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ABSTRACT

Aspen Rene Gutgsell: Novel Strategies to Enhance LPL Activity In Vivo
(Under the direction of Saskia Neher)

Lipoprotein lipase (LPL) is required for the clearance of triglycerides (TG) from the
bloodstream. LPL is anchored to the walls of blood vessels where it undergoes conformational
changes to engage TG-rich lipoprotein particles, hydrolyze TG within the particle, and release
free fatty acids. LPL activity is tightly regulated in a nutrient-dependent manner to coordinate the
delivery of free fatty acids to specific tissues. The unique ability of LPL to directly control plasma
TG levels makes it a good target for specific TG-lowering therapeutics. However, directly
targeting LPL may be a difficult as it has several regulatory partners and disruption of activators
or its endothelial anchor will abolish LPL activity. Alternatively, pharmacologic modulation of
proteins that regulate LPL has been shown to dramatically lower plasma TG levels in both
preclinical animal models and human clinical trials. One approach is to inactivate a subset of
LPL inhibitory proteins, known as angiopoietin-like protein 3 or 4 (ANGPTL3, 4). Despite not
knowing the molecular mechanism for how ANGPTL3 inhibits LPL, anti-ANGPTL3 monoclonal
antibodies have shown great promise in clinical trials for severe HTG. The molecular
mechanism for ANGPTL4-mediated inhibition of LPL has been more thoroughly investigated,;
however, therapeutic strategies that result in complete loss of ANGPTL4 have not been
successful in preclinical animal models.

This thesis aims to better understand the molecular mechanism of LPL inhibition by
ANGPTL3 and ANGPTL4 and use this information to enhance the activity of LPL in vivo. To

better understand the molecular mechanisms of ANGPTL-mediated inhibition of LPL, we i)



performed biophysical experiments to compare ANGPTL3 and ANGPTL4 in vitro, ii) looked for
differences in LPL inhibition and iii) identified ANGPTL4 binding sites on LPL. Lastly, we sought
to improve upon existing ANGPTL4 inhibitors by generating a domain-specific inhibitor of
ANGPTLA4 to prevent LPL inhibition. Overall, we have identified LPL variants with ANGPTL4
resistance and an anti-ANGPTL4 single domain antibody for inactivation of the N-terminal
domain of ANGPTLA4. These results could have implications for future biologic-based

therapeutics for hypertriglyceridemia and acute pancreatitis.
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CHAPTER 1

Mechanistic review of lipoprotein lipase and emerging strategies for treating
hypertriglyceridemia

1.1 Overview of triglyceride metabolism

Fatty acids contained within a glycerol backbone, or triglycerides (TG), are a vital source
of energy. The chemical properties of TG molecules make them an extremely efficient moiety
for long term energy storage. However, these same properties make them difficult to store and
transport within water-based systems (1). Fortunately, vertebrates have evolved elegant
mechanisms for storing and transporting these extremely hydrophobic molecules. TG are
solubilized in specialized tissues within dedicated organelles and transported within specific
plasma lipoprotein particles (1).

Chylomicrons and VLDL production - TG are sourced for metabolism from two
pathways: exogenous (dietary) and endogenous (hepatic) (2). Dietary TG are first emulsified by
bile salts within the small intestine and hydrolyzed into free fatty acids (FFA) by pancreatic
lipase. FFA are absorbed by enterocytes and transported to the ER for esterification into TG
(Figure 1.1A). Within the ER, microsomal triglyceride transfer protein (MTP) assembles TG,
cholesterol esters, and apolipoprotein B-48 (apoB-48) into nascent chylomicrons (3).
Chylomicrons are transported to the Golgi for secretion into lymphatic circulation and enter the
bloodstream through the subclavian vein (Figure 1.1A) (3). In circulation, chylomicrons mature
by acquiring apolipoprotein C-Il (apoC-Il) and apolipoprotein E (apoE) from high-density

lipoprotein (HDL) particles (3).



The second pathway assembles endogenous TG into very-low-density lipoprotein
(VLDL) particles and secretes them directly into circulation from the liver. In a similar process as
enterocytes, hepatocytes esterify FFA into TG using diacylglycerol O-acyltransferases within the
ER membrane (4). MTP assembles apolipoprotein B-100 (apoB-100), cholesterol esters, and
TG into VLDL particles

(Figure 1.1B). Nascent VLDL particles are secreted from the liver directly into the bloodstream
and mature by acquiring apoC-Il and apoE from HDL. Unlike enterocytes, hepatocytes can
obtain FFA from three different sources: i) direct absorption of FFA from the plasma, ii) uptake
of remnant chylomicrons and iii) uptake of dietary medium-chain fatty acids (2).

Chylomicron and VLDL clearance — TG-rich lipoproteins are large particles that cannot
be removed from circulation without being broken down. Lipoprotein lipase (LPL) is the rate-
limiting enzyme in plasma TG clearance (5). LPL is primarily produced in the parenchymal cells
of the skeletal muscle, heart, and adipose tissue whereby its transcription, secretion, and post-
secretory activity are tightly regulated in a nutrition-dependent manner (6, 7). Heparan sulfate
proteoglycans (HSPGs) anchor freshly secreted LPL to the cell surface of parenchymal cells in
the interstitial space. Glycosylphosphatidylinositol-anchored high-density lipoprotein binding
protein 1 (GPIHBP1) preferentially displaces LPL from cell surface HSPGs and shuttles LPL into
the capillary endothelium where it anchors it to the vessel walls (8). GPIHBP1-anchored LPL
hydrolyzes TG within circulating VLDL and chylomicrons to release FFA into the plasma and
surrounding tissues (Figure 1.1C) (9). In the vasculature, LPL activity is spatially and temporally
regulated by several partner proteins to control the delivery of fatty acids to specific tissues. The
mechanism of LPL regulation by each of these partner proteins will be discussed in detail in
sections 1.1.2 and 1.1.3.

As LPL hydrolyzes TG within VLDL and chylomicron patrticles, the vesicles shrink to form
intermediate-density lipoprotein particles (IDL) and chylomicron remnants, respectively (Figure

1.1C). These remnant lipoprotein particles are cleared from circulation upon binding to the



surface of the liver by HSPGs and internalized by the low-density lipoprotein receptor (LDLR)
and LDL receptor-related protein 1 (LRP1) (Figure 1.1D). Alternatively, IDL can be further
metabolized by hepatic lipase to form low-density lipoprotein particles (LDL). Interestingly, LPL
has been shown to have a second role in TG metabolism that is independent of its catalytic
activity. Enzymatically inactive LPL associates with remnant lipoprotein particles and facilitates
hepatic uptake by directly binding LDLR and LRP1 (10, 11). The precise mechanism for how
LPL becomes catalytically inactive and dissociates from GPIHBPL1 is not entirely understood;
however fatty acids and other LPL partner proteins have been shown to dissociate LPL from
GPIHBP1 (12). Nonetheless, LPL-mediated uptake of remnant lipoproteins can significantly
affect plasma TG levels as humans with an LPL gain of function mutation, S447X, have
enhanced remnant lipoprotein uptake and lower average TG levels (11, 13).
Hypertriglyceridemia — Dyslipidemia occurs when the balance between lipoprotein
production and lipoprotein clearance is altered or impaired. One of the most common forms of
dyslipidemia is hypertriglyceridemia (HTG), or elevated plasma TG levels. HTG is an independent
risk factor for cardiovascular disease (14). There are several drivers of HTG that contribute to its
prevalence in ~27% of the general population (15). Drivers of HTG include obesity, metabolic
disease, renal disease, autoimmune disease, and genetic mutations. Despite its association with
cardiovascular disease, treatment for the majority of HTG cases is limited to adopting a low-fat
diet with regular exercise (16). Pharmacologic intervention, in the form of fibrates or statins, is
only considered for cases of very high HTG or if the patient has additional risk factors for
cardiovascular disease (17). Current treatment options are not effective for everyone and the
need for additional therapeutics has motivated several independent research groups to develop
novel TG-lowering therapeutics. This chapter will provide an overview of our current structural
and mechanistic understanding of LPL in TG metabolism and emerging biologic therapeutics for

the treatment of HTG for the prevention of cardiovascular disease.



1.1.1 LPL structure

Historically, structural and biophysical studies of LPL have been limited by an inability to
produce large quantities of catalytically active enzyme. Five intramolecular disulfide bonds and
two N-linked glycosylation sites restrict LPL production to mammalian cell culture, where the
overall purification yield is notoriously poor (18). LPL contains a furin protease cleavage site
between its N- and C-terminal domain that inactivates it and diminishes the overall yield of
enzymatically active lipase by several-fold. Therefore, our group generated a furin-resistant
mutant of LPL (R324N) and found that co-expression with its ER-resident partner protein, lipase
maturation factor 1 (LMF1), increased the overall quality and yield of LPL by over 20-fold (18).
Since then, others have improved the yield of LPL such that two independent groups were able
to produce enough LPL to solve the crystal structure of LPL in complex with GPIHBP1 (19, 20).

Birrane and colleagues produced up to 15 mg of furin-resistant LPL (R324A) upon co-
expression with LMF1 in CHO cells and mixed with a two-fold molar excess of GPIHBP1 for
crystallization (19). Their 2.8 A resolution structure (PDB: 6E7K) revealed GPIHBP1 binds LPL in
a 1:1 stoichiometry primarily through hydrophobic contacts at the C-terminal domain (Figure 1.2A).
The N-terminal domain of LPL contains an a/f3 hydrolase fold, commonly found in lipases, with a
serine protease-like catalytic triad, an oxyanion hole to coordinate fatty acid tails of the lipid
substrate for hydrolysis, and an unresolved lid domain that covers the active site (Figure 1.2A).
The 6E7K structure is missing electron densities for the first four amino acids of the mature protein
(residues 28-31), residues 249-258 of the lid domain, residues 414-421 within the C-terminal
tryptophan-rich lipid-binding region, and the last five amino acids of LPL (residues 471-475). Two
LPL-GPIHBP1 complexes were arranged in a head-to-tail orientation within a crystallographic unit.
The unresolved C-terminal tryptophan-rich lipid-binding region of one LPL molecule was predicted
to interact with the catalytic pocket in the N-terminal domain of another LPL molecule. Although
they could not resolve electron density at the proposed dimer interface, the authors conclude the

6E7K structure is consistent with previous studies suggesting LPL is a homodimer (19).



Arora and colleagues co-expressed wild type LPL with LMF1 and glycosylation deficient
GPIHBP1 (N78D/N82D) in HEK293 Freestyle suspension cells (20). Although both groups had a
slightly different approach for generating LPL-GPIHBP1 complexes, the resulting structures were
very similar. However, Arora and colleagues were able to solve an additional 2.8 A resolution
structure that included the entire lid domain and lipid-binding region after soaking a novel inhibitor
in the active site (PDB: 60B0) (Figure 1.2B) (20). The 60BO structure revealed the lid and lipid-
binding region create hydrophobic patches on the surface of LPL. The authors determined that
none of their LPL-GPIHBP1 structures (PDB: 60AZ, 60AU, 60B0) indicate the presence of a
physiological LPL-LPL protein interface and conclude the LPL-GPIHBP1 complex is monomeric
and provide biochemical evidence that this complex is enzymatically active (20).

LPL, purified from bovine milk by heparin-sepharose, was first described as a
homodimeric enzyme by sedimentation equilibrium ultracentrifugation and analytical gel
chromatography (21). Since then, nearly a dozen publications have supported the notion that
enzymatically active LPL is a homodimer (22—-32). This notion has only recently come into
guestion with evidence that monomeric LPL in complex with GPIHBP1 is enzymatically active
from three publications by two different research groups (20, 33, 34). Beigneux and colleagues
performed sedimentation ultracentrifugation experiments and enzyme activity assays on LPL
alone and in complex with GPIHBP1 and determined that catalytically active LPL exists as a
monomer.

1.1.2 LPL enzymatic activation

Apolipoprotein C-Il — The first activator of LPL was identified as apolipoprotein C-II (apoC-
I1) in 1970 (35, 36). ApoC-ll is a small, a-helical protein that is almost exclusively expressed in the
liver and small intestine (2). In circulation, apoC-Il avidly binds to lipid surfaces of lipoprotein
particles. TG-rich lipoproteins, like chylomicrons and VLDL particles, are hydrolyzed by apoC-II-

activated LPL and form remnant lipoprotein particles. As the surface pressure on the lipoprotein



particle increases, apoC-Il desorbs from the lipoprotein surface and transfers onto high-density
lipoproteins (HDL) (37).

The crystal structure for apoC-Il has not be solved, but secondary structure prediction and
nuclear magnetic resonance analysis reveal that apoC-Il is made up of three a-helices in the
presence of lipid (38, 39). The first N-terminal a-helix is an amphipathic A-type helix that strongly
associates with lipoproteins (37, 39, 40). The second helix is short and mostly appears to form
random coils. The third C-terminal helix is a G-type helix that does not bind lipid as tightly as the
N-terminal a-helix (37). Site-directed mutagenesis and synthetic peptide analysis suggest this C-
terminal helix is primarily responsible for binding LPL at a 1:1 stoichiometry (41-43). The precise
binding site for apoC-Il on LPL is not known, but cross-linking studies suggest apoC-Il binds near
the lid domain of LPL and may displace the lid to facilitate TG entry to the catalytic site (44).
Kinetically, apoC-Il enhances LPL activity on TG-rich lipoprotein substrates with an estimated Kq
of 22 nM (44, 45).

Genetic mutations resulting in apoC-Il deficiency result in a rare, but severe form of HTG
known as familial chylomicronemia syndrome (FCS). The most common cause of FCS is LPL
deficiency, but loss of LPL partner proteins like LMF1, GPIHBP1, apoC-Il, and apoA-V also cause
FCS (46). Several apoC-ll mutations are missense mutations within the first N-terminal a-helix
that are predicted to abolish its ability to bind lipoproteins (2). Mutations in the third C-terminal
helix likely abolish binding and activation of LPL (2). Unfortunately, the consequences of loss of
LPL activity are severe as there are limited treatment options for patients with FCS (47).

Apolipoprotein A-V — Apolipoprotein A-V (apoA-V) is produced and secreted from the liver
at sub-lipoprotein concentrations where just 4% of VLDL particles are estimated to carry one
apoA-V molecule (48). Although apoA-V exists at low plasma concentrations, apoA-V deficiency
results in severe HTG. Similar to other apolipoproteins, apoA-V is predicted to be primarily a-
helical and has a high affinity for lipid membranes (49). In vitro and in vivo studies suggest apoA-

V indirectly promotes LPL-mediated hydrolysis of TG-rich lipoproteins by forming a ternary



complex between the lipoprotein particle, endothelial cell surface HSPGs, and LPL (50).
Additional evidence suggests apoA-V also stimulates the remnant lipoprotein uptake through
interactions with LDLR and HSPG (51). Interestingly, LPL is known to also interact with LDLR to
mediate remnant lipoprotein uptake but it is not known if apoA-V is involved in LPL-mediated
lipoprotein uptake processes. Overall, the precise mechanism of apoA-V is not well understood
but in vitro studies have shown that apoA-V alone does not activate LPL at physiological
concentrations (45, 50).
1.1.3 LPL enzymatic inhibition

Apolipoprotein C-1 — Apolipoprotein C-1 (apoC-l) is a 6.6 kDa protein that is primarily
expressed in the liver and, to some extent, expressed in the lung, skin, spleen, adipose, and brain
tissues (52). Circulating apoC-I associates with chylomicrons, VLDL, and HDL and is present at
a relatively high concentration of 10 mg/dL (53). Although, studies in both humans and mice have
shown that increased expression of apoC-I results in HTG, loss of apoC-I in mice does not affect
plasma lipid concentrations. Overexpression of the APOC1 gene was shown to primarily increase
VLDL concentrations by primarily inhibiting LPL activity and, to a lesser extent, inhibiting hepatic
VLDL receptor-mediated uptake of VLDL particles (53). Using in vitro LPL activity assays, Larsson
and colleagues demonstrated that the addition of exogenous apoC-I displaces LPL from both rat
chylomicrons and Intralipid emulsions in a dose-dependent manner (54). The authors estimate
that roughly 10-20% of the Intralipid substrate was covered with apoC-I, therefore, LPL expulsion
from the substrate is unlikely attributed to steric effects. Rather, apoC-l is predicted to modify the
surface properties of the lipid particles such that LPL can no longer bind (54).

Genetic variants in APOCL1 identified in human population studies are associated with TG
levels, as well as, total cholesterol and LDL cholesterol. Hypomorphisms in the APOC1 promotor,
Hpal, have been shown to increase apoC-| expression by ~57% and, concomitantly, increase TG

levels.



Angiopoietin-like protein 3-4-8 — Angiopoietin-like proteins (ANGPTL) are a family of
proteins with similar domain architecture to angiopoietins (ANG) and have a diverse set of
biological roles. Both ANG and ANGPTL share an N-terminal coiled-coil domain and a C-terminal
fibrinogen-like domain. The ANG family are primarily involved in angiogenesis via their well-
documented interactions with tyrosine kinase receptors, Tiel and Tie2 (55). ANGPTL proteins
are involved in lipid metabolism, inflammation, and angiogenesis independent of the Tiel and
Tie2 receptors (56). ANGPTL3, 4, and 8 have a prominent role in triglyceride metabolism as
known inhibitors of LPL (57).

ANGPTL3 (54 kDa) and ANGPTLS8 (22 kDa) are secreted glycoproteins that are almost
exclusively expressed in the liver. ANGPTL3 expression is independent of nutritional status and
it circulates in the blood in a full-length and a proteolytically cleaved N-terminal coiled-coil domain
and a C-terminal fibrinogen-like domain. The C-terminal fibrinogen-like domain has been shown
to interact with a,[3; integrin and promotes angiogenesis in endothelial cells (58). Concomitantly,
both full-length and the N-terminal coiled-coil domain are primarily responsible for LPL inhibition,
giving ANGPTL3 a role in both TG metabolism and angiogenesis (59). ANGPTLS, to date, has
only been shown to have a role in TG metabolism as its expression is specifically upregulated
after feeding (60). Although ANGPTL3 is capable of inhibiting LPL on its own in vitro, its ability to
inhibit LPL in vivo is largely dependent on the presence of ANGPTLS after feeding. For example,
the hypertriglyceridemic effect of ANGPTL3 overexpression in ANGPTL8 knockout mice is
blunted and, likewise, the hypertriglyceridemic effect of ANGPTL8 overexpression in ANGPTL3
knockout mice is attenuated in the absence of ANGPTL3 (60-62). Furthermore, co-
immunoprecipitation experiments suggest ANGPTL8 primarily circulates in complex with
ANGPTL3 within the plasma (60). However, the molecular mechanism of ANGPTL3/8 complex
formation and LPL inhibition is not well understood.

Even though ANGPTL3 alone can inhibit LPL in vitro, several independent studies report

the potency of LPL inhibition is significantly enhanced in complex with ANGPTL8 (61-63). Multiple



groups have reported that ANGPTL3 and ANGPTL8 only form a complex when they are co-
expressed in vivo or denatured and refolded together in vitro (61, 63). Given that both ANGPTL3
and ANGPTLS8 are almost exclusively expressed in the liver, the dependence on co-expression
for complex formation and LPL inhibition may explain why ANGPTL3 alone does not inhibit LPL.
Before the discovery of ANGPTLS8 in 2012, Ono and colleagues determined that the ability of
ANGPTL3 to inhibit LPL both in vitro and in vivo was dependent on its heparin-binding motif within
the N-terminal coiled-coil domain. Mutations within the heparin-binding motif inactivated
ANGPTL3 and resulted in enhanced LPL activity and lower plasma TG levels in mice (59). The
authors suggested the in vivo activity of ANGPTL3 may be suppressed when bound to
proteoglycans and activated by interacting with another protein (59).

Human population and animal studies have been an important resource for understanding
of the overall role of ANGPTL3/8 on lipid metabolism. Humans with loss of function mutations in
ANGPTL3 have familial combined hypolipidemia with 17-27% lower TG levels, 9-12% lower LDL
cholesterol levels, 0-4% lower HDL levels, and a 34-39% lower risk for coronary artery disease in
heterozygous carriers (64—66). Hypolipidemia is replicated in mice and nonhuman primates
treated with anti-ANGPTL3 monoclonal antibodies or ANGPTL3 targeted antisense
oligonucleotides (64, 67, 68). Human ANGPTLS8 variants have a slightly different lipid profile with
increased plasma HDL cholesterol levels and decreased TG levels (69). The human phenotype
is also replicated in animal studies where ANGPTL8 knockout mice or anti-ANGPTL8 antibody-
treated nonhuman primates have lower plasma TG by ~65% and increased HDL cholesterol by
~30% (70). The difference in HDL levels after loss of ANGPTL3 versus ANGPTLS is likely due to
the fact that ANGPTL3 is an inhibitor of endothelial lipase (EL) and ANGPTLS is not (68). EL has
lipolytic activity against phospholipids and primarily hydrolyzes HDL particles (71). Overall, mouse
knockout and overexpression studies suggest that after feeding ANGPTL8, in complex with
ANGPTLS3, inhibit LPL in oxidative tissues to direct dietary fatty acids to white adipose tissue for

storage (70).



ANGPTL4 is a 45 kDa secreted glycoprotein whose expression is detected in several
types of tissues but is most abundantly expressed in adipose and the liver (72). Unlike ANGPTL3
and ANGPTL8, ANGPTLA4 is capable of inhibiting LPL on its own and its expression is specifically
upregulated during periods of fasting (73). Similar to ANGPTL3, ANGPTL4 is secreted into the
plasma as both full-length and a proteolytically cleaved N-terminal coiled-coil domain and a C-
terminal fibrinogen-like domain. The C-terminal fibrinogen-like domain binds a.ps, B1, and s
integrins, fibronectin, and vitronectin with roles in regulating endothelial cell adhesion, migration,
and angiogenesis (74—76). Both the full length and the cleaved N-terminal coiled-coil domain are
responsible for LPL inhibition (77). The multitude of ANGPTL4 partner proteins make it the most
physiologically versatile among its ANGPTL family members (56).

There is some controversy surrounding the molecular mechanism of ANGPTL4-mediated
inhibition of LPL. Sukonina and colleagues first reported that the cleaved N-terminal coiled-coil
domain of ANGPTL4, herein referred to as nANGPTL4, is an irreversible inhibitor of LPL that
dissociates active LPL dimers into inactive, unfolded monomers (78). In 2013, Lafferty and
colleagues expressed concern over this mechanism (79). The concern surrounded the fact that
on its own, purified LPL is prone to thermal unfolding and inactivation (25). Purified LPL requires
additives for stabilization to effectively measure its kinetic activity in vitro (80, 81). Sukonina et al.
used heparin to stabilize LPL and Lafferty et al. used deoxycholate. The authors were not
convinced that LPL was sufficiently stabilized in a number of the assays performed by Sukonina
et al. and suggested that this may have resulted in the misinterpretation of the molecular
mechanism for inhibition. Lafferty and colleagues found that deoxycholate-stabilized LPL is
reversibly, noncompetitively inhibited by nANGPTL4 (79). Both mechanisms have been
supported by additional studies and between the different models, the concentration of
NANGPTL4 required for LPL inhibition is nearly an order of magnitude different where heparin-
stabilized LPL is inhibited by low nanomolar concentrations of NANGPTL4 and deoxycholate-

stabilized LPL is inhibited by low micromolar concentrations (11, 18, 82—85). In 2009, it was shown
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that GPIHBP1 protects LPL from nANGPTL4 inhibition, however, the highest concentration tested
was just 20 nM of NnANGPTL4 (82). In contrast, Hayne and colleagues found that even in the
absence of deoxycholate, GPIHBP1 did not protect LPL from nANGPTL4 inhibition at low
micromolar concentrations (11). Overall, conflicting data surrounding the mechanism of
ANGPTL4 inhibition of LPL may largely depend on the method for LPL stabilization and the
answer to the actual mechanism will likely be found in physiologically-relevant assay conditions.

GPIHBP1 has largely been demonstrated to be the most physiologically relevant stabilizer
of LPL (82, 86). Within the vasculature, the vast majority of catalytically active LPL is bound to
GPIHBP1. The most recent proposed molecular mechanism of ANGPTL4 inhibition of LPL was
published in 2015 where Chi and colleagues revealed that both full-length and nANGPTL4 bind
LPL and dissociate it from GPIHBP1. This work was recently supported with compelling evidence
by Nimonkar and co-workers showing an LPL-GPIHBP1 covalent fusion protein is resistant to
inhibition of full-length ANGPTLA4. Both Chi and Nimonkar show strong evidence that ANGPTL4
binds LPL where previous studies using heparin-stabilized LPL were unable to observe evidence
of NANGPTL4-LPL complex formation (78, 87). Nimonkar and colleagues revealed ANGPTL4 out
competes GPIHBP1 for binding LPL. However, we do not know if ANGPTL4 remains bound to
LPL after dissociation or if this mechanism of inhibition is reversible. Interestingly, ANGPTL4 is
present in LPL-bound LDL fractions in plasma of mice overexpressing ANGPTL4 (88). Perhaps
ANGPTL4 remains bound to LPL following GPIHBP1 dissociation to temporally alter LPL-
mediated uptake of apoB-containing lipoproteins.

Similar to ANGPTL8, genetic mutations resulting in loss ANGPTL4 confer a
cardioprotective lipid profile with decreased TG levels and increased HDL levels (89, 90). Human
carriers of inactivating ANGPTL4 mutations have a decreased risk of coronary artery disease (89).
ANGPTL4 knockout mice and anti-ANGPTL4 monoclonal antibody-treated nonhuman primates
replicate human lipid phenotypes and are protected from coronary artery disease (89, 91).

However, the complete loss of ANGPTL4 in animal models results in severe mesenteric
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lymphadenopathy when maintained on a high-fat diet (89, 91, 92). To date, no humans with
complete loss of ANGPTL4 have been reported (90, 93, 94). All variants are either heterozygous
or homozygous for missense mutations that do not abolish ANGPTL4 expression or secretion
(93). Overall, a combination of human and mouse knockout/overexpression studies suggest
ANGPTLA4 acts as a local inhibitor of LPL during periods of fasting to direct TG-rich lipoproteins
away from white adipose tissue for oxidative catabolism (88, 95-97). Additional studies support
the notion that ANGPTL4 acts as a local inhibitor of LPL such that during cold exposure,
ANGPTL4 expression is downregulated in brown adipose tissue by AMPK and concomitantly
upregulated in the white adipose tissue (98). During periods of exercise, human studies have
shown that ANGPTL4 is upregulated in nonexercising muscle or liver to potentially direct TG
lipolysis to the exercising muscle (99, 100). In concert ANGPTL3/8 and ANGPTL4 precisely
regulate LPL in a tissue-specific manner to ensure that energy-rich TG are utilized efficiently as
an important source of fuel (57).

1.2 Emerging biologic therapeutics for the prevention of cardiovascular disease

1.2.1 Overview of current biologics for dyslipidemia

Biologics are defined as a class of therapeutics sourced from a living system, meaning
they are either nucleic acid or amino acid-based (101). The market is primarily composed of
monoclonal antibodies, vaccines, recombinant proteins, antisense oligonucleotides, and RNA
interference molecules for indications in infectious disease, oncology, immunology, and
autoimmune disease (102). In 2018, the biologics market was valued at $251.5 million and the
market value is projected to grow by nearly 12% by 2026 (102).

The area of dyslipidemia has interesting roots in the biologics market as the first-ever
approved gene therapy in 2012 was for the treatment of LPL deficiency, or FCS (103). Since then,
only five biologics have come to market for the treatment of dyslipidemia. Mipomersen is an
antisense oligonucleotide targeted against apo-B100 mRNA that was approved by the FDA in

2013 for the treatment homozygous familial hypercholesterolemia (HoFH) (104). However, is only
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available to a restricted group of patients because preventing the translation of apoB-100 and
secretion of VLDL particles seriously increases the risk for hepatic steatosis and hepatotoxicity.
Sebelipase alfa, an enzyme replacement therapy for the treatment of a rare lysosomal acid lipase
deficiency, was approved by the FDA in 2015 (103). Evolocumab and alirocumab are two
monoclonal antibodies for the treatment of hypercholesterolemia that were approved by the FDA
in 2015 (105). Both antibodies target proprotein convertase subtilisin kexin type 9 (PCSK9) and
concomitantly reduce LDL cholesterol levels by up to 60% (104). PCSK?9 is a protease responsible
for the degradation of LDLR, therefore, PCSK9 inhibitors are an effective strategy for increasing
LDLR recycling and enhance LDL clearance (106).

1.2.1 Investigational biologics for hypertriglyceridemia

Volanesorsen — Apolipoprotein C-11l (apoC-Ill) is an 8.8 kDa glycoprotein produced in the
liver and small intestine. Like other apolipoproteins, it circulates in the plasma on the surface of
chylomicrons, VLDL, LDL and HDL particles (107). Plasma concentrations of apoC-Ill are
positively associated with plasma TG levels and risk for coronary artery disease, such that
humans with loss of function variants have low TGs concomitant with a lower risk for coronary
artery disease than noncarriers (107, 108). Given the clinical benefit of genetic loss apoC-lll, lonis
Pharmaceuticals and Akcea Therapeutics developed volanesorsen, a second-generation
antisense oligonucleotide (ASO) against apoC-Ill mMRNA for the treatment of severe HTG.

The mechanism for apoC-llI-mediated HTG has been somewhat controversial over the
years. ApoC-lll seems to have multiple roles in TG metabolism, but early in vitro studies
suggested apoC-lll primarily increase TG levels by inhibiting LPL. The proposed mechanism for
LPL inhibition was similar to that of apoC-I, where apoC-lll displace LPL from TG-rich
lipoproteins in a dose-dependent manner (54). Although this mechanism could be true, ASO
studies suggest that the primary effect of apoC-Ill on TG metabolism is independent of LPL
inhibition. Volanesorsen was tested in patients with severe HTG resulting from loss-of-function

mutations in LPL (109). The treated subjects experienced 71-90% reductions in apoC-lli
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concomitant with 56 — 86% decrease in TG levels (110). Therefore, it was hypothesized that
apoC-IIl primary mode of action may be by inhibition of hepatic VLDL uptake. This model was
tested by administering volanesorsen to mice lacking the LdIr and Lrpl genes. The lipid-
lowering effect of the ASO was abolished in mice lacking LDLR and LRP1, suggesting apoC-lll
primarily increase plasma TG by inhibiting hepatic uptake of VLDL particles, rather than LPL
inhibition (111).

Volanesorsen is a gapmer family ASO where the core nucleotides are deoxynucleotides
and the flanking nucleotides are 2’-O-2-methoxyethyl-modified nucleotides (112). Furthermore,
all cytidine residues are modified with 5-methyl groups. This formulation enhances the ASO
half-life by preventing degradation from nucleases and allows pairing at the 3’ untranscribed
region of APOC3 mRNA and causes duplex degradation by ribonuclease H1 (112). To date,
volanesorsen has completed two phase Il clinical trials in patients with severe HTG or FCS.
Both studies administered volanesorsen as a subcutaneous injection once weekly. In the FCS
cohort, 62% of the subjects had LPL mutations and after 12 weeks of treatment patients
experienced an 84% decrease in apoC-lll levels concomitant with 77% decrease in plasma TG
levels (110). The most common adverse outcomes in the study was injection site reaction (61%)
and thrombocytopenia, or low platelet count (45%) (109). Five subjects left the trial due to
increased bleeding risk from thrombocytopenia, others also experienced decreased platelet
count but were able to continue in the trial.

Overall, the successful completion of phase Il clinical trials for volanesorsen resulted in
approval for the treatment of FCS in Europe by the European Medicines Agency (EMA).
However, the FDA rejected volanesorsen for the treatment of FCS due to increased risk of
bleeding from thrombocytopenia in September 2018. The precise cause of thrombocytopenia is
not entirely known. Population studies have revealed that humans with loss of function

mutations in apoC-IIl have not been observed to have an increased risk for thrombocytopenia,
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rather, thrombocytopenia has been reported as an adverse side effect with other ASO
therapeutics (113, 114).

Evinacumab — A monoclonal antibody targeted against ANGPTL3, evinacumab, is a
promising therapeutic for hypercholesterolemia and HTG. After successful completion of phase
Il clinical trials in homozygous familial hypercholesterolemia (HoFH), the EPA designated
evinacumab as a breakthrough therapy for HoFH (110). The majority of HoFH patients are
intensively treated with combinations of statins, PCSK9 inhibitors, and other approved
cholesterol-lowering medications but still have high levels of LDL cholesterol due to loss of
function mutations in LDLR (115). Current cholesterol-lowering therapeutics block LDL
production, dietary absorption, or enhance LDL clearance via LDLR. However, these therapies
are not usually enough to lower cholesterol in patients with HoFH as clearance of LDL
cholesterol is severely impaired without LDLR.

Fortunately, evinacumab lowered LDL cholesterol levels by a mean of 49%, TG
decreased by 47%, and HDL cholesterol decreased by 36% after four weeks of treatment in
phase Il clinical trials in HoFH patients (115). From preclinical animal studies, we know that loss
of ANGPTL3 results in a dramatic decrease in TG and HDL cholesterol levels due to reduced
hepatic secretion of VLDL and enhanced activity of LPL and EL (116, 117). The mechanism for
reduced LDL cholesterol is less clear but may be due to increased clearance of LDL precursor
lipoproteins through a pathway independent of LDLR, LRP1, apoE, or syndecan-1 (117). Herein
to date, evinacumab has successfully completed phase llI clinical trials for HoFH and is in
phase Il clinical trials for severe HTG (118). Regeneron is expected to submit its clinical trial
results to regulatory agencies and bring evinacumab to market pending FDA approval (118).

AKCEA-ANGPTL3-Lrx - lonis Pharmaceuticals and Akcea Therapeutics have developed
a second-generation GalNAc-conjugated ASO against ANGPTL3 mRNA (67). GalNAc
conjugation enhances ASO uptake in hepatocytes by ~10 fold via the asialoglycoprotein

receptor (119). Phase | clinical trials of ANGPTL3-Lrx lowered TG by ~55% and LDL cholesterol
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decreased by ~30% (67). The ASO was well-tolerated and animal studies suggest an ANGPTL3
targeted ASO differs in some respects to anti-ANGPTL3 antibodies. ANGPTL3-Lrx treated mice
were protected from mipomersen- induced hepatic steatosis (67). Therefore, lonis is currently
testing ANGPTL3-Lrx in phase Il clinical trials for non-alcoholic fatty liver disease, FCS, familial
partial lipodystrophy, type 2 diabetes, and HTG.

D6PV peptide - Remaley and colleagues developed a peptide mimetic of apoC-Il for the
potential treatment of HTG (120). As mentioned in section 1.1.2, apoC-ll is composed of three
a-helices where the N-terminal helix is responsible for binding to the surface of lipoproteins, the
middle contains a random coil, and the C-terminal helix binds LPL. Their apoC-Il mimetic,
D6PV, contains the random coil region and the C-terminal helix (residues 40-79) with
modifications at 8 positions (120). Preclinical in vitro and mouse studies revealed that D6PV
binds VLDL and HDL particles, activates LPL, and antagonizes the ability of apoC-lll to increase
TG. Circulating lipoprotein particles typically contain both apoC-Il and apoC-IIl molecules on
their surface. D6PV competes apoC-Ill and full-length apoC-Il off VLDL and HDL particles,
resulting in reduced apoC-Ill concentrations by up to 80% (120). The D6PV peptide has
enhanced potency to activate LPL over native full-length apoC-Il and, therefore, treatment with
D6PV effectively lowered TG by more than 80% in two different mouse models by two distinct
mechanisms (120).

Although peptide therapeutics typically have short plasma half-lives, D6PV circulates on
HDL particles, which extended its half-life to ~42-50 hours in nonhuman primates (120, 121).
To date, the long-term safety and efficacy of the D6PV peptide has not been tested in
nonhuman primates. Therefore, it is unclear if D6PV will be developed into a TG-lowering
therapeutic for humans, but the preclinical data looks promising.
1.2.2 Future perspectives

Despite the widespread success of statin therapy, cardiovascular disease is still the

number one cause of death worldwide (14). Biologics have enormous potential to improve lipid-
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lowering regimes and lower the occurrence of cardiovascular disease. In the coming years, the
repertoire for treating HTG is expected to expand with an array of promising biologics in preclinical
and clinical development (110).

When it comes to developing TG-lowering therapeutics, there are three possible
mechanisms to target: i) block dietary absorption, ii) prevent VLDL secretion, or iii) enhance TG-
rich lipoprotein clearance. Some approaches inherently come with more risks than others.
Blocking TG absorption or secretion can result in oily/fatty stool or the development of hepatic
steatosis and toxicity (122, 123). Several promising pharmacologic approaches that modulate
LPL partner proteins safely lower TG via enhanced LPL activity in preclinical and clinical trials (68,
70, 120, 124). However, it remains to be seen if prolonged enhancement of LPL activity, either

systemically or in localized tissues, will lead to adverse outcomes after long-term treatment.
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1.3 Figures
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Figure 1.1 Overview of triglyceride metabolism. A) Dietary TG are emulsified by bile salts in
the duodenum where colipase activated pancreatic lipase hydrolyzes them. Free fatty acids
(FFA) are taken up by enterocytes, esterified into to TG by DGATL1 and 2 within the ER
membrane, and packaged into nascent chylomicrons with apolipoproteins and cholesterol by
MTP (4). Nascent chylomicrons are secreted into lymph vessels and later enter blood circulation
through the subclavian vein (3). B) Hepatocytes esterify FFA into TG and are packaged into
VLDL particles with apolipoproteins and cholesterol by MTP. Nascent VLDL patrticles are
secreted directly into circulation and mature as they bind additional apolipoproteins like apoC-ll
and apoE (125). C) The LPL-GPIHBP1 complex marginates lipoproteins within gaps of the
HSPG-rich glycocalyx in the vascular lumen (86). VLDL-bound LPL is activated in the presence
of apoC-Il and apoA-V to hydrolyze TG cargo and release FFA to surrounding tissues. TG
hydrolysis shrinks VLDL patrticles to form remnant lipoproteins, or IDL, which dissociate from
LPL. D) Remnant lipoproteins are removed from circulation by the liver upon binding HSPGs
and LDLR or LRP1. LPL circulates with remnant lipoproteins and facilitates their uptake by
bridging the interaction between the lipoprotein and LDLR and LRP1 (10, 11).
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Figure 1.2 LPL-GPIHBP1 crystal structure comparison. A) Crystal structure of dimeric LPL
(blue) in complex with GPIHBP1 (green) solved by Birrane and colleagues with the active site
(yellow) and flanking residues of unresolved areas marked with spheres (red) (PBD: 6E7K) (19).
Panel is zoomed in on the active site with the lid of one monomer and tryptophan-rich lipid-
binding region of a second monomer labeled (19). The dimer interface is marked with a dashed
line (gray). B) Arora and colleagues crystal structure of monomeric LPL (teal) in complex with
GPIHBP1 (green) with the interface of a crystallographic dimer marked with dashed line (gray)
(PDB: 60BO0) (20). Active site (yellow) and flanking residues of unresolved amino acids at the N-
and C-terminus are marked with spheres (red). For reference, panel is zoomed in on the
inhibitor-bound active site with the lid domain and tryptophan-rich lipid-binding loop labeled (20).
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CHAPTER 2

Mapping the sites of the lipoprotein lipase (LPL)-angiopoietin-like protein 4 (ANGPTL4)
interaction provides mechanistic insight into LPL inhibition*

2.1 Introduction

LPL is a key enzyme for regulating plasma TG levels (7). LPL hydrolyzes TG contained
within lipoprotein particles in the capillary endothelium to facilitate the passage of free fatty acids
into surrounding tissues (126, 127). Patients with loss-of-function mutations in LPL have
extremely high levels of plasma TG, or HTG, that can cause complications such as pancreatitis,
eruptive xanthomas, and lipemia retinalis (128). While LPL deficiency is rare, moderate HTG is
common with more than three million cases diagnosed every year in the United States (129).
Despite the frequency of HTG, treatment options are limited to diet and exercise, statins, or
fibrates (17). Historically, the development of novel TG-lowering therapeutics was curbed due to
inconclusive epidemiological associations between HTG and cardiovascular risk (130, 131).
However, recent genetic studies have demonstrated that HTG is an independent risk factor for
cardiovascular disease and should be addressed in the clinic (14, 132, 133). LPL is first
synthesized in the parenchymal cells of heart, skeletal muscle, and adipose tissue. LPL is then
secreted and transported to the vascular endothelium where it is anchored to the walls of the
vessel lumen (6). Here, LPL is regulated by activators and inhibitors to precisely control the

delivery of free fatty acids to either oxidative tissues for catabolism or adipose tissue for storage

! This chapter originally appeared in the Journal of Biological Chemistry. The original citation is as
follows: Gutgsell, A.R., Ghodge, S.V., Bowers, A.A., Neher, S.B. Mapping the sites of the lipoprotein
lipase (LPL)-angiopoietin-like protein 4 (ANGPTLA4) interaction provides mechanistic insight into LPL
inhibition. Journal of Biological Chemistry 294 (8):2678-2689.
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(7, 73, 134, 135). One family of inhibitory proteins, known as angiopoietin-like proteins
(ANGPTLS3, 4 and 8), are upregulated in response to nutritional cues to inhibit LPL in a tissue-
specific manner (136). More specifically, ANGPTL4 is upregulated in fasted conditions within
adipocytes to inhibit LPL in white adipose tissue and, thereby, direct the release of free fatty
acids to other tissues for catabolism (73).

Human genome-wide association studies have identified individuals with loss-of-function
mutations in ANGPTL4 as having a unique lipid profile that significantly decreases their risk for
developing cardiovascular disease (90, 94). Inactivating mutations in ANGPTL4 results in low
levels of plasma TG, high levels of HDL cholesterol, and no apparent effect on LDL cholesterol
(89, 90, 93). Previous studies using either antibodies to silence ANGPTL4 in monkeys or
genetic loss of ANGPTL4 in mice recapitulate low levels of plasma TG seen in humans with
loss-of-function ANGPTL4 mutations (89, 91). However, both ANGPTL4 knockdown monkeys
and knockout mice inexplicably developed severe mesenteric lymphadenitis, or inflammation in
the abdominal lymph nodes, when placed on a high-fat diet (89, 91, 137). Individuals with loss-
of-function mutations in ANGPTL4 do not have increased rates of lymphadenopathy and the
animals do not develop this phenotype on a standard chow or low-fat diet (89, 93).

ANGPTL4 was originally thought to be an adipokine given its robust expression in
adipocytes and hepatocytes but has since been reclassified with roles in angiogenesis, wound
repair, kidney function, tumorigenesis, redox regulation, and energy homeostasis (72).
Structurally, ANGPTL4 is composed of a coiled-coil N-terminal domain and C-terminal
fibrinogen-like domain that is selectively cleaved by proprotein convertases in certain tissues
(138, 139). Adipocytes primarily secrete full-length ANGPTL4 and hepatocytes secrete the
cleaved N- and C-terminal domains (72, 140). The N-terminal domain, herein referred to as
NANGPTL4, is known to potently inhibit LPL, while the C-terminal domain is thought to be
involved in other roles like angiogenesis or wound repair (141-143). Given the diverse roles for

ANGPTL4, it is not surprising that complete silencing results in a severe diet-induced pathology
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(72, 144). The disparity between an advantageous phenotype in human variants and a
pathological phenotype in animals suggests additional research is needed to understand the
precise function of each ANGPTL4 species.

We set out to characterize how nANGPTL4 binds LPL and use this information to block
the interaction using a small peptide mimetic of an LPL binding site. Using both hydrogen-
deuterium exchange mass spectrometry (HDX-MS) and site-specific mutagenesis, we
determined that NANGPTL4 binds near the active site of LPL at the lid domain (residues 224-
238) and a nearby a-helix (residues 89-102). Moreover, a peptide mimetic of the LPL lid domain
is capable of binding nANGPTL4 and protects full-length LPL from inhibition. Our data suggest
NANGPTL4 reversibly inhibits LPL by binding the lid domain to prevent substrate catalysis by
the active site.

2.2 Results

Hydrogen-deuterium exchange mass spectrometry reveals four nANGPTL4 binding sites
on bovine LPL. To inform the question of how nANGPTL4 mediates inhibition of LPL, we used
HDX-MS to identify residues at the interface of this protein-protein interaction. The rate of
deuterium exchange between amide hydrogens is used to probe protein secondary structure
and allosteric conformational changes induced by binding interactions (145, 146). We performed
HDX-MS on bovine LPL (bLPL) alone, NANGPTL4 alone, and a combination of bLPL and
NANGPTL4. Samples were incubated in deuterated buffer for 0, 1, 5, and 10 minutes,
guenched, and digested for immediate analysis by reverse-phase chromatography coupled to
mass spectrometry. Between bLPL and nANGPTL4, we identified 710 unigue peptides.

The difference in deuterium uptake for bLPL was measured in the -nANGPTL4 and
+nANGPTL4 condition and represented using a heat map to highlight areas with decreased
exchange (dark blue) and increased exchange (red) (Figure 2.1A). Peptide sequences that were
statistically different (p value < 0.05) between the -nANGPTL4 and +nANGPTL4 condition were

represented with percent deuterium uptake curves (Figure 2.1A) and colored based on
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differential deuterium exchange on the LPL crystal structure (PDB: 60BO0, (20)) (Figure 2.1B). A
decrease in deuterium exchange in the complex condition suggests that those peptide
sequences are at the binding interface. We identified four potential NANGPTL4 binding sites on
bLPL at residues 17-26, 89-102, 224-238, and 290-311 (residue 1 is the first amino acid after
signal peptide cleavage, Figure 2.1A-B). Herein, these sites will be referred to as the N-terminal
B-turn, lid-proximal helix, lid, and the furin cleavage region, respectively. Interestingly, there
were several sites within bLPL that increased in exchange: residues 63-72, 75-83, 103-113,
133-146, 166-180 (after signal peptide cleavage) (Supplemental Figure S2.1). Regions of
increased deuterium exchange correspond to more structurally dynamic regions (146). It is
unclear at this time whether regions with increased deuterium exchange is a result of allosteric
conformational change or due to bLPL unfolding as suggested by Mysling et al. (87, 146, 147).
To address the possibility of NANGPTL4-mediated irreversible unfolding of bLPL, we
utilized a kinetic assay. Reversible, noncompetitive inhibition can be distinguished from
irreversible inactivation by measuring bLPL activity at different concentrations under V max
conditions in the presence and absence of NANGPTL4. By plotting Vmax versus the total
concentration of bLPL, the data fits a linear equation with the slope equal to the forward reaction
rate, or Keat (Vnax = Keat|[ETotar]l Where Erytq; 1S the total enzyme concentration) (148). For a
reversible, noncompetitive inhibitor, both the uninhibited and inhibited conditions intersect the

origin and the slope of the inhibited condition is less than the uninhibited control by the quantity

1+ (%3) where [l] is the concentration of inhibitor and K; is the inhibition constant (Supplemental
Figure S2.2A). For an irreversible inhibitor, the slope of the inhibited condition is the same as

the uninhibited control. However, the line does not intersect the x-axis at the origin, but rather, at
a position on the x-axis that is equivalent to the amount of enzyme that is irreversibly inactivated

(Supplemental Figure S2.2B). Plotting Vmax Versus the total concentration of active bLPL shows

that both the inhibited and control conditions intersect the origin (Supplemental Figure S2.2C).
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Additionally, the slope of the inhibited plot decreased from 1.097 to 0.541. These indicate a
mode of reversible, noncompetitive inhibition (Supplemental Figure S2.2A).

We identified two sites with decreased deuterium exchange in NANGPTL4: residues 15-
33 and 95-106 (after signal peptide cleavage) (Fig. 2.2). Residues 15-33 are in agreement with
previous reports detailing a peptide sequence necessary for nANGPTL4 inhibition of LPL and
site 95-106 has not been previously reported (142, 143). There were no sites on nANGPTL4
that increased in deuterium exchange in the presence of bLPL.

Human LPLx. chimeric molecules are insensitive to inhibition by NANGPTL4. To validate
potential NANGPTL4 binding sites on LPL, we mutagenized human LPL in regions with
decreased deuterium exchange and screened for NnANGPTL4 inhibition in vitro (Figure 2.3). LPL
shares 44% sequence identity with hepatic lipase (HL), which has been putatively shown to be
resistant to ANGPTL4 inhibition, although data surrounding this issue has been contradictory
(88, 149, 150). Here, we show that HL is not inhibited by nANGPTL4, even at a 1:4000 molar
excess (Figure 2.4B and Figure 2.5A). Therefore, we used the corresponding HL sequences to
generate LPLy. chimeras in two regions near the active site: the lid-proximal helix and the lid
(Figure 2.3). Previous studies have shown that lipase lids alone dictate substrate specificity and
chimeric lid mutants of LPL, HL, and endothelial lipase (EL) alters both substrate specificity and
enzyme kinetics (71, 151, 152). If nANGPTL4 binds the lid of LPL, it could explain why
ANGPTLA4 specifically inhibits LPL rather than HL, as these lid sequences have only 32%
identity (149).

Purified LPL and variants, LPLuL g O LPLuL heiix, Were assayed for NANGPTL4 inhibition
by measuring the rate of substrate hydrolysis in the presence of increasing concentrations of
NANGPTL4. While LPL was sensitive to NANGPTL4 inhibition with a K; of 1.7*-0.74 uM, both
LPLn. chimeric mutants appeared to be resistant to nANGPTL4 inhibition (Table 2.1). The LPLu.
neiix Nad a slight sensitivity to NANGPTL4 with an estimated K; of 15*7.0 uM (Figure 2.4C).

Unless 50% enzyme inhibition occurred, reported K; values could only be estimated. LPL i
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showed similar resistance to NANGPTL4 inhibition as HL, such that a K; value could not be
calculated (Figure 2.4B, D). These data suggest that both the lid and lid-proximal helix are
necessary for nANGPTL4 binding LPL. While it is possible that the mutations altered the three-
dimensional structure of the lipase, both LPLu. chimeric molecules displayed no obvious
catalytic defects (Table 2.1).

We next tested if the furin protease cleavage region was necessary for nANGPTL4
inhibition (residues 288-309) (Supplemental Figure S2.3A). Furin protease recognizes the
consensus sequence “RXXK/R” present in LPL at residues 294-297, resulting in inactive N- and
C-terminal cleavage fragments (18, 153). In HL, the furin consensus sequence is disrupted by a
proline residue and, therefore, protected from proteolytic cleavage in this region (residues 314-
334).

We first exchanged LPL residues 288-309 for the corresponding HL sequence
(Supplemental Figure S2.3A). As expected, this mutation abolished furin cleavage in LPL but
also abolished LPL enzymatic activity (Supplemental Figure S2.3B, C). It is important to note
that the proline residue in the corresponding HL sequence at position 294 may compromise the
three-dimensional structure of LPL, and possibly, result in catalytic inactivation. Therefore, we
split the full sequence into two parts: 288-299 and 300-309 (Supplemental Figure S2.3A).
Similar to LPLn2ss-300, LPLHL28s-200 Was not enzymatically active. Although LPLi300-300 dO€s not
contain the R294P mutation, its enzymatic activity could not be detected either (Supplemental
Figure S2.3B). Western blot analysis revealed that nearly the entire population of LPL 1i300-309
was cleaved by furin protease (Supplemental Figure S2.3C) (153, 154). Since we were unable
to measure lipase activity for any of the LPLy. furin cleavage chimeras, we cannot determine if
residues 288-309 are directly involved in NANGPTL4 binding.

Human HL_p. chimeric proteins are sensitive to inhibition by nANGPTL4. To further
validate sequences needed for nANGPTL4 inhibition of LPL, we aimed to “sensitize” HL to

NANGPTL4 inhibition by generating human HL chimeric mutants containing the corresponding
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LPL sequences for the lid-proximal helix and the lid (Figure 2.3). Similar to LPLn. chimeric
mutants, all HL . chimeric mutants were generated using overlap extension PCR whereby each
sequence of interest was exchanged for the corresponding LPL sequence (Figure 2.3).

HL.pL i @and HLLpL neiix Were kinetically similar to HL with average Vmax and Ky values of
2.0 umol/sec and 0.6 UM, respectively, using DGGR lipase substrate (Table 2.1). However,
unlike HL, HLpL heix and HLipL ig Were sensitive to NANGPTL4 inhibition with an estimated K; of
32.7*75.6 uM and 45.5%2.4 uM, respectively (Figure 2.5B, C). HLpL id + helx appeared to be the
most sensitive to inhibition with an estimated K; of 22*8.7 uM (Figure 2.5D). Taken together,
these data show that the LPL lid and the lid-proximal helix provide binding sites for NnANGPTLA4.

LPL lid peptide blocks nANGPTL4 mediated inhibition of LPL. Given that mutating the
LPL lid abolished nANGPTL4 inhibition, we wanted to know if the LPL lid domain alone could
compete with full-length LPL for binding nANGPTL4. We, therefore, synthesized a peptide
comprised of the LPL lid sequence (CNIGEAIRVIAERGLGDVDQLVKC). The native LPL lid is
circularized via a disulfide bond between two cysteine residues at the termini of the lid motif.
The synthetic lid peptide was tested in cyclic form (disulfide bonded) or linear form (NEM-
capped). Correct synthesis and cyclization of the peptide were verified by mass spectrometry,
as shown in Supplemental Figure S2.4A, B. We tested if the peptide could prevent LPL
inhibition by NANGPTL4 by incubating the inhibition reaction with increasing concentrations of
either cyclic and linear NEM-capped lid peptide. Interestingly, the cyclic peptide protected full-
length LPL from nANGPTLA4 inhibition in a dose-dependent manner, while the linear NEM-
capped peptide did not (Figure 2.6A-B). Presumably, the cyclic peptide adopts a structure
similar to the native lid domain. Isothermal calorimetry (ITC) was used to confirm that the cyclic
lid peptide binds NANGPTL4 with micromolar affinity. These data suggest that two lid peptides
bind each NANGPTLA4 tetramer with a Ky of approximately 57 uM (Figure 2.6C). Although the
ITC shows that the lid peptide binds NnANGPTL4 with relatively low affinity, these data confirm

that the LPL lid is an important site for nANGPTL4 binding.
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2.3 Discussion

HTG is an independent risk factor for cardiovascular disease with relatively limited
treatment options and, therefore, an unmet need for new therapies (14, 129). Given LPL has a
direct influence on plasma TG levels, it is a promising target for novel TG-lowering therapeutics.
One approach for targeting LPL is to prevent its inhibition by ANGPTL4. Previous reports
describing ANGPTL4 knockout animals demonstrated significantly reduced TG levels with little
negative side effects under standard chow diets (89, 91). However, the safety of ANGPTL4
knockdown has been called into question due to severe lymphadenopathy observed in animals
placed on high-fat diets (91, 137). Intriguingly, humans with loss-of-function mutations in
ANGPTL4 do not appear to be at an increased risk for lymphadenopathy (89, 93). Therefore,
additional research is needed to assess if specifically blocking ANGPTL4 inhibition of LPL can
be a viable treatment for HTG. Our goal was to study the interaction of NANGPTL4 with LPL to
inform the development of specific inhibitors for this interaction.

The exact mechanism for LPL inhibition by ANGPTL4 has been controversial.
NANGPTL4 was first shown to irreversibly inhibit LPL by converting active dimers into inactive
monomers (78, 83). Our previous data support an alternative model, whereby nANGPTL4
inhibits LPL in a reversible, noncompetitive mechanism (11, 79). The difference in observed
mechanisms of inhibition may depend on the initial stability of the LPL in the assay. Purified LPL
is notoriously unstable in standard buffer conditions and is prone to thermal denaturation (79).
Therefore, many in vitro LPL activity assays and purification protocols use a bile acid,
deoxycholate, to stabilize LPL (11, 18, 45, 79, 81, 87, 155). In the presence of deoxycholate,
NANGPTL4 inhibits LPL by a reversible, noncompetitive mechanism (79, 87). Since LPL is
known to have enhanced thermal stability within biological fluids that contain bile acids, like
serum and milk, we used them to better mimic physiological conditions in our kinetic assays (45,

156).
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We have identified both the lid and lid-proximal helix as key NANGPTL4 binding sites.
Removing these sites from LPL abolished nANGPTL4 binding and protected the enzyme from
inhibition. Alternatively, cloning these sites into HL sensitized this resistant lipase to nANGPTL4
inhibition. Our data suggest nANGPTL4 binds the lid and lid-proximal region of LPL, which may
prevent proper lid function and inhibit substrate catalysis. There are conflicting reports as to
whether NnANGPTL4 can inhibit LPL in the presence of natural chylomicron or VLDL substrates
(45, 157). Here, the synthetic substrate DGGR was needed to enable precise measurements of
LPL inhibition kinetics. Natural lipoprotein substrates have different properties than DGGR, so
our work does not address this conflict.

Our HDX-MS data also identified a third, potential, binding site for NANGPTL4 on LPL at
residues surrounding its furin cleavage site (residues 288-309). LPL is inactivated by furin
protease cleavage into the N- and C-terminal domains at the consensus sequence ‘RAKR’
(residues 294-297). Although we were unable to generate enzymatically active chimeric mutants
at this site, we have shown that furin resistant LPL point mutants, R297N and R297N/S298C,
are sensitive to NANGPTL4 inhibition (18). These data suggest residues R297 and S298 may
not be necessary for NANGPTL4 mediated inhibition of LPL. Recent reports have shown
ANGPTL4 enhances furin cleavage of LPL in adipocytes (153). Given ANGPTL4 is also cleaved
by the furin protease, it is possible ANGPTL4 binds LPL intracellularly to recruit the furin
protease for cleavage of both ANGPTL4 and LPL.

Lastly, we demonstrate that a small peptide containing the LPL lid sequence can protect
full-length LPL from nANGPTL4 inhibition. Although this interaction is not yet sufficiently strong,
it serves as a starting point for the development of potent peptide inhibitors for NANGPTLA4 that
specifically abolish LPL inhibition and leave both full-length and cleaved forms of ANGPTL4

intact to perform their other functions.
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2.4 Materials and Methods

Molecular cloning. Human LPL, HL, and chimeric mutants were cloned into
PCDNAS/FRT/TO vectors (Thermo Fisher Scientific) containing lipase maturation factor 1
(LMF1) with an internal ribosome entry site (IRES) for co-expression. All constructs contain a 6x
polyhistidine-tag on the C-terminus, except the wild type HL construct has no tag. All chimeric
mutants were generated using overlap extension PCR. Cloning of pET16B nANGPTL4 was
previously described (79). All plasmid sequences are available upon request.

Cell Culture and Protein Expression. LPL, HL, and chimeric mutant plasmids were stably
integrated into FlpIn™ T-REx™ HEK?293 cell lines (Thermo Fisher Scientific) using the
manufacturer’s instructions. Each stable cell line was maintained in Dulbecco’s Modified Eagle
Medium, 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% L-glutamine (growth
media). At 70% confluence, cells were given Dulbecco’s Modified Eagle Medium, 1% fetal
bovine serum, 1% penicillin/streptomycin, 1% L-glutamine, 10 units/mL heparin, and 2 pg/mL
tetracycline (expression media) to induce the expression of lipase. Expression media for all LPL
species and HL was collected and flash frozen in liquid nitrogen every 24 hours for 6 days.
Expression media for all HL variants was collected every 48 hours, bound to Ni Sepharose
Excel™ resin (GE Healthcare Life Sciences), washed, and flash frozen in liquid nitrogen for -
80°C storage until further purification as described below.

Protein Purification:

bLPL - bLPL was purified from fresh bovine milk as previously described (158). Briefly,
chilled bovine milk was centrifuged and filtered using glass wool to remove milk fat. Solid NaCl
was added to the skim milk to 0.34mol/liter and bLPL was purified using Heparin Sepharose 6
Fast Flow resin (GE Healthcare).

LPL, LPLuL g, and LPLyL neix — Filtered expression media was loaded onto two tandem
1mL HiTrap Heparin Sepharose High Performance columns (GE Healthcare Life Sciences) then

washed with 75 mL of 20 mM bis-tris pH 6.5, 850 mM NaCl, 10% glycerol and eluted in 20 mM
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bis-tris pH 6.5, 1500 mM NacCl, 10% glycerol over a linear gradient. All LPL containing fractions
were concentrated using Amicon Ultra Centrifugal Units (Millipore), aliquoted, and flash frozen
for -80°C storage until use.

HL — Filtered expression media loaded onto two tandem 1 mL HiTrap Heparin
Sepharose High Performance columns (GE Healthcare Life Sciences) was washed with 20 mL
of HL heparin buffer (20 mM Na,HPO, pH 7.2, 500 mM NaCl, 10% glycerol) and eluted along a
linear salt gradient from 500 mM to 2000 mM NacCl in HL heparin buffer. Fractions containing HL
were pooled, concentrated using Amicon Ultra Centrifugal Units (Millipore), aliquoted, and flash
frozen for -80°C storage until use.

HLpw iid, HLipL heiix, @nd HLipeiid + neiix chimeras- Fresh expression media (150 mL) bound
to Ni Sepharose Excel™ resin (0.15 mL) (GE Healthcare Life Sciences) was washed with 2.5
mL using 20 mM Na;HPO, pH 7.2, 360 mM NaCl, 10 mM imidazole, 10% glycerol. The resin
was suspended in a high salt storage buffer (1X phosphate buffered saline, 800 mM NacCl, 40%
glycerol) and flash frozen for storage at -80°C until final purification. Frozen resin (1 mL total)
was thawed on ice, washed with 10 mL of 20 mM Na;HPO. pH 7.2, 500 mM NacCl, 50 mM
imidazole, 10% glycerol, and eluted over 10 mL using 20 mM Na;HPO. pH 7.2, 500 mM Nacl,
280 mM imidazole, 10% glycerol. Fractions containing HL chimeras were pooled and
concentrated using dialysis against 400 g/L high molecular weight polyethylene glycol (PEG) in
20 mM bis-tris pH 6.5. Concentrated samples were aliquoted and flash frozen for storage at -
80°C until use.

NANGPTL4- His-GST tagged nANGPTL4 was expressed in BL21 (DE3) cells, grown at
37°C until reaching an Asgo 0f 0.4 and induced with 0.1 mM isopropyl 1-thio-B-p-
galactopyranoside for 16 hours at 18°C. Cells were pelleted at 6000 x g, resuspended in 20 mM
tris pH 8.3, 360 mM NacCl, 20 mM imidazole, 1 mM betaine, 1 mM fresh phenylmethylsulfonyl
fluoride (Sigma), and lysed using Emulisflex C5 (Avestin) at 15,000 p.s.i. Lysate was cleared by

centrifugation at 34,000 x g for 60 minutes. Cleared lysate was added to equilibrated nickel-
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nitrilo-triacetic acid resin (Qiagen). Resin was washed with 10 column volumes using 20 mM tris
pH 8.3, 360 mM NacCl, 80 mM imidazole, 1 mM betaine, followed by a second wash using 20
mM tris pH 8.3, 150 mM NaCl, 80 mM imidazole, 1 mM betaine. His-GST-nANGPTL4 was
eluted over 10 column volumes using 20 mM tris pH 8.3, 150 mM NacCl, 500 mM imidazole, 1
mM betaine. Elution fractions containing His-GST-nANGPTL4 were combined with 32 pg/mL
tobacco etch virus, 3 mM reduced glutathione (GSH), and 0.3 mM oxidized glutathione (GSSG)
for cleavage of the N-terminal His-GST tag. Protein fractions were dialyzed into Mono S start
buffer (20 mM tris pH 8.3, 100 mM NacCl), injected onto a 1mL Mono S 5/50 GL column (GE
Healthcare Life Science), and eluted over a linear gradient from 100 mM to 2000 mM NacCl in
Mono S buffer. Fractions containing NnANGPTL4 were furthered purified using HiLoad™ 16/600
Superdex™ 200 PG (GE Healthcare Life Sciences) in NANGPTL4 storage buffer (20 mM tris pH
8.3, 150 mM NacCl, 5% glycerol). Fractions containing nANGPTL4 were concentrated using
Amicon Ultra Centrifugal Units (Millipore), aliquoted, and flash frozen for -80°C storage until use.

Quantification of active lipase. Quantification was performed as previously
described(11). Briefly, ActivX™ TAMRA-FP Serine Hydrolase Probe (Thermo Fischer Scientific)
was used to label active LPL and HL variants where bovine LPL of known concentration was
used as a protein standard. The relative purity of all purified protein can be seen by both
Coomassie stain and TAMRA-FP labeling in Supplemental Figure S2.5A-D.
Hydrogen-deuterium exchange mass spectrometry (HDX-MS):

HDX labeling. bLPL and nANGPTL4 alone were diluted in 50 mM sodium phosphate
buffer (pH 7.2) to 8 uM and 16 uM, respectively, and a condition with 8 uM bLPL and 16 uM
NANGPTL4 was created prior to deuterium labeling. An automated HDX labeling LEAP robot
was used for deuterium labeling. Briefly, 5 puL of each protein sample were diluted with 45 pL of
50 mM sodium phosphate in H,O for time 0 injections or 45 uL 50 mM sodium phosphate in DO
(99.9% Sigma) for deuterium uptake injections at 1, 5, and 10 minutes. Deuterium exchange

was quenched with 45 pL of pre-chilled 0.3% formic acid in water with 1 mM TCEP at the
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corresponding times. Quenched samples were subjected to online pepsin digestion using
Waters Enzymate BEH pepsin column (2.1 x 30 mm x 5 pm) at 200 pL/min at 20°C for 2
minutes (pH 2.5, 0.05% formic acid in water). Sample processing was managed within Waters
HDX Acquity Module (Waters Corp.).

LC-MS-MS. Downstream LC-MS-MS was acquired in duplicate using nanoAcquity UPLC
system (Waters Corp.) coupled to a Waters Synapt G2 high resolution accurate mass tandem
mass spectrometer via an electrospray ionization source. The sample was first trapped on a
VanGuard 2.1 x 5 mm BEH C18 1.7 um trapping column (40 pl/min at 5% v/v water/acetonitrile
0.1% formic acid). Analytical separation was performed using a 1.7 um Acquity BEH130 C18 1
mm A~ 100 mm column (Waters Corp.) using a linear gradient from 5% acetonitrile, 0.1% formic
acid to 35% acetonitrile, 0.1% formic acid over 7 min at 40 pL/min. Trapping and analytical
separation were all performed at 1.0°C with the HDX manager. Data collection on the Synapt
G2 mass spectrometer was performed in an ion-mobility enabled data-independent acquisition
(IM-DIA) mode of acquisition alternating between a 1.0 second low energy scan from m/z 50-
2000 followed by a 1.0 second high energy scan from m/z 50-2000. Every 30 seconds a low
energy lock-mass scan of 400 fmol/uL Glu-Fibronectin peptide was performed.

Data analysis. All non-deuterated, time 0, data files were imported and searched within
ProteinLynx Global Server (v2.5.2) against a SwissProt_ Human database containing bLPL and
ANGPTL4 sequences. Nonspecifc enzyme rules were selected with +/- 10 ppm mass accuracy
tolerances and 5% retention time RSDs criteria. ProteinLynx Global Server peptide score of at
least 6.5 were included in the final analysis for a final peptide false discovery rate of < 2.0%.
DynamX HDX Data Analysis Software (v2.0, Waters Corp.) was used to calculate deuterium
uptake for all identified peptide sequences. To identify residues of differential uptake on bLPL as
a function of NANGPTLA4, or vice versa, the calculated uptake values were subjected to an
unpaired two-tailed students t-test calculation at each time point for every condition. Only sites

with significant differential uptake with a p value < 0.05 were selected for manual interrogation

32



to ensure correct identification of peaks with no interference from neighboring peaks and to
assess the global uptake distribution across all time points. Deuterium uptake was represented
in a heat map using percent deuterium uptake values for all peptides with a standard deviation
of less than 0.2 Da at each time point. Heat maps for bLPL alone and bLPL + NANGPTL4 were
generated using 393 and 350 unique peptides, respectively. Heat maps for NANGPTL4 alone
and nANGPTL4 + bLPL were generated using 520 and 505 unique peptides, respectively.
Peptide production. Peptide synthesis was carried out using solid-phase peptide
synthesis on a Biotage Initiator+ Alstra microwave peptide synthesizer using Rinkamide
Chemmatrix resin (Biotage). Peptidic scaffolds were synthesized from the C-terminus to the N-
terminus with a C-terminal amide functional group using standard fluorenylmethoxycarbonyl
(Fmoc) chemistry. The building blocks are comprised of commercially available N-a-Fmoc-L-
amino acids. Briefly, the resin was initially wetted and swollen with 1:1 mixture of
dichloromethane and DMF. Fmoc deprotection was achieved using incubation of the resin with
20% (v/v) piperidine/DMF for 3 min and 10 min each, with DMF wash at the end of each
incubation step. The N-a-Fmoc-L-amino acids (5 equivalents) were coupled using HATU (5
equivalents) as the coupling agent and DIEA (10 equivalents) as the base. Coupling steps were
carried out at 75°C for 5 min each using microwave irradiation. After the final deprotection to
obtain a primary amine at the N-terminus of the synthesized peptide, the resin was washed with
dichloromethane and dried. The synthesized peptide was cleaved from the resin using 94-95%
(v/iv) TFA, 2.5% (v/v) water, and 2.5% (v/v) triisopropylsilane (TIPS) while incubating at 37°C for
one hour followed by room temperature incubation for 30 minutes. Resin-cleaved peptide was
precipitated by the dropwise addition of the cleavage reaction mixture into cold diethyl ether.
The precipitate was separated by centrifugation, and the supernatant was decanted. Dried
peptide was dissolved in DMSO and diluted with a mixture of 50% (v/v) acetonitrile-water. The
crude peptide was then purified using semi-preparative HPLC. Each fraction was analyzed

using the UV trace at 220 nm, 280 nm, and LC-MS. Fractions containing pure peptide were
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collected and lyophilized. The solid peptide was dissolved in DMSO, and then diluted to a
peptide concentration of 200 uM using 0.1 M ammonium bicarbonate (pH 8.0). This step
allowed it to circularize via intramolecular disulfide bond formation. Completion of circularization
was verified by LC-MS, and the peptide was lyophilized and stored at -20°C until use.

NEM capping of lid peptide. LPL lid peptide purified as described above was dissolved in
DMSO, and diluted to a final concentration of 0.4% DMSO and 0.1 M TCEP using 1X phosphate
buffered saline pH 7.8. The solution was incubated at 37°C for 15 minutes to reduce disulfide
bonds. Following TCEP reduction, 0.1 M NEM was added to the reaction and incubated at 37°C
for 60 minutes. The capped peptide was recovered by HPLC, verified by LC-MS, and lyophilized
for storage at -20°C.

Inhibition of LPL, HL, and chimeric mutants by nANGPTL4. Inhibition assays using
purified lipase and lipase variants by NANGPTL4 were carried out essentially as described (79).
LPL and bLPL are equivalently inhibited by nANGPTLA4. Briefly, NANGPTL4 was added to dilute
LPL, HL, or chimeric mutants at a final volume of 70 uL/reaction. The reaction was initiated by
the addition of 30 uL of varying concentrations of fluorescent substrate 1,2-di-O-lauryl-rac-
glycero-3-(glutaric acid 6-methlyresofurin ester) (DGGR) (Sigma) in anzergent 3-16 (Affymetrix),
to a final volume of 100 pyL. Samples were shaken in a Spectramax M5 plate reader at 37°C for
5 seconds and substrate hydrolysis was measured by fluorescence excitation at 529 nM,
emission at 600 nM, and a filter of 590 nM. Final assay buffer concentrations were 215 mM
NaCl, 1 mM deoxycholate, 20 mM tris pH 8.0, 0.2 % fatty-acid free BSA, and 0.01 % anzergent
3-16. Final ANGPTL4 concentrations were 0, 0.2,0.4,0.8,1.5and 3.7 uMor 0, 0.4, 0.8, 2, 6, 10
WM. The rate of initial lipase substrate hydrolysis was plotted as a function of substrate
concentration. Next, data were fit to the equation for noncompetitive inhibition:

V = Vina[SIH{(Km*(L+H[1/K)+([ST*(1+[1)/Ki))} where Vmax is the uninhibited maximum rate of

substrate hydrolysis, Kwu is the Michaelis-Menten constant, [S] is substrate concentration, [I] is
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inhibitor concentration, and K; is the inhibition constant. Data were fit using simultaneous
nonlinear regression with the program Mathematica (Wolfram Research).

Inhibition of LPL by nANGPTL4 in the presence of an LPL lid peptide. LPL inhibition by
NANGPTL4 was measured using the DGGR fluorescent assay described above in the presence
of the LPL lid peptide. NANGPTL4 (0 or 0.4 uM) was incubated with increasing concentrations of
cyclic lid peptide (0, 20, 50, or 100 uM) or linear NEM-capped peptide (0, 30, 90, or 160 uM) for
10 minutes at room temperature. After incubation, the mixture was added to dilute LPL in a final
volume of 70 pL/reaction and incubated for an additional 5 minutes at room temperature. LPL
activity was measured upon the addition of 30 uL DGGR for a final reaction volume of 100 pL.
Final assay buffer concentrations were 20 mM tris, pH 8.0, 150 mM NaCl, 1 mM deoxycholate,
0.2% fatty-acid free BSA, 0.01% anzergent 3-16, 10 uM DGGR, 0.8% DMSO, 2.5 nM LPL, 0 or
0.4 uM nANGPTL4, and 0, 20, 50, or 100 uM cyclic lid peptide or 0, 30, 90, 160 uM linear NEM-
capped peptide.

Isothermal Titration Calorimetry. Lyophilized lid peptide was resuspended in DMSO and
diluted in NANGPTLA4 dialysis buffer (1X phosphate buffered saline pH 7.8) to a final
concentration of 3087 uM and 4% DMSO. Purified nANGPTL4 was at a concentration of 338
KM and brought to 4% DMSO to exactly match the peptide buffer. Isothermal titrations were
performed using the MicroCal Auto-iTC200 (Malvern Panalytical). Injections of 1.5 pL of peptide
were added in 180 second intervals at 10°C. Heat of dilution was measured by titrating the
peptide into a blank solution and subtracted from our data before a one-site curve fitting was
preformed using MicroCal Auto-iTC200 software. Stoichiometry (N), association and

dissociation constants (Ka, Ka), and enthalpy change (AH) were obtained directly from the data.
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2.5 Tables

Lipase Vmax (RFU/sec) Km (LM) Ki (UM)
LPL 1.19 *-0.26 0.39 - 0.04 1.71%-0.74
LPLhL Lid 1.78 *-0.30 0.93 *-0.28 -
LPLHL Heiix 1.80 *-0.39 0.48 *- 0.07 15.11 *- 7.00
HL 1.91 *-0.57 0.91 *-0.37 -

HLcp Lig 2.10 *-0.39 0.57 *-0.08 4552 *-2.37
HLLPL Helix 1.45 *-0.17 0.61 *-0.05 32.70 *-5.61
HLLpL Lid + Helix 0.64 *-0.03 0.43%-0.10 22.00 -8.72

Table 2.1. Enzyme kinetics for each LPL and HL chimeric variant. Michaelis-Menten curves
were generated for each lipase in the presence of increasing concentrations of NANGPTL4 over
multiple fluorescent substrate concentrations. LPL and LPLy. chimeric mutants have similar Vmax
and Ky values. LPLuL i and LPLu. neix have an increased resistance to nANGPTL4 inhibition,
relative to LPL. HL and HL_p. chimeric mutants have similar Vmax and Ky values, except HL pL i
+helix has a significantly lower Vmax than HL. HL e chimeric mutants have increased sensitivity to
NANGPTLA4, relative to HL. Average values of at least three biological replicates + standard
deviation. RFU, relative fluorescent units.
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2.6 Figures
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Figure 2.1. Decreased deuterium exchange suggest four potential binding sites on LPL.
Sites of deuterium exchange were identified using LC-MS-MS after incubation of bLPL,
NANGPTL4, or a combination of bLPL and nANGPTL4 in 99.9% deuterated solution for O, 1, 5,
and 10 minutes. (A) Heat maps were generated using percent deuterium uptake values for all
peptides with a standard deviation of less than 0.2 Da. Deuterium uptake curves are shown for
peptides that were statistically different between the bLPL apo (black) and complex state (grey)
at each time point. Sites of differential deuterium exchange were determined using unpaired
two-tailed students t-test with cutoff of p < 0.05. (B) LPL crystal structure (PDB: 60B0, (20))
where peptide sequences with differential deuterium exchange in the complex state at every
time point are colored blue for decreased exchange and red for increased exchange. For
simplicity, one monomer unit is represented as a cartoon model (grey). Panels are zoomed in
on the lid-proximal helix, lid, and furin cleavage sites (blue).
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Figure 2.2 Decreased deuterium exchange suggest two potential binding sites on
NANGPTL4. Heat maps of NANGPTL4 and nANGPTL4 + bLPL were generated using percent
deuterium uptake values for peptide sequences with a standard deviation of less than 0.2 Da.
Percent uptake curves were generated for sites that were statistically different between the
NANGPTL4 apo and complex state. Sites of differential deuterium exchange were determined
using unpaired two-tailed students t-test with cutoff of p < 0.05.
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Figure 2.3. Human LPL and HL construct schematic. LPL (light grey) and HL (dark grey)
sequences were aligned and defined according to potential NANGPTL4 binding sites identified
by our HDX-MS experiments using bLPL. The corresponding sequences in human LPL and HL
are defined as the lid-proximal helix (residues 87-100 or 101-115) or the lid (residues 216-239
or 232-255). Chimeric mutants were generated using overlap extension PCR.
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Figure 2.4. LPLHL chimeric mutants are resistant to NANGPTL4 inhibition. Michaelis-
Menten curves were generated in the presence of increasing concentrations of NANGPTL4 over
multiple concentrations of fluorescent substrate to obtain K; values. (A) LPL is inhibited by
NANGPTL4 with a K; value of approximately 1.4*-0.13 uM. (B) HL is resistant to NANGPTL4
inhibition. (C) LPLuL neix iS resistant to NANGPTL4 with an estimated K;of 14.0"°1.4 uM. (D)
LPLwL i is resistant to NnANGPTL4, similar to HL, a K; could not be calculated. Representative
data of four biological replicates + standard error. RFU, relative fluorescent units.
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Figure 2.5. HLLPL chimeric mutants are sensitive to nANGPTL4 inhibition. (A) HL is
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Figure 2.6. LPL lid mimetic binds nANGPTL4 and prevents inhibition of full-length LPL.
(A) Cyclic lid peptide (S-S) blocks NANGPTL4 inhibition of full-length LPL in a dose-dependent
manner. (B) Linear lid peptide with terminal cysteine residues capped with NEM does not block
NANGPTL4 inhibition. (C) Isothermal titration calorimetry reveals the cyclic lid peptide binds
NANGPTL4 with an approximate Kq = 57 uM. Representative data of at least three biological
replicates.
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2.7 Supplemental Information
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Supplemental Figure S2.1. Sites of increased deuterium exchange within bLPL upon
NANGPTL4 inhibition. Heat map from Figure 2.1 is shown, except deuterium uptake curves
depict peptides with increased uptake in the complex state. Deuterium uptake curves were
generated for sites that were statistically different between bLPL apo (black) and complexed
state (grey) at every time point. Sites of differential deuterium exchange were determined using
unpaired two-tailed students t-test with cutoff of p < 0.05.
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Supplemental Figure S2.2. nANGPTL4 is a reversible, noncompetitive inhibitor of bLPL
using DGGR substrate. Irreversible enzyme inhibition can be distinguished from reversible,
noncompetitive inhibition by plotting Vmax versus the total concentration of enzyme in the assay
(148). (A) Theoretical plot for reversible, noncompetitive inhibition demonstrates that in the
presence of an inhibitor (dashed grey) the slope is less than the non-inhibited control (solid
black) and both conditions pass through the origin. (B) Theoretical plot for irreversible inhibition
demonstrates the control (solid black) and + inhibitor condition (dashed grey) have the same
slope but cross the x-axis at two different enzyme concentrations. (C) Observed data where
bLPL activity was measured at multiple concentrations in the presence of 0 uM (solid black) or 2
uM NANGPTL4 (dashed grey) under Vmax conditions using 10 uM DGGR substrate. In the
presence of NANGPTLA4, the slope of the line decreases from 1.097 to 0.541 and both
conditions converge near the origin. (A) and (B) adapted from (148). Error bars represent
standard deviation. Representative data of three biological replicates. RFU, relative fluorescent
units.
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Supplemental Figure S2.3. HL chimeric mutations in the LPL furin cleavage region are
not tolerated. (A) LPL (light grey) and HL (dark grey) sequences were aligned with residues
288-309 or 314-334 defined as the furin cleavage region. Overlap extension PCR was used to
generate LPLui 2s8-309, LPLHL 288-209, LPLH1300-309. (B) Lipase activity was measured using DGGR
substrate in cell culture media from transfected HEK 293 cells. LPLy. chimeric mutants were not
enzymatically active. (C) Western blot against C-terminal His tag detects both full length LPL
(MW 55 kDa) and C-terminal cleavage product (MW~25 kDa) in cell culture media. Box
indicates LPL was developed on a separate blot from the other LPL variants.
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Supplemental Figure S2.4. Extracted ion chromatogram for cyclic (S-S) and linear (S-
NEM) lid peptide. (A) Cyclic (S-S) lid peptide (solid black) has an m/z = 871.4729
corresponding to a MW of 2571 Da. (B) Lid peptide was linearized by capping terminal cysteine
residues with NEM, whereby the capped species were isolated by HPLC. lon chromatogram
shows the elution of the (S-NEM) lid peptide (solid red) is slightly shifted from cyclic (S-S) lid
peptide (dashed black). (S-NEM) lid peptide has an m/z = 954.8447 corresponding to a MW of
2821 Da, indicating both cysteine residues are bound to an NEM molecule.

46



nANGPTL4

kDa

100
75

50

37

25
20
- W

Supplemental Figure S2.5. Relative purity of each lipase variant and nANGPTLA4. (A)
Coomassie stained gel with all purified LPL variants used in this study (arrow). LPL purified from
tissue culture contain two common contaminants from fetal bovine serum. (B-C) An activity-
based probe was used to both quantify the amount of active lipase using bLPL as a standard
and verify the purity for each lipase. A Coomassie stained gel for HL variants was not included
because their concentration was below the limit of detection. (D) Coomassie stained gel of
NANGPTL4 (15.4 kDa)
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CHAPTER 3

Discovery of biologic inhibitors of angiopoietin-like protein 4 using display technologies.

3.1 Introduction

Protein-protein interactions (PPIs) are difficult to disrupt with small molecule modalities
(159). Small molecule drugs have been widely successful at targeting proteins with well-defined
cavities like enzymes, ligand-activated transcription factors, or receptors (160). Despite the
widespread success of small molecule drugs, there are still many diseases with no effective
treatment options. Protein-protein interfaces have largely been considered “undruggable” due to
their large, flat surfaces that lack distinct binding pockets (161). However, with an expanding
toolbox of biological drug libraries and high throughput screening tools, PPIs are within a
druggable space and are at the forefront of important drug discovery efforts.

Angiopoietin-like protein 4 (ANGPTL4) is a potent inhibitor of lipoprotein lipase (LPL) that
binds across a relatively large surface area (85). A point mutation at residue 40 of ANGPTLA4,
E40K, abolishes the ability of ANGPTL4 to inhibit LPL by disrupting this PPI. Therefore, humans
with E40K mutations have lower average triglyceride levels (TG), higher HDL cholesterol levels,
and a lower risk of developing cardiovascular disease and type Il diabetes (89, 93, 94). E40 is
located in the LPL binding site within the N-terminal domain of ANGPTL4, herein referred to as
NANGPTL4 (85). To date, no humans with complete loss of ANGPTL4 expression have been
reported. All predicted loss-of-function variants are either heterozygous or homozygous for

missense variants, like E40K, that do not abolish ANGPTL4 expression (93)
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The cardioprotective phenotype observed in human ANGPTL4 variants provided strong
rationale to develop anti-ANGPTL4 monoclonal antibodies for the potential treatment of
hypertriglyceridemia (HTG) (89, 91). However, anti-ANGPTL4 treatment was not tolerated in
animals maintained on a diet high in saturated fat. The treated animals developed severe
mesenteric lymphadenitis, or inflammation of the lymph nodes, chylous ascites, fibrinopurulent
peritonitis, cachexia, and died after 15-25 weeks (89, 91, 137, 162). Additional studies have
shown that this disease phenotype is specific for diets high in saturated fat, as animals fed high
polyunsaturated fat diets do not develop systemic inflammation or chylous ascites (162). The
animal pathophysiology is a curious discovery because human E40K ANGPTL4 variants have
not been reported to have a higher incidence of lymphadenopathy than noncarriers (89, 93).

Research efforts to target ANGPTL4 for potential TG-lowering therapeutics have largely
been abandoned due to the severe pathophysiology observed in anti-ANGPTL4 treated
animals. It is important to consider that ANGPTL4 is a multifaceted secreted protein involved in
metabolic and nonmetabolic pathways like angiogenesis, vascular permeability, wound repair,
and kidney function (72). These preclinical studies highlight an important, but often overlooked,
downside concerning the universality of conventional antibody therapeutics. Conventional
antibodies often result in complete loss of soluble target proteins since antibody-target
complexes are eliminated from the body by phagocytic cells (163). This mechanism of action is
widely successful for nonessential target proteins where complete loss is well tolerated (164).
However, ANGPTL4 has several mechanisms of action and knock out studies suggest that
complete loss of ANGPTL4 expression is not tolerated due weakened endothelial junctions,
diminished vascular integrity, and impaired lymphatic and blood vessel partitioning (144, 165).
As discussed previously, all humans with predicted loss-of-function mutations are heterozygous
or homozygous for missense variants that do not abolish ANGPTL4 expression. Therefore, anti-
ANGPTLA4 antibodies are not a safe method for lowering TG and clearly do not replicate the

cardioprotective phenotype observed in human population studies (90, 93).
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Our goal is to better mimic the cardioprotective phenotype observed in human carriers of
E40K by developing a PPI inhibitor of LPL-ANGPTLA4. Given that the nANGPTL4 binding site on
LPL is on a flexible lid domain near its active site and LPL has several partner proteins, we
opted to target NANGPTL4 (85). In this way, we avoid interfering with the enzymatic activity of
LPL. However, NnANGPTL4 is a notoriously difficult protein to work with as it contains a predicted
intrinsically disordered domain and is prone to aggregation (139). With this in mind, we opted to
screen NANGPTL4 against two types of biologic-based libraries using two different display
technologies: 1) mRNA display for macrocyclic peptides and 2) yeast surface display for heavy
chain only single domain antibodies.

Peptides are a unique class of biologics that are well equipped to modulate PPls and are
amenable to high-throughput screening methods, like mRNA display, for drug discovery (160).
In MRNA display, large peptide libraries are coupled to their progenitor mMRNA sequence,
screened against an immobilized target protein, and amplified for additional rounds of selection
to enrich for a population of peptides that bind the target protein (166). Suga and co-workers
have developed a robust and efficient method for generating cyclic peptide libraries for mRNA
display screening, known as the Random nonstandard Peptides Integrated Discovery (RaPID)
system (167). RaPID incorporates nonproteinogenic amino acids into peptide libraries for
spontaneous cyclization using an engineered ribozyme to acylate tRNA molecules with
nonstandard amino acids, like N-chloroacetyl-tyrosine (CIAc-Y), and removes the cognate tRNA
from in vitro translation mixtures. This system has been used to successfully identify cyclic
peptides that bind and inhibit a wide range of PPIs for a variety of potential therapeutic
applications (167). Therefore, we employed the RaPID system to identify cyclic peptides that
bind NnANGPTL4 and inhibit its ability to interact with LPL.

Heavy chain only single domain antibody fragments, or nanobodies, are naturally found
in camelid species. They are composed of a small (15 kDa) antibodies with a single antigen-

binding V-domain. A key difference between nanobodies and conventional antibodies is that
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nanobodies lack an Fc domain. The Fc domain of the antibody-bound target protein binds Fc
receptors on the surface of dendritic cells and macrophages and phagocytose the complex for
degradation. In contrast, nanobodies bind their target protein with similar affinities and
specificities as antibodies but do not promote the degradation of their target proteins. In a
similar way to a smaller peptide inhibitor, we can develop a nanobody specifically against the N-
terminal domain of ANGPLT4 that will inhibit its ability to interact with LPL without affecting its
C-terminal domain or degrading the entire protein. Therefore, we screened NANGPTL4 against
a synthetic library of nanobodies using yeast surface display (168).
3.2 Results

MRNA display for NnANGPTL4 targeted cyclic peptides. We utilized an mRNA-encoding
library containing up to a trillion non-standard, cyclic peptides to pan for high affinity binders to
NANGPTL4. To generate a peptide library barcoded with progenitor mRNA sequences, we used
a randomized DNA library containing seven to twelve NNK codons, a TGC codon for cysteine
dependent cyclization, three repeating (GGC AGC) codons for a peptide glycine-serine linker, a
stop codon, and a complementary sequence for puromycin linker base pairing (Figure 3.1)
(169). The DNA library was transcribed into RNA and ligated to puromycin. Puromycin is an
antibiotic that enables the formation of a stable amide bond between the progenitor mRNA
sequence and peptide during the subsequent in vitro translation step (166). We incorporated the
non-natural amino acid, N-chloroacetyl tyrosine (CIAc-Y), into our library by doping an initiator
tRNA precharged with CIAc-Y into a methionine deficient translation mixture. The N-terminal
chloroacetyl group spontaneously reacts with the closest cysteine side chain to cyclize via a
thioether linkage (167). The final step of library preparation, was a reverse transcription reaction
on the RNA linked peptide to remove potential secondary RNA structure and protect the library
from RNA degradation (Figure 3.1) (166).

Selections were performed against biotinylated nANGPTL4 immobilized on streptavidin-

coated magnetic beads. cDNA from nANGPTL4 bound RNA-peptides was eluted and PCR
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amplified for iterative rounds of selection to enrich for a population of peptides that bind
NANGPTL4 with high affinity. Enrichment was monitored after each round by quantitative PCR
(qPCR) and submitted for next-generation sequencing (NGS). Unfortunately, our efforts to
enrich populations of cyclic peptides that bind nANGPTL4 were unsuccessful (Figure 3.2A, B).
We performed several independent selection campaigns against nANGPTL4 biotinylated on
either the N- or C-terminus and were unsuccessful with both constructs. We did, however, find
that biotinylated nANGPTL4 with an N-terminal 6X His and AviTag is not as active against LPL
as biotinylated NnANGPTL4 with a C-terminal AviTag and N-terminal 6X His tag (Figure 3.2C).
These data suggest either biotinylation or the additional 34 amino acids on the N-terminus
occlude or interfere with the LPL binding site on NnANGPTLA4.

Yeast display for anti-nANGPTL4 nanobodies. Yeast display is a platform whereby
recombinant protein libraries are fused to a cell surface anchor protein for display on the surface
of the cell. Each individual cell expresses a single protein variant and, together, make a library
with an average diversity of 108-10° yeast cells. We screened nANGPTL4 against a synthetic
nanobody library developed by Dr Andrew Kruse and colleagues (168). Briefly, they designed
the library using the entire set of unique nanobody structures available in the Protein Data Bank
(PDB) to identify residues suitable for either partial or complete randomization within the
complementarity determining loops (CDRs) (Figure 3.3A) (168). Upon galactose induction, HA-
tagged nanobodies are produced and tethered to the surface of yeast via a covalent C-terminal
linkage to an engineered glycosylphosphatidylinositol anchor sequence (Figure 3.3A) (168). The
library is composed of ~5 x 108 transformants with ~26% of yeast showing high expression of
nanobodies when measured by flow cytometry.

To identify novel NANGPTL4-binding nanobody, we incubated the yeast library with
either C-terminal biotinylated or c-Myc tagged nANGPTL4, stained nANGPLT4 bound yeast with
either streptavidin microbeads or an anti-c-Myc-FITC conjugated antibody and anti-FITC

microbeads, and then isolated magnetically labeled yeast using magnetic activated cell sorting
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(MACS) (Figure 3.3B). For each round of selection, we alternated between c-Myc tagged
NANGPTL4 and biotinylated NANGPTL4 to decrease the probability of enriching tag binders. To
select for high affinity binders, we started round 1 with 8 uM NnANGPTL4 and decreased the
selection concentration by 10-fold for each subsequent round. After each round of selection, we
used flow cytometry to evaluate enrichment of nanobody binders. After four rounds of selection,
we successfully enriched for high affinity nanobody binders to NANGPTL4 whereby 23% of the
isolated population were positive for binding just 8 nM nANGPTL4 (Figure 3.4).
3.3 Discussion

LPL is a master regulator of plasma TG levels and, therefore, an ideal target for novel
TG-lowering therapeutics. LPL has a multitude of activators and inhibitors and modulation of
any of these partner proteins directly affects TG levels. For example, researchers have
developed a peptide mimetic of an activator of LPL, apolipoproteinC-Il (apoC-Il), that enhances
LPL activity and rapidly lowers TGs in hypertriglyceridemic mice and zebrafish (124). Another
example comes from Regeneron’s anti-ANGPTL3 antibody, evinacumab, which has
successfully completed phase Il trials for the treatment of familial hypercholesterolemia and is
currently in phase Il trials for the treatment of severe HTG (103). In spite of the clinical success
of anti-ANGPTL3 antibodies, anti-ANGPTL4 therapeutics have largely been abandoned due to
the severe intestinal pathology of animals maintained on a high-fat diet. However, it is not
entirely clear if the intestinal pathology is a direct consequence enhanced LPL activity within the
mesenteric lymph nodes or weakened endothelial cell junctions resulting from loss of
cANGPTLA4. Therefore, our goal is to develop a therapeutic that inhibits the PPI between LPL
and nANGPTLA4 in order to preserve functionality in cANGPTL4. To do so, we screened
NANGPTL4 against a panel of cyclic peptides and nanobodies and are currently tested their
ability to inhibit its LPL binding interface.

Our efforts to identify a high affinity cyclic peptide against nANGPTL4 were

unsuccessful. We do not know the exact reason for this, but we have three potential
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explanations. In previous studies, we performed biophysical experiments to generate low-
resolution structural information on NANGPTLA4 in the absence of a known crystal structure. Our
SEC-MALS and SEC-SAXS experiments suggest that NnANGPTL4 is an elongated, highly
flexible, trimer in solution. Perhaps, nANGPTL4 lacks distinct binding pockets for a rigid, cyclic
peptide to bind. A second possibility stems from the fact that, in our hands, NnANGPTL4 appears
to be sensitive to shear stress. NANGPTL4 loses its ability to inhibit LPL and forms aggregated
clumps by negative stain electron microscopy after rigorous pipetting. Lastly, we found
NANGPTL4 aggregates in isothermal titration calorimetry experiments when placed in the
sample cell. Stir speeds had to be decreased significantly to avoid nANGPTL4 aggregation.
Although these lines of evidence are anecdotal, we hypothesize that immobilized nANGPTL4
aggregated after several wash steps before and after incubation with the peptide library. A final
potential explanation could be that the selection concentration of 200 nM nANGPTL4 was too
stringent, perhaps, using a higher concentration of NANGPTL4 would have selected a lower
affinity binder. Overall, our efforts support the notion that nANGPTLA4 is a difficult protein to work
with and has interesting biophysical characteristics.

Nanobodies and yeast display offered several advantages over mRNA display from both
a therapeutic and technical standpoint. Nanobodies are highly stable and often stabilize their
binding partner such that co-crystal structures can be solved. Most importantly, nanobodies
have similar binding specificities and affinities as conventional antibodies but lack Fc domains.
The absence of an Fc domain will prevent complete loss of ANGPTL4 through Fc receptor-
mediated uptake and allow us to specifically neutralize nANGPTL4. From a technical
standpoint, yeast display may be more amenable to NANGPTL4 than mRNA display. Since the
nanobody library is immobilized on the surface of the yeast, NANGPTL4 can be screened
against the library without the need for immobilization and extensive wash steps. Overall, we
isolated several high affinity nanobody binders of NANGPTL4 and are currently screening full

length ANGPTL4 for cANGPTL4 functionality in the presence of anti-nANGPTL4 nanobodies.
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Our ultimate goal is to determine if neutralizing nANGPTL4 can recapitulate the
cardioprotective phenotype observed in the E40K variant population safely and effectively.
Therefore, after completing functional studies on our nanobody hits, we will test our lead
nanobody candidate in mice fed a diet high in saturated fat to determine if they develop severe
intestinal pathologies like mesenteric lymphadenitis, chylous ascites, and fibrinopurulent
peritonitis. These studies will determine if diet-induced intestinal pathology is a result of
enhanced LPL activity in mesenteric lymph nodes or loss of CANGPTLA4.

3.4 Materials and Methods

Molecular cloning- nANGPTLA4 (residues 26-164) was cloned into the pNIC-Bio3
plasmid, which incorporates a TEV cleavable N-terminal 6X His tag and a C-terminal AviTag
and NANGPTLA4 (residues 26-161) was cloned in the pMCSG51 plasmid with a TEV cleavable
N-terminal 6X His tag and AviTag and a C-terminal c-Myc tag separated with a glycine-serine
linker (G4S)2. Both cloning methods utilized ligation-independent cloning (LIC). Briefly,
NANGPLT4 was amplified using Phusion® High-Fidelity DNA Polymerase (New England
BioLabs Inc) to create LIC-overhangs. The pNIC-Bio3 vector was linearized with Bsal,
dephosphorylated with Antarctic Phosphatase, and treated with T4 DNA polymerase to create
LIC-overhangs. The treated vector and nANGPTL4 PCR product were incubated for 15 minutes
at room temperature and transformed into DH5a competent cells.

Protein expression and purification

NANGPTL4 - pNIC-Bio3-nANGPTL4 was co-transformed with pET21a-BirA into BL21
(DE3) cells for expression and in vivo biotinylation on the C-terminus. pMCSG51-nANGPTL4
was transformed into BL21 (DE3) cells for expression and in vivo biotinylation on the N-
terminus. The culture was grown at 37°C until reaching an ODego 0f 0.4-0.6, supplemented with
0.1 mM biotin, and induced with 0.1 mM IPTG (Thermo Fisher Scientific) overnight at 18°C.
Cells were pelleted at 6,000 X g, resuspended in 50 mM tricine pH 7.9, 300 mM NacCl, 10 mM

imidazole, 5 mM betaine, 10% glycerol, 1 mM fresh phenylmethylsulfonyl fluoride (Sigma), and
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lysed using Emulsiflex C5 (Avestin) at 15,000 p.s.i. Lysate was cleared by centrifugation at
34,000 X g for 60 min. Cleared lysate was added to equilibrated Ni-NTA resin (Qiagen). Resin
was washed with 10 column volumes using 20 mM HEPES pH 7.8, 360 mM NaCl, 32 mM
imidazole, 5 mM betaine, 10% glycerol, followed by a second wash with 10 column volumes
using 20 mM HEPES pH 7.8, 360 mM NacCl, 60 mM imidazole, 5 mM betaine, 10% glycerol.
NANGPTL4 was eluted over 6 column volumes using 20 mM HEPES pH 7.8, 360 mM NacCl, 250
mM imidazole, 5 mM betaine, 10% glycerol. Fractions containing NANGPTL4 were dialyzed to
into 50 mM tricine pH 7.9, 360 mM NaCl, 2 mM EDTA, 10% glycerol, aliquoted, and flash frozen
for -80°C storage until use. Untagged nANGPTL4 was purified as described previously (85).
bLPL — bLPL was purified from fresh bovine milk as described previously (158).
MRNA display using a panel of cyclic peptides:

RNA library and flexizyme preparation — DNA libraries containing 7-12 NNK codons and
flexizyme (eFx) oligos were purchased from IDT Technologies and prepared by extension of
extension primers, amplified using PCR reaction, and purified using phenol/chloroform
extraction and ethanol precipitation. DNA was transcribed according to the manufacturer’s
instructions using T7 RNA polymerase (New England Biolabs) overnight at 37°C to maximize
RNA vyields and ensure complete library coverage. Residual template DNA was removed with
DNase (Promega) at 37°C for 1 hour. Magnesium pyrophosphate precipitate was cleared by
adding 0.5 M EDTA and recovered RNA by isopropanol precipitation. RNA libraries were further
purified from an 8% urea PAGE gel, extracted using 0.3 M NaCl, and ethanol precipitated. RNA
pellets were resolubilized in water and diluted to a working concentration of 20 uM and stored at
-80°C until use.

Ligation of puromycin linker — The puromycin linker (P-linker) was purchased as a DNA
oligo with special modifications from IDT Technologies. Ligation reactions were performed using
1 pM library, 1.5 pM P-linker, 1X T4 RNA ligase buffer, 1 mM ATP, 20% DMSO, and T4 RNA

ligase (New England Biolabs) at 25°C for 30 min. Reactions were quenched by adding 1X
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volume of 0.6 M NaCl and 10 mM EDTA. P-linked RNA was ethanol precipitated and
resolubilized in 1/10 volume of water as the original P-linking reaction.

Flexizyme acylation of N-chloroacetyl-tyrosine — Flexizyme (eFx) was mixed in a 1:1
molar ratio with tRNA™¢t in 83 mM HEPES-KOH pH 7.5 and heated at 95°C for 2 min. RNA was
allowed to refold upon incubation at 25°C for 5 min. 3 M MgCl, was added to the reaction to a
final concentration of 750 mM and incubated at 25°C for 5 min. The reaction was chilled on ice,
mixed with 25 mM CIAc-Y for a final concentration of 5 mM, and incubated at 4°C for 2 hours.
RNA was pelleted and washed to remove residual MgCl, with 0.3 M sodium acetate and 70%
ethanol three times. tRNA®A“Y was ethanol precipitated and stored as a pellet at -80°C until
use.

Peptide translation, fusion, and reverse transcription — Cell free translation was
performed using a customized NEB PUREXxpress® Arf123, Aaa, AtRNA kit. Briefly, we mixed 1X
translation solutions A and B with 25 uM initiator tRNA precharged with N-chloro-acetyl tyrosine
(ClAc-Y), 0.5 mM methionine deficient amino acid mix, 1.2 uM P-linked RNA library and
incubated the reaction at 37°C for 30 min. To promote mRNA-peptide fusion, the translated
reaction was left at room temperature for 15 min. The library was dissociated from the ribosome
upon the addition of 200 mM EDTA pH 8.0 and incubated at 37°C for 30 min. To protect RNA by
complimenting with cDNA via reverse transcription, we added 0.25 mM dNTPs, 2 UM reverse
primer, 25 mM Tris-HCI pH 8.3, 15 mM Mg(OAc)2, 10 mM KOH, and 1X MMLYV reverse
transcriptase H (-) point mutant (Promega) to the prepared library. The reaction incubated at
42°C for 1 hour. Lastly, the library was passed through Sephadex G-25 resin prepacked in a
small, 1 mL, column to exchange into selection buffer (20 mM tris-HCI pH 8.0, 360 mM NacCl, 5
mM betaine, 10% glycerol) prior to incubation with NANGPTLA4.

NANGPTL4 selection — Biotinylated nANGPTL4 was immobilized on Dynabeads™ M-
280 Streptavidin magnetic beads (ThermoFisher Scientific), beads were washed three times

with selection buffer, blocked with 25 pM biotin, and washed three more times with selection
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buffer. For the initial round, NANGPTL4 coated beads were incubated with library for 30 min at a
final concentration of 200 nM. cDNA/mRNA-peptide bound beads were washed three times with
selection buffer and cDNA was eluted in 1X PCR buffer by heating at 95°C for 5 min. For
subsequent rounds, the library was precleared of potential biotin-streptavidin bead binders by
incubating the library with a 50:50 mixture of biotin-coated beads at 4°C for 30 min prior to
incubation with nANGPTL4-coated beads. Beads used to preclear the library (negative
selection) were washed and eluted in the same way as NnANGPTL4-coated beads (positive
selection) to later assess for library enrichment by quantitative PCR (QPCR). Eluted cDNA was
amplified by PCR using Taq polymerase, purified by phenol/chloroform extraction and ethanol
precipitation, and stored at -20°C until use in RNA transcription reactions for the following round
of selection.

Next generation sequencing — Next generation sequencing adapters were added to
cDNA samples eluted from rounds 3-5 using PCR amplification and Taq polymerase. DNA
samples were quantified using Nanodrop™ 1000 and sent for sequencing using Genewiz’s
Amplicon Ez service. Sequencing analysis was performed using a python script to translate
DNA sequences into amino acid sequences and list the top 1000 sequences that were enriched
across each round of selection. Sequences were visualized using CLC Sequence Viewer
(Qiagen).

Yeast display using magnetic activated cell sorting (MACS)- The nanobody library was
developed by Dr. Andrew Kruse and colleagues (168). Briefly, nanobodies are expressed as an
N-terminal fusion of the mating factor alpha pro-peptide for secretion and a C-terminal fusion of
hemagglutinin (HA) tag and 649 amino acid glycosylphosphatidylinositol anchor sequence for
covalent tethering of the nanobody to the yeast cell wall. We performed four rounds of selection
against nANGPTL4 where the first round was done using magnetic sorting and MACS® Cell
Separation (Miltenyi Biotec) for all subsequent rounds. The first round of selection was

performed using 5 x 10° induced yeast (roughly 10-fold over the estimated library diversity) and
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1-2 x 107 cells for subsequent rounds. Yeast were washed, resuspended in selection buffer (1X
PBS pH 7.4, 1 mM EDTA, 5% glycerol, 0.1% BSA) containing Pierce™ anti-c-Myc magnetic
beads (ThermoFisher Scientific) for the first round of selection and streptavidin microbeads
(Miltenyi Biotec) or anti-c-Myc-FITC antibody and anti-FITC microbeads (Miltenyi Biotec) for
subsequent rounds. The yeast-bead mixture was incubated for 40 min at 4°C. Yeast
nonspecifically bound to magnetic beads were removed from the first round using a
DynaMag™-5 Magnet (ThermoFisher Scientific) and, for subsequent rounds, were by passed
through an equilibrated LD column (Miltenyi Biotec). After pre-clearing, NnANGPTL4 binding
nanobodies were isolated after incubating the yeast with biotinylated or c-Myc tagged
NANGPTL4 at 4°C for 1 hour. Throughout these four selection rounds, yeast were stained with
successively lower concentrations of NANGPTL4: 8 uM, 800 nM, 80 nM, and 8 nM to enrich for
binders with higher affinities. NANGPTL4 bound yeast were pelleted and resuspended in
Pierce™ anti-c-Myc magnetic beads for the initial round or streptavidin microbeads (Miltenyi
Biotec) or anti-c-Myc-FITC antibody and anti-FITC microbeads (Miltenyi Biotec) for subsequent
rounds and incubated at 4°C for 20 min. For the initial round, bead bound yeast were isolated
and washed twice using a DynaMag™-5 Magnet (ThermoFisher Scientific). For subsequent
rounds, bead bound yeast were passed over an LS column and washed prior to elution. After
every round, isolated yeast were recovered in 3 mL of Trp dropout media containing glucose
shaking at 230 rpm for 24 hours at 30°C. After selection, hanobody plasmids were extracted
from yeast isolated from round 3 and 4 using 25 mM tris pH 7.5, 5 mM 2-mercaptoethanol
(Sigma), Zymolase, and a QlAprep Spin Miniprep Kit (Qiagen). Isolated nanobody plasmids
were transformed into DH5a competent cells and sent for bacterial colony sequencing
(Functional Biosciences).

Flow cytometry and cell sorting- Yeast isolated from each round of selection were was
washed with selection buffer (1X PBS pH 7.4, 1 mM EDTA, 5% glycerol, 0.1% BSA) and

incubated with 800 nM, 80 nM, or 8 nM biotinylated NANGPTL4 for 1 hour at 4°C. NnANGPTL4
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bound cells were pelleted and washed once with selection buffer. Pelleted yeast were
resuspended in 3 pg/mL Streptavidin Alexa Fluor™ 633 conjugate (ThermoFisher Scientific) or
anti-HA-tag (6E2) Alexa Fluor™ 488 conjugate (Cell Signaling Technology) and incubated at 4C
for 30 min. Labeled cells were washed three times and passed through a 40 um filter prior to
sample loading onto a BD FACSCanto™ flow cytometer (BD Biosciences) for analysis. Yeast
isolated following MACS selection in round 3 were further isolated using a BD FACSAria™ |l|
(BD Biosciences) flow cytometer for cell sorting. Gating for stained yeast was determined
manually based on the cell profile of unstained yeast. All data was analyzed using the FlowJo™

v10.6.1 software.
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3.6 Figures
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Figure 3.1 Overview of the RaPID system utilized for a campaign against nANGPTL4. A
DNA library containing codons for an initiator methionine, 7-12 random amino acids, a C-
terminus cysteine residue, followed by a glycine serine linker was transcribed into mRNA.
Puromycin was ligated to the mRNA to enable peptide fusion in the subsequent in vitro
translation step. The non-natural amino acid, N-chloroacetyl tyrosine, was precharged onto the
initiator tRNA by flexizyme and doped into a translation mixture deficient in methionine. N-
chloroacetyl tyrosine spontaneously forms a thioether linkage with a downstream cysteine
residue to form a macrocyclic peptide. The peptide-linked mRNA was reverse transcribed to
protect from RNase degradation and abolish interfering RNA secondary structure. The library
was then incubated with immobilized nANGPTLA4 to facilitate peptide binding and washed
extensively to remove nonspecifically bound peptides. The cDNA of NANGPTL4-bound peptides
was eluted and amplified by PCR for subsequent rounds of selection. After each round of
selection, enrichment was monitored by gPCR and then sequenced by NGS after 4-6 rounds of
selection. Figure adapted from Huang et al. 2018 (166)
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Figure 3.2 No enrichment observed after several campaigns against NANGPTL4. A)
Representative qPCR result where we could not see significant signs of enrichment, indicated
by percent DNA recovery (blue) in comparison to the negative control (gray). B) Representative
NGS sequencing result where no obvious consensus sequence emerged. Note the initiator
methionine is actually N-chloroacetyl tyrosine (gray) and C-terminus cysteine and glycine-serine
linker are highlighted (black).
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Figure 3.3 Overview of yeast display campaign against nANGPTL4. A) Kruse and
colleagues generated a synthetic nanobody library with variation in each CDR loop was fused
with an HA tag and GPI stalk on the C-terminus for display on the surface of yeast (168). B) The
naive nanobody library was incubated with soluble nANGPTL4, washed, and affinity captured
using magnetic beads. NANGPTL4 bound yeast were isolated using magnetic activated cell
sorting (MACS) and grown for additional rounds of selection. We assessed for nanobody
enrichment after each round of selection using flow cytometry. Figure adapted from McMahon et
al. 2018 (168).
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Figure 3.4 Enrichment of anti-nANGPTL4 nanobodies after four rounds of selection. Flow
cytometry analysis where each dot is an individual yeast cell fluorescently labeled to monitor
nanobody display and nANGPTL4 binding. Nanobody surface display is indicated on the x-axis
where HA-tagged nanobodies were stained with an anti-HA-488 antibody. NnANGPTL4 binding is
indicated on the y-axis where biotinylated nANGPTLA4 is labelled with streptavidin-633. Yeast
cells displaying NANGPTL4 specific nanobodies are in the upper right quadrant with significant
enrichment observed from 2.7% in round 1 to 23.2% in round 4 at the lowest NANGPTL4

concentration (8 nM).
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CHAPTER 4

Comparison of ANGPTL3 and 4 reveals heparin binding to ANGPTL3 blocks LPL
inhibition

4.1 Introduction

Lipoprotein lipase (LPL) plays a central role in the regulation of whole-body energy
balance by hydrolyzing triglycerides (TG) within circulating lipoproteins to provide free fatty
acids to tissues. LPL activity is differentially regulated in adipose vs. muscle tissue depending
on nutritional state, in order to ensure appropriate distribution of available energy throughout the
body (57). Specifically, LPL activity is downregulated in adipose tissue during fasting to direct
TG-rich lipoproteins to muscle tissue for fatty acid oxidation (95). Conversely, in the postprandial
state LPL activity increases in adipose tissue, but decreases in oxidative tissues, allowing
utilization of glucose by oxidative tissue and TG storage in adipose tissue (170). This tissue
specific regulation is facilitated by three members of the angiopoietin-like protein (ANGPTL)
family of proteins: ANGPTL3, ANGPTL4, and ANGPTLS8. Each protein is an inhibitor of LPL,
and each has a different pattern of expression (171). ANGPTLS is highly expressed in the liver
and is largely insensitive to nutritional state (77). In fasted conditions, ANGPTL4 is upregulated
in adipocytes to inhibit LPL locally in adipose tissue. ANGPTLS is upregulated in postprandial
conditions and expressed in the liver and adipose. Unlike ANGPTLA4, the effect of ANGPTL3
inhibition on LPL is only observed when ANGPTLS is present after feeding (60). ANGPTL3 and
ANGPTLS circulate in complex to inhibit LPL in oxidative tissues, however, the mechanistic

details for how they form an inhibitory complex are not well understood (60-62).
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As members of the ANGPTL family, ANGPTL3 and ANGPTL4 share similar structural
characteristics and have 29% sequence identity. Both have an N-terminal coiled-coil domain
and a C-terminal fibrinogen-like domain separated by a furin cleavage site (138, 172). The N-
terminal coiled-coil domain of both proteins inhibit LPL in vitro through a conserved inhibition
motif. However, biochemical studies suggest ANGPTL4 is a notably better inhibitor of LPL than
ANGPTL3 on its own (143). With so many biochemical similarities, some puzzling differences
emerge between the physiological role of ANGPTL3 and ANGPTL4. Specifically, why can
ANGPTL3 inhibit LPL in vitro, but is codependent on ANGPTLS for inhibition in vivo?

In previous work, comparisons of in vitro LPL inhibition by ANGPTL3 and ANGPTL4
showed that ANGPTL4 inhibition of LPL was up to 100x more potent than ANGPTL3 (45, 82,
83). Differences have also been observed in the abilities of ANGPTL3 and ANGPTLA4 to inhibit
LPL in the presence of other proteins and additives. For example, heparin was found to protect
LPL from inhibition by ANGPTL3 (82, 83). In contrast, heparin enhanced the rate of ANGPTL4-
mediated inactivation of LPL (82). It was proposed that this protection was due to competitive
binding of heparin to LPL, resulting in occlusion of the ANGPTL3 binding site on LPL (83). The
mechanism of ANGPTL3 has remained unclear, partially due to its poor in vitro inhibition of LPL.
Different studies have arrived at conflicting conclusions about whether ANGPTL3 is an
irreversible or reversible LPL inhibitor, indicating more data is needed to elucidate how
ANGPTL3 inhibits LPL (83, 87).

Here, we set out to better understand ANGPTL3 inhibition of LPL. First, we performed
biophysical experiments to compare the structures and oligomeric states of the N-terminal
coiled-coil domains of ANGPTL3 and ANGPTL4, herein referred to as nANGPTL3 and
NANGPTL4. As predicted, both proteins were found to share structural similarities in that they
form elongated, flexible oligomers in solution. NANGPTL3 and nANGPTL4 both predominated
as trimers, but NnANGPTL3 also formed a hexamer that does not interconvert into a trimer. In

preparing for our biophysical studies, we discovered that nANGPTL3 co-purifies with a DNA
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contaminant. Removal of this DNA contaminant significantly enhanced nANGPTL3 inhibition of
LPL. Heparin mimics the inactivating effect of the DNA contaminant on nANGPTL3. In contrast,
heparin did not affect the ability of NANGPTLA4 to inhibit LPL. These data reveal that despite
having structural similarities, NANGPTL3 and nANGPTL4 have different mechanisms of action
on LPL.
4.2 Results

DNA-bound nANGPTL3 is an ineffective inhibitor of LPL. In previous in vitro studies,
ANGPTL3 was shown to be a less potent inhibitor of LPL than ANGPTL4 (45, 82, 83). Most of
these studies used nANGPTL3 recombinantly produced in E. coli and purified using nickel
chromatography (82, 83). We repeated this protocol and included a size-exclusion
chromatography (SEC) step for additional purification. Unexpectedly, we found that NANGPTL3
co-purified with significant nucleic acid contamination, as observed by absorbance at 254 nm
(Figure 4.1A). The contaminating nucleic acid was sensitive to DNase treatment, but resistant to
RNase treatment, indicating that nANGPTL3 was bound to DNA (data not shown). We also
observed two peaks in the included volume of the SEC that contained NnANGPTL3. We pooled
and concentrated the NnANGPTL3 from each peak and assessed in vitro LPL inhibition using the
fluorescent substrate, DGGR. These experiments showed that neither NANGPTL3 peak 1, nor
peak 2, significantly inhibited LPL activity (Figure 4.1B, C). In order to remove the contaminating
DNA from the nANGPTL3 preparation, we added an additional purification step, anion exchange
chromatography (MonoQ), which led to a significant reduction in DNA and cleaner nANGPTL3
as observed from the 254 nm trace from subsequent SEC (Figure 4.1D). Interestingly,
NANGPTLS3 still eluted in two distinct peaks from the SEC after this additional anion exchange
step. Both peak 1 and peak 2 contained >95% pure NANGPTL3 and had enhanced potency
against LPL (Figure 4.1E, F).

NANGPTL3 and nANGPTL4 size determination. We next set out to determine the

oligomeric state of the clean NnANGPTL3 in SEC peaks 1 and 2. Although a previous study
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showed that NANGPTL3 elutes from SEC across a broad peak as high-molecular weight
oligomers, the precise composition of these oligomers has not been determined (77). Thus, both
peak 1 and 2 were collected, concentrated, and separately analyzed by SEC in line with multi-
angle light scattering (SEC-MALS). These experiments revealed that peak 1 had a molecular
weight of 151 kDa, which corresponds to a hexamer of NANGPTL3 (monomer 26.8 kDa) (Figure
4.2A). The second peak had a molecular weight of 76 kDa, which corresponds to an nANGPTL3
trimer (Figure 4.2B). Intriguingly, we also found that the nANGPTL3 hexamers and trimers do
not interconvert. When we re-injected each peak onto SEC, we observed only a single peak on
the second SEC run (Figure 4.2A, B), indicating that NANGPTL3 hexamers do not break down
into trimers and trimers do not assemble into hexamers. Similar to NANGPTL3, nANGPTL4 has
been reported to form higher order oligomers by SEC and ultracentrifugation (77, 84). However,
the exact composition of these oligomers has not been determined. To accurately compare the
oligomeric state of NANGPTL3 and nANGPTL4, we performed SEC-MALS on nANGPTL4. We
found NANGPTLA4 elutes in a single peak with a molecular weight of 46 kDa, which corresponds
to a trimer of NANGPTL4 (monomer 15.4 kDa, Figure 4.2C).

Structural comparison of NnANGPTL3 and nANGPTL4. To further analyze the structural
differences between NANGPTL3 and nANGPTL4, we carried out SEC-small angle X-ray
scattering studies (SEC-SAXS). Analysis of NANGPTL3 hexamers and trimers also suggest
elongated structural envelopes, with the trimer being about half the length of the hexamer
(Figure 4.3A-D, Supplemental Figure 4.2B-C, Supplemental Table 4.1). Because there is
currently no structure of the N-terminal region of ANGPTL3, we did not attempt to model in the
predicted coiled-coil domains. However, the length of molecules seen here would be consistent
with other coiled-coil proteins of similar size. NANGPTL4 was found to have an elongated and
highly flexible structure (Figure 4.3E-F, Supplemental Figure 4.2A, Supplemental Table 4.1).

Although these SAXS envelopes are low resolution, they reveal that both nANGPTL3 and
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NANGPTL4 adopt elongated structures in solution and confirm that the SEC-MALS data
accurately describes the oligomeric state of the proteins.

Low molecular weight heparin binds to and inhibits NANGPTL3 but not nANGPTLA4.
Previous work demonstrated that nANGPTL3 inhibition of LPL is blocked by the presence of
heparin (82, 83). Given that DNA-contaminated nANGPTL3 does not inhibit LPL, we
hypothesized that both heparin and DNA can occupy the heparin binding motif in NANGPTL3
(V61-G66), which is adjacent to the LPL inhibitory motif (146-L57), and consequently prevent
LPL inhibition (59, 142, 143). We tested this hypothesis by measuring the effects of three
different heparin oligosaccharides: disaccharide (2-mer), hexasaccharide (6-mer), and
dodecasaccharide (12-mer) on LPL activity and inhibition (Supplemental Figure 4.1A). First, we
tested the ability of the heparin to stabilize LPL activity (Figure 4.4A). The 2-mer did not stabilize
LPL, and therefore no increase in LPL activity was observed, however, both 6-mer and 12-mer
did stabilize LPL. At low concentrations, heparin stabilizes LPL; this stabilization has been
attributed to heparin bridging two monomers to stabilize active LPL dimers. We found that 6-mer
significantly stabilizes LPL activity, although to a lesser extent than 12-mer, for which we
observed an even larger increase in LPL activity and, therefore, stabilization. These data agree
with a previous study that showed that shorter heparin saccharides (tetra- and
hexasaccharides) do not stabilize LPL activity to the same extent as longer ones (octa- and
decasaccharides) (173).

We next tested LPL inhibition by NANGPTL3 and nANGPTL4 in the presence of the
three heparin species. Briefly, NANGPTL3 and nANGPTL4 were preincubated with heparin,
added to LPL, and assessed for their ability to inhibit LPL activity using a synthetic substrate,
DGGR. The data were normalized to LPL conditions without inhibitor present for each heparin
size. NANGPTL3 effectively inhibited LPL in the presence of 2-merand 6-mer. However,
NANGPTL3 did not inhibit LPL in the presence of 12-mer (Figure 4.4B). By contrast, N ANGPTL4

showed no impairment of inhibition at any heparin size (Figure 4.4C). Interestingly, the 6-mer
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stabilized LPL activity but did not block nANGPTL3 inhibition of LPL. These data reveal that
heparin-mediated inactivation of NANGPTL3 is dependent on the length of heparin. Although
NANGPTL3 was preincubated with heparin, we do not know for sure if heparin-mediated
inactivation is due to heparin binding LPL or heparin binding to ANGPTL3. The 6-mer data
suggests that NANGPTL3 can inhibit heparin-bound LPL and, perhaps, longer heparins
inactivate NnANGPTL3 by blocking its LPL inhibitory motif.

To test the idea that N ANGPTL3 is inactivated by longer heparins, we synthesized
biotinylated 6-mer and 12-mer. We analyzed LPL, nANGPTL3, and nANGPTL4 binding to both
biotinylated heparin variants. Each protein was incubated with one of the biotinylated heparin
variants and then pulled down using streptavidin coated beads. The beads were washed and
the protein bound to the biotinylated heparin was analyzed by western blot. We found that
NANGPTLS3 significantly bound to 12-mer, but had little binding to 6-mer (Figure 4D,
Supplemental Figure 1B). This supports the notion that nANGPTL3 binding to longer heparins
(12-mer) abolishes its ability to inhibit LPL, since LPL binds to both 6-mer and 12-mer (Figure
4.4D, Supplemental Figure 4.1C). nANGPTL4 has previously been shown to bind unfractionated
heparin and, here, we see it also binds to low molecular weight heparins (78, 174). In spite
of binding to NANGPTL4, the low molecular weight heparins do not affect nANGPTL4 inhibition
of LPL (Figure 4.4D, Supplemental Figure 4.1D).

NANGPTL3 and nANGPTL4 interact with LPL differently. We hypothesized that one
explanation for the differences in LPL inhibition may be due to NANGPTL3 having different LPL-
binding sites than nANGPTLA4. Previously, we determined that nANGPTL4 binds LPL on the lid
domain that covers its active site and at an a-helix proximal to the LPL lid (85). Because hepatic
lipase (HL) is resistant to nANGPTL4, we were able to make nANGPTL4-resistant LPL variants
by creating LPL-HL chimeras. Specifically, we generated a chimera of LPL in which the LPL lid
domain (C216-C239) was replaced with the HL lid (LPLu. Lig) and a chimera in which the lid-

proximal helix of LPL (L87-Y100) was swapped for the corresponding HL helix sequence (LPLn.
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relix). We investigated the nANGPTL3 inhibition of these LPL-HL chimeras, because a previous
report indicated that nANGPTL3, like NANGPTL4, is not an effective inhibitor of HL (170). To
determine if NANGPTL3 recognizes the same binding sites on LPL, we compared nANGPTL3
and nANGPTL4 inhibition of HL, LPL, LPLw. Lia, and LPLu reix (Figure 4.5A, B). As expected,
both NnANGPTL3 and nANGPTL4 inhibited LPL, but neither inhibited HL. NnANGPTL3 partially
inhibited the LPLHLLia chimera, which contrasts with a more substantial loss of NANGPTL4
inhibition. NANGPTL3 inhibited the LPLH. Heiix Chimera equivalently to native LPL, but
NANGPTL4 was not able to inhibit the LPLH. Heix. These results indicate that NANGPTL3 and
NANGPTLA4 likely have different binding sites on LPL. Both nANGPTL3 and nANGPTL4 interact
with the LPL lid domain, but nANGPTL3 inhibition is less sensitive to mutations in the LPL lid
than NANGPTLA4. In the case of the lid-proximal LPL helix, NANGPTL3 robustly inhibits LPLu.
Helix, indicating the helix does not play a role in NANGPTL3 binding, unlike nANGPTLA.
4.3 Discussion

Our comparison of NANGPTL3 to NANGPTL4 has revealed many new aspects of
NANGPTL3 inhibition of LPL. First, our discovery that NANGPTL3 co-purifies with DNA
contamination likely explains reports of poor in vitro potency against LPL (82, 83). Because
NANGPTL3 is sensitive to both DNA and heparin inhibition, the presence of either contaminant
in NANGPTL3 preparations could lead to inactive NANGPTL3. After NANGPTL3 was purified
without contaminating DNA, we found that it had enhanced potency against LPL, even in the
absence of ANGPTLS. This discovery has implications for the debate surrounding whether
ANGPTLS activates ANGPTL3 or vice versa. Because ANGPTL3 can inhibit LPL without
ANGPTLS, but the reverse has not been seen, we predict that ANGPTLS8 activates ANGPTLS3.
The activation mechanism could involve a structural rearrangement or potentially the removal of
inactivating agents, like heparin or DNA, from the ANGPTL3 active site.

This work presents the first structural characterization of the N-terminal domains of

ANGPTL3 and ANGPTL4 using both SEC-MALS and SEC-SAXS experiments. Interestingly, we
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found that nANGPTL3 purifies as two separate oligomeric forms, hexamers and trimers, that do
not interconvert. NANGPTL4 was also observed to form trimers. The formation of an nANGPTL4
trimer is consistent with the oligomeric state observed for one of the nANGPTL3 oligomers,
which is appealing because they share a predicted coiled-coil structure in addition to their LPL
inhibitory activity. It remains to be seen if these oligomeric states are a result of recombinant
purification of the N-terminal domains of ANGPTL3 and ANGPTL4. The SEC-SAXS structures
of NnANGPTL3 and nANGPTL4 revealed that both oligomers form elongated rod-like structures
and likely have a high degree of flexibility.

We were able to observe differences in the LPL-binding sites of NANGPTL3 and
NANGPTLA4. In contrast to NnANGPTL4, nANGPTL3 inhibition of LPL was only modestly affected
by the LPLH. Lia chimera and not affected by the LPLu. Heiix chimera. Given that the lid-proximal
helix is only next to the lid when the lid is closed, it follows that, as a noncompetitive inhibitor,
NANGPTL4 binds both of those sites on LPL. Overall, these experiments suggest nANGPTL3
has different binding sites on LPL than nANGPTL4 and may interact, weakly, with the lid
domain.

Another difference between NANGPTL3 and nANGPTLA4 is their interaction with low
molecular weight heparin. N-terminal ANGPTL3 possesses a heparin binding site adjacent to its
LPL inhibitory domain, whereas N-terminal ANGPTL4 binds heparin at an unidentified site (78,
143). It was initially hypothesized that ANGPTL3 inhibition of LPL could be blocked by heparin
binding LPL (83). However, our data shows that NANGPTL3 itself binds to heparin, which leads
to the loss of activity. We found that 6-merwas able to bind LPL and increase its activity, but did
not bind to or inactivate nANGPTL3. If heparin binding to LPL blocked the ability of NANGPTL3
to bind LPL, we would have expected that 6-mer-bound LPL would be resistant to NANGPTL3
inhibition.

This work presents many new insights into NANGPTL3 and how it inhibits LPL. It opens

more areas of exploration, including the exact binding site of NANGPTL3 on LPL and how
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ANGPTLS is able to activate ANGPTL3 in vivo. It is clear that NANGPTL3 and nANGPTL4, in
spite of their global similarities, are two very different inhibitors of LPL. This knowledge helps
advance our understanding of the regulation of LPL activity.

4.4 Materials and Methods

NANGPTL3 cloning. The N-terminal domain of human ANGPTL3 (UniProt accession ID
Q9Y5C1), encompassing residues S17-R245, was cloned C-terminal to a hexa-histidine tag and
a TEV cleavage site. The resulting molecular weight of the purified protein was 26.8 kDa. The
sequence was placed into a pETDUET vector (Novagen) at the multiple cloning site 1 (MCS1)
(PETDUET-ANGPTL3).

Purification of NnANGPTL3 (both with and without DNA). pETDUET-ANGPTL3 was
transformed into BI21 (DE3) RIPL cells and grown in LB at 37°C to an optical density of 0.6 at
600 nm. Protein expression was induced using 1mM isopropyl 3-D-1-thiogalactopyranoside
(IPTG) and the cells were grown for 3 hours at 37°C before harvesting by centrifugation at 6700
x g for 30 minutes at 4°C. Cells were resuspended in binding buffer (20 mM tris-HCI pH 8, 500
mM NacCl, 5 mM imidazole pH 8, 10% glycerol) on ice and flash frozen. Cells were thawed, and
all subsequent steps were performed at 4°C. Cells were lysed using an Emulsiflex C3 high-
pressure homogenizer, then lysate was clarified by centrifugation at 27000 x g for 70 min.
Supernatant was filtered with a 0.2 um filter and applied to a Ni-NTA resin column equilibrated
in binding buffer. Following binding, the column was washed in binding buffer followed by wash
buffer 1 (20 mM tris-HCI pH 8, 500 mM NacCl, 25 mM imidazole pH 8, 10% glycerol), and wash
buffer 2 (20 mM tris-HCI pH 8, 300 mM NacCl, 60 mM imidazole pH 8, 5% glycerol). Protein was
eluted using 20 mM tris-HCI pH 8, 300 mM NacCl, 300 mM imidazole pH 8, 5% glycerol.
Fractions containing nANGPTL3 were pooled and dialyzed overnight into either MonoQ Buffer A
(20 mM tris-HCI pH 8, 100 mM NacCl, 5% glycerol) or SEC Buffer (20 mM tris-HCI pH 8, 500 mM

NacCl, 5% glycerol). For purifications using anion-exchange MonoQ chromatography, samples
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were loaded onto a 1 mL MonoQ column using an AKTA explorer system at 0.5 mL/min. The
column was washed with MonoQ buffer A for 10 CV, then eluted via a linear gradient from
MonoQ buffer A to MonoQ buffer B (20 mM tris-HCI pH 8, 1 M NaCl, 5% glycerol) over 10 CV.
Fractions containing NANGPTL3 were pooled and dialyzed overnight into SEC Buffer. SEC was
performed using either a Superdex S-200 or Sephacryl S-300 column equilibrated in SEC
Buffer. The S-300 column provided more separation between the excluded volume and the first
peak of NANGPTL3, although NnANGPTL3 peak 1 and peak 2 were in the included volume of
both columns. NnANGPTL3 peak 1 and peak 2 were pooled separately and concentrated using
10 kDa cut-off Millipore filters. The final protein concentrations were determined by BCA assay
and DNA contamination was assessed by reading the 260:280 nm ratio with a Thermo
Nanodrop. Finally, the proteins were aliquoted and flash frozen.

Purification of other proteins. N-terminal ANGPTL4 (UniProt accession ID Q9BY76) was
cloned and purified as previously reported (79). Bovine LPL (UniProt accession ID P11151) was
purified from raw bovine milk using heparin chromatography as previously reported (158).
Human LPL (UniProt accession ID P06858), HL (UniProt accession ID P11150), and LPL-HL
chimeras (LPLwL Lis and LPLuL Heix) Were purified as previously reported (85). Furin-resistant
human LPL was purified as previously reported (18).

LPL activity assays. Activity assays were performed using a final concentration of 2.5 nM
bovine LPL (bLPL) or human LPL (hLPL) or LPL-HL chimeras, diluted in LPL assay buffer,
which has a final concentration of 20 mM tris-HCI pH 8.0, 150 mM NacCl, 0.2% fatty-acid free
bovine serum albumin (BSA), and 1 mM sodium deoxycholate. nANGPTL3 or NANGPTL4 were
diluted to the necessary concentrations using SEC Buffer (20 mM tris-HCI pH 8, 500 mM Nacl,
5% glycerol). 30 uL of diluted LPL was mixed with 40 uL of diluted NANGPTL3 and incubated in
a black-walled, 96 well plate at 22°C for 10 min. 30 pL of fluorescent substrate 1,2-di-O-lauryl-

rac-glycero-3-glutaric acid-(6’-methylresofurin) ester (DGGR) (Sigma) in 0.01% Anzergent 3-16
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(Anatrace) was added immediately before assaying activity at 37°C as previously described
(79). Data was background corrected using samples without LPL. Curves for each nANGPTL3
concentration were individually fit with Michaelis-Menten kinetics.

SEC-MALS. SEC-MALS was performed using a 24 mL Sephadex S-200 column
connected to a Wyatt DAWN HELEOS Il light scattering instrument interfaced to an Agilent
1260 Infinity FPLC System, Wyatt T-rEX refractometer, and Wyatt dynamic light scattering
module. For both NANGPTL3 and nANGPTL4 the S-200 column was equilibrated with 3 CV of
SEC-MALS Buffer (20 mM tris-HCI pH 8, 150 mM NaCl, 5% glycerol) prior to injecting 90 pL of
sample on to the column at 0.5 mL/min. Data was analyzed using the Wyatt ASTRA software
package.

SEC-SAXS nANGPTL3. SEC-SAXS of both nANGPTL3 oligomers was performed using
the SIBYLS beamline 12.3.1 at the Advanced Light Source in Berkeley, CA. SEC was
performed using an Agilent 1260 series HPLC with a Shodex Protein KW-804 analytical column
at a flow rate of 0.5 ml/min in 20 mM tris-HCI pH 7.5, 400 mM NacCl, 2% glycerol. Samples were
shipped on ice and stored at 4°C. Protein flowing off of the SEC was examined using SAXS at
a sample-to-detector distance of 1.5 m, with A=1.03 A incident light. This resulted in a g-range of
0.013 A1to 0.5 Al. Each exposure frame was 3 s. SEC-SAXS curves were initially analyzed by
the SIBYLS beamline staff using ScAtter.

SEC-SAXS nANGPTL4. SAXS of NANGPTL4 was performed at the BioCAT beamline
181D at the Advanced Photon Source in Chicago, IL with in-line SEC to separate samples from
aggregates and other contaminants (175). Sample was loaded onto a WTC-015S8 column
(Wyatt Technology) run by an Infinity Il HPLC (Agilent Technologies) and run at 0.8 ml/min.
After the SEC eluate passed through the UV monitor, it passed through the SAXS flow cell
which consists of a 1.5 mm ID quartz capillary with 10 um walls. Scattering intensity was

recorded using a Pilatus3 1M (Dectris) detector which was placed 3.5 m from the sample, giving
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us access to a g-range of 0.004 A1 — 0.4 A1, 0.5 second exposures were acquired every 2
seconds during elution and data was reduced using BioXTAS RAW 1.4.0 (176). Buffer blanks
were created by averaging regions flanking the elution peak and subtracted from exposures
selected from the elution peak to create the I(q) vs q curves used for subsequent analyses.

SAXS Data Analysis. We utilized the ATSAS software package for SAXS data analysis
(177). PRIMUS was used to analyze the averaged and background subtracted SAXS data for
guinier range with Autorg. P(r) was determined empirically with the help of GNOM. With these
input parameters (Supplemental Table 4.1), DAMMIF was run using the slow setting for 20 runs,
assuming P1 symmetry and unknown shape (178). The results of DAMMIF runs were fed into
the DAMAVER package and assessed for NSD to determine how similar the 20 models were.
The resulting damstart.pdb envelope from DAMAVER was used as the initial model for a final
slow DAMMIN refinement with P1 symmetry, unknown shape, and all atoms unfixed. The fit of
final structural envelopes were validated using CorMap (179).

Synthesis of Heparin and Biotinylated Heparin Oligosaccharides. Heparin disaccharide
(2-mer) 1-H sodium salt was purchased from Sigma (H8892-1MG) and used without further
purification. Both 6-mer and 12-mer were synthesized according to a chemoenzymatic method
published previously (180). The structures of 2-mer, 6-mer, and 12-mer are illustrated in
Supplemental Figure 4.1A. The products were purified by anion-exchange chromatography
using a Q-Sepharose column. Nuclear magnetic resonance (NMR) and electrospray ionization
mass spectrometry (ESI-MS) matched published data for 6-mer and 12-mer. Biotinylation of
heparin oligosaccharides was performed using previously published methods (181). The final
product was purified by DEAE-HPLC to generate biotinylated 6-mer and 12-mer. HPLC and MS
results match the published report for these compounds.

Heparin LPL Activity Assays. Assays with heparin were performed using the same
general parameters as the LPL activity assays. The final concentrations of each component

were 2.5 nM bLPL, 6 uM nANGPTL3 trimer, 10 ug/mL heparin, and 10 uM of DGGR with the
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buffers described in the LPL activity assay method. For assays with NANGPTL4, a final
concentration of 2 uM nANGPTL4 was used rather than nANGPTL3. Diluted NnANGPTLS3 or
NANGPTL4 and heparin were mixed together and incubated at 22°C for 10 min. Heparin
controls without NANGPTL3 or NANGPTL4 were also diluted in SEC Buffer. 40 uL of heparin
with or without NANGPTL3 or nANGPTL4 was added to 30 uL of bLPL immediately prior to
adding 30 uL of DGGR. The plate was immediately read at 37°C as previously described (79).
Each condition was performed as a technical triplicate. Data was background corrected using
samples without LPL. Data for LPL with heparin and without NANGPTL3 or N ANGPTL4 was
normalized to LPL without heparin. Data for LPL with both nANGPTL3 or nANGPTL4 and
heparin was normalized to the LPL with heparin (without NnANGPTL3 or NANGPTLA4).
Significance was determined by students t-test.

Biotinylated Heparin Pull-Down and Western Blots. First, 5 pmol of each protein (furin-
resistant hLPL or NANGPTL3 hexamer or nANGPTL4) was incubated with 275 pmol of each
heparin (6-mer or 12-mer) in pull-down buffer (phosphate buffered saline (PBS) (137 mM Nacl,
2.7 mM KCI, 10 mM Na;HPO., 1.8 mM KH2PO.), 0.1% fatty acid free BSA, 0.01% triton X-100)
in a final volume of 8.5 uL. As a negative control, each protein was mixed with an equal volume
of pull-down buffer instead of heparin. The samples were rotated at 4°C for 30 min. Each
sample was then mixed with 0.5 uL of cleaned Streptavidin M-280 Dynabeads (Invitrogen) that
had been diluted in pull-down buffer to a final volume of 2.5 uL. The samples with beads were
rotated at 4°C for 30 min. The beads were pulled-down using a magnet and the supernatant
was removed by pipetting. The beads were then washed with 200 pL of pull-down buffer three
times. After removing the final supernatant, the beads were resuspended in 10 uL of SDS to
denature the proteins and heated to 95°C. The reactions were analyzed using western blot.
Proteins were separated by 14% SDS-PAGE, transferred to 0.22 um PVDF membrane, and

blocked with 5% non-fat milk in TBS-T (20 mM tris-HCI pH 7.6, 150 mM NacCl, and 0.01% tween
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20). LPL and nANGPTL3 were probed with a mouse anti-histidine tag antibody (Bio-Rad) using
a 1:5000 dilution and protein was detected with an HRP-conjugated goat anti-mouse antibody
(Southern Biotech) using a 1:5000 dilution. NnANGPTL4 was probed with a polyclonal rabbit anti-
ANGPTL4 antibody (BioVendor) using a 1:5000 dilution and detected with an HRP-conjugated
donkey anti-rabbit antibody (Southern Biotech) using a 1:5000 dilution. Western blots were

developed as previously described (18).

78



4.6 Figures
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Figure 4.1: DNA contamination reduces nANGPTL3 inhibition potency. A) Representative
NANGPTL3 SEC elution profile following nickel affinity purification. NANGPTLS3 protein (280 nm,
blue) eluted as 2 peaks, labeled peak 1 and peak 2. The nANGPTL3 was contaminated with
nucleic acid (254 nm, red). Representative LPL activity assay using DGGR substrate with DNA
contaminated nANGPTL3 peak 1 (B) and peak 2 (C) do not inhibit LPL. D) An additional MonoQ
anion exchange purification step was performed between the nickel affinity column and SEC. A
representative SEC trace shows that the nANGPTL3 DNA contamination was substantially
reduced (254 nm, red), allowing better resolution of the NANGPTL3 peak 1 and peak 2 proteins
(280 nm, blue). Representative LPL activity assay using DGGR substrate with pure NANGPTL3
peak 1 (E) and peak 2 (F) showing enhanced potency against LPL.
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Figure 4.2: nANGPTL3 forms non-interconvertible hexamers and trimers. nANGPTL4
forms atrimer. Purified NANGPTL3 peak 1 (A) and peak 2 (B) were concentrated and re-injected
for analysis with SEC-MALS. Peak 1 had a molecular weight of 151 kDa, which corresponds to a
hexamer of NANGPTL3 (monomer 26.8 kDa). Peak 2 had a molecular weight of 76 kDa, which
corresponds to a trimer of NANGPTL3. The nANGPTL3 trimers and hexamers did not interconvert
when re-injected on SEC. C) Purified nANGPTL4 was concentrated and injected for SEC-MALS
analysis. NANGPTL4 resolved as a single peak with a molecular weight of 46 kDa, which
corresponds to a trimer of NANGPTL4 (monomer 15.4 kDa). The UV trace representing protein
absorbance at 280 nm is in black and molecular weight (MW) is represented in gray.
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Figure 4.3: nANGPTL3 has an elongated structure. A) SEC-SAXS scattering data for
NANGPTL3 hexamers as log-linear plot with inset showing the real-space distance distribution.
B) Filtered average ab initio model of an NnANGPTL3 hexamer determined using DAMMIN. C)
NANGPTL3 trimer SEC-SAXS log-linear plot with inset showing the real-space distance
distribution. D) Filtered average ab initio model of an nANGPTL3 trimer determined using
DAMMIN. E) SEC-SAXS scattering data for NnANGPTL4 as log-linear plot with inset showing the
real-space distance distribution. F) Filtered average ab initio model of NANGPTL4 determined
using DAMMIN.
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Figure 4.4: Heparin negatively affects nANGPTL3 inhibition, but not nANGPTL4. A)
Activity assays of LPL were performed in the presence of heparin 2-mer, 6-mer, or 12-mer. A
control of LPL without heparin was used to set 100% activity. Heparin 2-mer does not
significantly increase LPL activity above the control, while both 6-mer and 12-mer led to a
significant increase in LPL activity. 12-mer also resulted in significantly more LPL activity than 6-
mer. B) nANGPTL3 was incubated with heparin and then assessed for inhibition of LPL.
Samples were normalized by comparing to LPL and heparin without nANGPTL3 present. The
control sample is nANGPTL3 inhibition of LPL without heparin. Both 2-mer and 6-mer did not
affect NANGPTLS3 inhibition. However, 12-mer led to an almost complete loss of inhibition. C)
NANGPTL4 was incubated with heparin and assessed for LPL inhibition. Heparin had no
significant effect on NANGPTL4 inhibition. Each point represents an independent biological
replicate. The horizontal lines represent the average of the biological replicates. Significance
was calculated with student’s t-test. D) Pull-downs were conducted using biotinylated 6-mer or
12-mer and analyzed by western blot. LPL and nANGPTL4 bound to both 6-mer and 12-mer,

whereas nANGPTL3 bound primarily to 12-mer.
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Figure 4.5: nANGPTL3 and nANGPTL4 inhibition of LPL/HL mutants indicates differing
interactions with LPL. A) NANGPTL3 or B) NnANGPTL4 was incubated with LPL, HL, LPLny Lid,
or LPLuL Heix and assessed for lipase activity. Results were normalized by setting lipase without
NANGPTL3 or nANGPTL4 activity to 100%. Each point represents an independent biological
replicate. Both nANGPTL3 and nANGPTL4 inhibit LPL and do not inhibit HL. NANGPTL4 inhibition
is lost with both the LPLu. Lig and LPLuL Heix. HOwever, NANGPTL3 is partially able to inhibit LPLu.
Lia and is impervious to the LPLu. Heix Chimera. Significance was calculated with a student’s t-test.
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4.6 Supplemental Information

Sample details

NANGPTL3 NANGPTL4
Organism H. sapiens H. sapiens
Source (Catalogue No. or E. coli E. coli
reference)

Description: sequence (including
Uniprot ID + uncleaved tags),

N-term hexahistidine tag +
TEV cleavage site + Q9Y5C1

Q9BY74 (26-161)

bound ligands/maodifications, etc. | (17-245)
Extinction coefficient € (A2so, 0.1% | 0.277 0.357
wiv)
Partial specific volume v (cm3*g?) | 0.731 0.733

Particle contrast from sequence
and solvent constituents, Ap (cm’

)

2.842 (12.414-9.571)

1.902 (12.382-10.479)

Molecular mass M from chemical
composition (Da)

26847.07

15397.35

SEC-SAXS column

Loading volume/concentration
(mg ml™)

Injection volume (ul)

Flow rate (ml mint)

Shodex Protein KW-804
5.6 mg mI* (Hexamer)
6.15 mg mlt (Trimer)
80 uL

0.5 ml mint

Wyatt WTC-030S5
5 mg ml*?

300 pL
0.8 ml min*

Solvent composition and source

20 mM Tris-HCI pH 7.5,
400mM NacCl, 2% Glycerol

50mM Tris-HCI pH 7.4,
300mM NacCl, 100mM
Betaine, 500mM
Arginine

SAXS data collection parameters

Instrument/data processing

Advanced Light Source
SIBYLS Beamline 12.3.1
(182)

Argonne National
Laboratory Advanced
Photon Source
Undulator 18-1D
(BioCAT) Beamline

(175)
Wavelength (A) 0.73-2.5 1.03
Beam size (um) 5000 x 500 35x135
g-measurement range (A™) 0.013-0.5 0.010-04

Exposure time

Continuous 3 s data-frame
measurement of SEC elution

Continuous 0.5 s data-
frame measurements of
SEC elution

Sample configuration SEC-SAXS SEC-SAXS

Sample temperature (°C) 25 25

Software employed for SAS data reduction, analysis and interpretation

SAXS data reduction Solvent subtraction ScAtter Solvent subtraction
PRIMUSQqt
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scattering particle volume (e.qg.
Porod volume Vp or volume of
correlation V¢)

Calculation of € from sequence ProtParam ProtParam
Calculation of Ap and v values MULCh 1.1 MULCh 1.1
from chemical composition

Basic analyses: Guinier, P(r), PRIMUSqt PRIMUSqt

Shape/bead modelling

DAMMIF and DAMMIN

DAMMIF and DAMMIN

Molecular graphics

Pymol v1.8.2.2 Mac

Pymol v1.8.2.2 Mac

Structural parameters

Guinier Analysis NANGPTL3 NANGPTL3 | NANGPTL4
Hexamer Trimer
1(0) (cm™) 13.89 13.34 18.28
Rg (A) 56.41 46.58 46.45
g-range (A 0.013 - 0.026 0.013 - 0.015 - 0.027
0.025
Coefficient of correlation, R? 0.93 0.78 0.79
P(r) analysis
1(0) (cm™) 19.88 13.25 17.50
Rg (A) 92.74 49.0 45.31
dmax (A) 340 215 160
g-range (A 0.012-0.22 0.013 - 0.013-0.17
0.25
Shape modelling results
NANGPTL3 NANGPTL3 | NANGPTL4
Hexamer Trimer
g-range for fitting (A™) 0.012-0.22 0.013 - 0.013-0.17
0.25
Symmetry/anisotropy P1, none P1, none P1, none
assumptions
x? value 1.19 2.3 0.8
P value 0.16 0.33 0.89

Supplemental Table 4.1 Detailed information for NANGTPL3 hexamer, nANGPTLS3 trimer,
and nANGPTL4 SEC-SAXS analysis. Table includes: sample details, data acquisition, data
analysis, modelling fitting and software utilized. Table adapted from Trewhella et al. (183).
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Supplemental Figure S4.1 A) Structures of heparin 2-mer, 6-mer, and 12-mer used in activity

assays. Full blots of biotinylated heparin pull-down of A) LPL, B) nANGPTL3, or C) nANGPTL4
seen in Figure 4.4D. The protein molecular weight ladder is labeled to the left of the gel
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Supplemental Figure S4.2 nANGPTL3 and nANGPTL4 form highly flexible and elongated
structures. Dimensionless Kratky plots reveal a high degree of flexibility in NANGPTL4 (A)
NANGPTL3 hexamers (B) nANGPTL3 trimers (C) characteristic of unfolded or intrinsically
disordered flexible proteins.
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CHAPTER 5

Final Thoughts and Discussion

5.1 Molecular mechanisms of ANGPTL-mediated inhibition of LPL

LPL is a notoriously difficult protein to work with in vitro. It is highly prone to thermal
unfolding where more than 50% of its enzymatic activity is lost within 5-10 minutes at 37°C in
standard buffer conditions (79, 184). In vivo, LPL interacts with an array of stabilizing, activating,
and inhibitory elements that include partner proteins, HSPGs, bile salts, and fatty acids (5, 81,
82,173, 185, 186). The stability issues observed in vitro are not likely representative of LPL
stability in vivo, as it has been shown to maintain enzymatic activity under zero-order reaction
conditions for at least one hour in human plasma (45). In the absence of biological fluids,
stabilizing factors are supplemented in in vitro kinetic assays to better replicate LPL stability
observed in in vivo conditions. Heparin was the first factor reported to stabilize LPL and is,
therefore, often included in LPL activity assays (80). Alternatively, bile salts like deoxycholate
have been used in place of heparin (79, 81, 85). Recent studies have utilized GPIHBP1 as,
perhaps, the most physiologically relevant stabilizing factor of LPL (34). Interestingly, different
assay conditions seem to give different results surrounding the molecular mechanism of
ANGPTL-mediated inhibition of LPL and have contributed to a lack of consensus within the field
of lipid metabolism.

Several publications report that ANGPTL3 alone is a weak inhibitor of LPL and
ANGPTLA4 is an irreversible inhibitor in the presence of heparin (78, 82, 87). Our work in chapter
4 reveals that ANGPTL3 was largely inactivated by heparin and its potency is enhanced in the

absence of heparin. These data suggest that the addition of standard heparin additives in LPL
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activity assays will affect the potency of ANGPTL3-mediated inhibition observed. In terms of
irreversible inhibition, heparin has a well characterized role in enhancing the rate of irreversible
enzyme inhibition in the blood coagulation cascade (187, 188). Heparin forms a ternary complex
with antithrombin and thrombin that enhances the rate of irreversible inhibition by 2000-4000-
fold (189). This mechanism of inhibition is highly dependent on heparin chain length such that
the chain must contain at least 18 saccharides (187, 189). In chapter 4, we observed that
ANGPTL4 avidly bound short chain heparins (3, 6, and 12-mers) and this did not significantly
affect its ability to inhibit LPL. However, others have reported that standard heparin, which
contains longer chain heparins, enhanced the rate of ANGPTL4-mediated inhibition of LPL (82).
To date, we do not know if heparin is mediating a similar template mechanism for LPL and
ANGPTL4, but the chain length dependence and enhanced rate of inhibition draw interesting
parallels to heparin-mediated antithrombin inhibition.

As discussed in chapter 1 and 2, ANGPTLA4 is a reversible, noncompetitive inhibitor of
LPL in the presence of deoxycholate. Deoxycholate is a bile salt that binds and stabilizes LPL
(79, 81). Interestingly, in the presence of deoxycholate, the potency of ANGPTLA4 is greatly
diminished with an inhibition constant of 0.9 — 1.7 uM in comparison with low nanomolar
guantities in the presence of heparin (79, 85). As discussed previously, the mode of inhibition
observed is entirely dependent on which LPL stabilizer is present. This raises important
guestions concerning which assay better mimics physiological conditions. Bile salts are naturally
found in biological fluids, like serum, where LPL is known to have enhanced stability. Heparin
and heparan sulfate are glycosaminoglycans where heparin is secreted by mast cells and
heparan sulfate is covalently bound to cell surface proteins and is in the extracellular matrix
(173). Within the vasculature, we do not know if LPL interacts with heparin but it is well
documented to interact with heparan sulfate proteoglycans (HSPGs) within the interstitium (8).
Neither assay quite replicates the LPL-stabilizing conditions within human serum as both assays

supplement heparin and deoxycholate at super-physiological concentrations.
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More recently, the mechanism of ANGPTL4-mediated inhibition of LPL was investigated
in the presence of its natural binding partner and stabilizer, GPIHBP1 (34). Nimonkar and
colleagues demonstrated that full-length ANGPTL4 binds LPL at residues 157-189 and
dissociates it from GPIHBP1 (34). In agreement with the work described in chapter 2, the
authors showed evidence for ANGPTL4-LPL complex formation using HDX-MS. This conflicts
with HDX-MS experiments performed by Ploug and colleagues where they report ANGPTL4
catalyzes the unfolding of LPL and could not identify residues at the LPL-ANGPTL4 interface
(87, 190). The ANGPTL4 binding site reported by Nimonkar et al is different than the sites that
we observed in chapter 2, but it is possible that full-length ANGPTL4 binds LPL differently in the
presence of GPIHBP1 than the N-terminal domain of ANGPTL4. Overall, | think the data
surrounding this mechanism of ANGPTL4-mediated inhibition is very compelling and opens
several interesting questions surrounding the fate of GPIHBP1-dissociated LPL and ANGPTLA.
For example, how long does ANGPTL4 remain bound to LPL? Where does the LPL-ANGPTL4
complex go? Is this process reversible? The question of reversibility is difficult to answer using
standard in vitro activity assays for the reasons discussed above. However, it is an important
guestion.

A lack of consensus within the scientific community regarding the mechanism of
ANGPTL4-mediated inhibition of LPL could be a cause for alarm, but | think it could provide a
glimpse of a complex system where LPL is inhibited by different mechanisms in different cellular
environments. In support of this notion, Reimund and colleagues demonstrated that ANGPTL4
inhibited LPL both reversibly and irreversibly in a concentration-dependent manner when
measured in human plasma using isothermal titration calorimetry (ITC) (45). The authors
observed that low concentrations of ANGPTL4 (10 nM) reversibly inhibited LPL and higher,
super-physiological concentrations of ANGPTL4 (100-1000 nM) irreversibly inhibited LPL.
Figure 5.1 illustrates a proposed model where the mechanism of ANGPTL4-mediated LPL

inhibition depends on the tissue environment. HSPG-bound LPL in the interstitial space could
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be potently inhibited by ANGPTL4 via an HSPG-mediated template mechanism (Figure 5.1A).
Alternatively, bile salt stabilized-LPL could be weakly inhibited by a reversible, noncompetitive
mechanism within tissues like the small intestine (Figure 5.1B). In the vasculature, ANGPTL4
could dissociate LPL from its GPIHBP1-anchor and associate with distal partners like HSPGs,
heparin, or remnant lipoprotein particles (Figure 5.1C). As mentioned previously, the fate of the
GPIHBP1 dissociated LPL-ANGPTL4 complex is entirely unknown but is of great interest.

5.2 Biologic therapeutics for treating hypertriglyceridemia

Statin therapy has been the cornerstone of lipid-lowering regimes for more than three
decades (110). Pfizer’s blockbuster statin, Lipitor, was the best-selling drug by revenue in the
United States from 1992-2017 having generated 94.67 billion USD (191). Despite the
widespread success of statin therapy, cardiovascular disease has been the leading cause of
death worldwide for two decades (192). The frequency of cardiovascular events demonstrates
that statin therapy alone is not a universal treatment for every dyslipidemia. Biologics are a fast-
growing class of therapeutics that can address some of the shortcomings of small molecule
drugs and offer new treatment options for a variety of dyslipidemias. One of the major
advantages of biologics is their ability to target protein-protein interactions (PPI), which is an
area largely considered to be undruggable with small molecule modalities (193). The vast
network of PPIs involved in lipid metabolism is a rich landscape for the development of novel
biologics for the treatment of dyslipidemia.

To date, all biologics on the market for dyslipidemia are antisense oligonucleotides
(ASO), monoclonal antibodies, and enzyme replacement therapies (103). Although the primary
mechanism of action is different for ASO and monoclonal antibodies, both therapies result in
loss of the expression of their target protein. ASO’s block translation of its target protein and
monoclonal antibodies result in degradation of soluble target proteins (114, 194). These
therapies are successful in many cases, but their mechanisms of action restrict their use to

nonessential target proteins. PPl modulators are advantageous in that they can target essential
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proteins without resulting in complete loss of expression and represent the next generation of
protein therapeutics.

There is a lot of potential for new PPI modulators for the treatment of
hypertriglyceridemia (HTG). Blocking the interactions between LPL and its inhibitors could be a
safe and efficacious way for lowering plasma TG levels and concomitantly raise HDL -
cholesterol levels (130). More specifically, chapter 3 discussed the possibility that a PPI inhibitor
of the LPL-ANGPTLA4 interaction could mimic the cardioprotective phenotype observed in
humans with a point mutation in ANGPTL4 that abolishes its interaction with LPL. Moreover, a
PPI inhibitor of the LPL-ANGPTL3,8 interaction could offer unique advantages over the current
anti-ANGPTL3 monoclonal antibody therapeutic, evinacumab. Evinacumab is well-tolerated and
effectively lowers plasma TG, LDL-cholesterol, and HDL-cholesterol (64). Lowering TG and
LDL-cholesterol is good; however, lowering HDL-cholesterol may not be ideal for every patient.
As discussed in chapter 1, ANGPTL3 is an inhibitor for both LPL and endothelial lipase (EL). EL
primarily hydrolyzes HDL-cholesterol, therefore, loss of ANGPTL3 enhances the pool of
enzymatically active EL. ANGPTL3 can inhibit EL on its own but can only inhibit LPL when it is
in complex with ANGPTLS8 (62, 195, 196). Therefore, | would predict that LPL binds ANGPTL3
at a different site than EL and the LPL-ANGPTL3,8 interface could be targeted by a PPI
inhibitor. A PPI inhibitor of the ANGPTL3,8 LPL complex that preserves the ability of ANGPTL3
to inhibit EL, could offer greater specificity in lowering TGs and LDL-cholesterol without lowering
HDL-cholesterol levels. These are just two examples of how PPl modulators could be novel
treatments for dyslipidemia. There are countless targets in the field of lipid metabolism and
every novel approach could bring us closer to decreasing the global burden of cardiovascular

disease.
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5.3 Figures

Intestinal Epithelia /

Adipocyte

Figure 5.1 Potential mechanisms of LPL inhibition by ANGPTL4 in different cellular
environments. A) LPL is anchored cell surface HSPGs in the interstitial space. Freshly
secreted ANGPTL4 may bind HSPGs and form a ternary complex with LPL, resulting in potent
inhibition via an HSPG-mediated template mechanism (153, 197). B) In environments rich in bile
salts, like the small intestine, bile salt-bound LPL may be reversibly, noncompetitively inhibited
by ANGPTL4 (198). C) In the vessel lumen, GPIHBP1-bound LPL binds ANGPTL4 and
dissociates from GPIHBPL1 (34, 199). The fate of the LPL-ANGPTL4 complex is not known,
perhaps they bind downstream HSPG patches or associate with remnant lipoprotein particles to
effect lipoprotein uptake (200).
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