit (Thermo Fisher), according to the manufacturer’s
instructions. RNA from each replicate (2 ug) was reverse transcribed to double-stranded cDNA
using the QuantiTect Reverse Transcription Kit (Qiagen). gRT-PCR was performed using a
LightCycler 480 Il (Roche), with SYBR Green gPCR Master Mix (Bimake). qRT-PCR reaction
conditions were: 95 °C for 10 min; 35 x (95 °C for 15 s; 55 °C for 30 s; 72 °C for 30 s). The
relative quantification of gene expression was calculated by using the 222 approximation
method. The primers used in this study are were GAPDH, iNOS1'5, COX2'", IL-6%, and IL-1B®
(IL-1B and IL-6 primer sequences were obtained through personal communication). GAPDH
forward 5-AGG TCG GTG TGA ACG GAT TTG-3’, GAPDH reverse 5-TGT AGA CCA TGT
AGT TGA GGT CA-3’; COX2 forward 5-GGA GAG ACT ATC AAG ATA GT-3’, COX2 reverse:

5’-GGA GAG ACT ATC AAG ATA GT-3, iNOS forward 5-AAT GGC AAC ATC AGG TCG GCC

174



ATC ACT-3’, INOS reverse 5-GCT GTG TGT CAC AGA AGT CTC GAA CTC-3’; IL-6 forward
5’- AAC CAC GGC CTT CCC TAC TT-3’, IL-6 reverse 5'- GCC ATT GCA CAACTC TTT TCT
C-3’; IL-1B forward 5'- ACC TGG GCT GTC CTG ATG AGA G-3’, IL-1B reverse 5-CCA CGG
GAA AGA CAC AGG TAG C-3'.

13-LAHLA and 13-aza-LAHLA hydrolysis assay and analysis. The hydrolysis assay
was performed as previously described*®. Briefly, mouse CEL- or mock- transfected membrane
proteomes (20 ug) from HEK293T cells were incubated with 100 uM 13-LAHLA or 13-aza-
LAHLA in PBS (200 pL) at 37 °C while being shaken. After 15 minutes, the reaction was
stopped by the addition of a 2:1 CHCIl3:MeOH mixture (400 pL). C17:1 free fatty acid (500 pmol)
and 9-hydroxyheptadecanoic acid (9-HHDA, 50 pmol) was premixed with the CHCls/MeOH
mixture as an internal standard. The mixture was vortexed and centrifuged at 2200g for 5 min
and the bottom layer was collected and dried under a stream of nitrogen. The extract was then
resolubilized in 100 uL of MeOH and 10 uL was injected onto a Q Exactive LC-MS instrument.
To measure the rate of hydrolysis of 13-LAHLA and 13-aza-LAHLA, we measured free linoleic
acid (m/z 279.23) and normalized this to the C17:1 (FFA) (m/z 267.23) internal standard and
divided this by the amount of protein used (20 ng) and reaction time (15 min).

Targeted LC-MS analysis of FAHFAs. FAHFAs were measured on a TSQ Quantiva
LC-MS instrument using multiple reaction monitoring (MRM) in negative ionization mode as
previously described®. Resolution of FAHFAs was achieved using an Acquity UPLC BEH C18
column (1.7 um, 2.1 mm X 100 mm, Waters) with a flow rate of 0.2 mL/min with a 93:7 (MeOH:
H>O) mobile phase with 5 mM ammonium acetate and 0.03% ammonium hydroxide. LAHLAs
were analyzed by monitoring the following precursor-to-product ion transitions, m/z 557.5 >
279.2 and m/z 557.5 - 295.2, which correspond to the parent LAHLA to linoleic acid and

LAHLA to hydroxy linoleic acid, respectively.
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Pseudo-MS3 for analysis of LAHLA regioisomers. Oat oil (5 uL) was dissolved in 2:1
CHCI3:MeOH (400 pL) and then 5 uL was subjected to LC-MS analysis. LC separation was
achieved using a Gemini 5U C-18 column (Phenomenex). Resolution of LAHLAs was achieved
using using an Acquity UPLC BEH C18 column (1.7 um, 2.1 mm X 100 mm, Waters) with a flow
rate of 0.2 mL/min with a 93:7 (MeOH: H20) mobile phase with 5 mM ammonium acetate and
0.03% ammonium hydroxide. MS analysis was performed using a Thermo Scientific Q Exactive
Plus fitted with a heated electrospray ionization source. To facilitate in-source fragmentation, the
in-source CID was set to 60.0 eV. To attain MS2 data of HLA, the m/z of the negative HLA ion

m/z 295.227 was added to the inclusion list to of masses to be fragmented.
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