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Abstract

Elevated plasma cholesterol is a risk factor for cardiovascular disease. Proprotein
convertase subtilisin/kexin type 9 (PCSK9) hinders the uptake of low-density lipoprotein
cholesterol (LDL-c) by mediating degradation of LDL receptors (LDLRs) in the liver. Gain-
of-function (GOF) mutations in PCSK9 cause familial hypercholesterolemia (FH). In
normolipidemic human plasma, 30-40% of PCSK9 is bound to LDL particles, and this
association with LDL inhibits PCSK9’s ability to mediate LDLR degradation in cultured
cells. To further investigate the physiological relevance of this interaction, we analyzed
natural GOF mutations in PCSK9 and assessed their effects in vitro on LDL binding, LDLR
binding and LDLR degradation. Our results indicate that several GOF mutations severely
inhibit LDL binding compared to wild type (WT) PCSK9, and only modestly affect LDLR
affinity and LDLR degradation. These findings shed light on the potential physiological
relevance of the PCSK9-LDL interaction, which may have an inhibitory effect on PCSK9

activity in vivo.
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1. Introduction

Cardiovascular diseases (CVDs) are the leading cause of death worldwide (1). An
elevated level of plasma cholesterol packaged in the form of low-density lipoprotein (LDL)
particles is a major risk factor for coronary heart disease (CHD) (2). Clearance of LDL
particles from the blood occurs through receptor-mediated endocytosis by binding to the
LDL receptor (LDLR); a cell surface glycoprotein (3). Proprotein convertase subtilisin/kexin
type 9 (PCSK9) is known for its role in negatively regulating the life cycle of liver cell
surface LDLRs (4, 5) by shuttling them towards lysosomal degradation, rather than allowing
for receptor recycling to the cell surface. Therefore, PCSK9 indirectly hinders the uptake of
LDL particles from the plasma. Very rare gain-of-function (GOF) mutations in PCSK9 cause
familial hypercholesterolemia (FH) (6, 7). Patients with FH suffer from abnormally high
LDL-cholesterol (LDL-c) levels in the plasma, along with other cardiovascular
complications. In recent years, anti-PCSK9 monoclonal antibody therapies that block the
LDLR interaction have been shown to dramatically lower LDL-c levels by up to 70% in
hypercholesterolemic patients (8). Although effective, these medications are not currently
prescribed as a first-line therapy, but are reserved only for very severe cases, as they are
extremely costly.

Because PCSK9 inhibition is highly effective for plasma LDL-c reduction, there is an
incentive towards finding alternative ways to target PCSK9 for the development of more
cost-efficient medications. To this end, we have found that PCSK9’s direct association with
LDL dampens its ability to mediate LDLR degradation in cell culture (9). To further
investigate the role of PCSK9’s association with LDL, we focused on characterizing various

natural mutations in PCSK9 and observed their effects on LDL binding. We also looked at
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the consequences that these mutations have on LDLR degradation, LDLR binding, as well as
PCSKO9 processing and secretion. The work herein presents a detailed functional analysis of
several PCSK9 mutations associated with plasma LDL-c levels in humans, and characterizes
how these mutations affect the activity of PCSK9. These studies ultimately allow us to better
understand the complex structure-function relationship in PCSK9, through relating the LDL-
¢ phenotype to the PCSK9 genotype, which is a necessary step towards finding novel routes

for PCSK9 inhibition.

1.1 Cholesterol Synthesis, Regulation, Metabolism and Transport

Cholesterol is a molecule with various vital roles in mammalian cell biology. In
animal cells, it modulates flexibility in highly complex membrane bilayers. Cholesterol is
also a precursor for the production of steroid derivatives such as bile acids, sex hormones
and vitamin D (10). All cells in the human body are able to produce cholesterol
endogenously; however, they can also obtain it through extracellular sources. Intracellular
cholesterol synthesis involves the mevalonate pathway, where acetyl-coenzyme A (AcCoA)
is used to form mevalonate (11). In this pathway, AcCoA is converted into 3-hydroxy-3-
methyl-glutaryl coenzyme A (HMGCoA), an important intermediate, which is then further
converted to mevalonate via the enzyme HMGCoA reductase in the endoplasmic reticulum
(ER) (12). HMGCoA reductase controls this irreversible rate-limiting step of endogenous
cholesterol synthesis (12). Five-carbon isoprene units are formed from mevalonate after
various steps, and they eventually assemble to form the linear precursor of cholesterol called
squalene. Squalene later becomes cyclic through chemical modifications to form lanosterol,

which is eventually converted to the twenty-seven-carbon molecule of cholesterol (12).



This intracellular pathway of cholesterol synthesis is quite complex and starts off in
the cytosol, ending with the formation of cholesterol in the ER. Alternatively, the
extracellular pathway involves the uptake of dietary cholesterol sources (11). The major
organs in the human body that regulate cholesterol absorption and packaging are the small
intestine and the liver (10). It takes large amounts of cellular energy to synthesize
cholesterol, and an excess amount of free, un-esterified cholesterol disrupts cellular
homeostasis and is very toxic (12). Because of these consequences, the transcriptional

regulation of the cholesterol synthesis pathways involves tightly regulated machinery.

1.1.1. The Transcriptional Regulation of Cholesterol Synthesis Pathways

Membrane-bound transcription factors called sterol regulatory element binding
proteins (SREBPs) are responsible for modulating the transcription of genes coding for
enzymes related to lipid metabolism (13). There are three mammalian isoforms of SREBPs:
SREBP-1a, SREBP-1c, and SREBP-2 (14). SREBPs are synthesized as membrane proteins
and are found in the ER. They function to bind enhancer elements called sterol response
elements (SREs) in the promoter regions of lipogenic genes. SREBP-1c is the major
SREBP-1 isoform in the liver, and is more active in promoting the transcription of genes
related to fatty acid synthesis. SREBP-2 on the other hand, is the primary promoter for
expression of cholesterol biosynthesis genes, such as those coding for the enzymes HMG-
CoA reductase, HMG-CoA synthase, and mevalonate kinase (15, 16). Furthermore, SREBP-
2 predominantly co-regulates the expression of both LDLR and PCSK9Y9 genes when
cholesterol levels are low (17, 18). This seemingly counter-intuitive upregulation of both

genes will become more logical in the subsequent sections when considering the larger



relationships between cholesterol regulation and PCSK9, specifically in the context of

circulating plasma lipoproteins (19).

In order for SREBPs to be able to activate transcription in the nucleus, they must
first be translocated from the ER to the Golgi apparatus, where they are then proteolytically
activated. During conditions of sterol depletion, a protein called Insig-1 dissociates from the
SREBP cleavage activating protein (SCAP) and Insig-1 becomes ubiquitinated and is
degraded by a proteasome. SREBPs will then bind with SCAP and exit from the ER in COP-
II coated vesicles towards the Golgi, where the site 1 protease (S1P) cleaves the SREBP.
After this, a second Golgi enzyme called site 2 protease (S2P) cleaves the N-terminal basic
helix-loop-helix leucine zipper (bHLH-Zip) domain of the SREBP (20). The N-terminal
segment of the SREBP is then released and traffics to the nucleus (21), allowing it to activate

the expression of target genes.

There exist two isoforms of Insig in mammalian cells: Insig-1 and Insig-2, both of
which play a role in binding to SCAP, when SCAP itself is bound to cholesterol. When
cholesterol accumulates inside of the ER, it can bind directly to SCAP (22), creating a
conformational change, allowing SCAP to bind Insig. This prevents the SCAP/SREBP
complex from exiting the ER, ultimately inhibiting the transcription of genes related to
cholesterol synthesis (21). SCAP binding to sterols acts in a switch-like mechanism to block
SREBP-2 activation when ER cholesterol rises above 5% of the total ER lipid content (23).
Insig-1 is also a transcriptional target of SREBPs (24, 25), meaning that it is actively
transcribed and degraded during sterol starvation conditions. The constitutive transcription,
translation and degradation of Insig-1 provide a safeguard for when cholesterol slowly

accumulates inside of cells. Once there is enough cholesterol made to bind SCAP, Insig-1 is
4



stabilized, and can thus shut down events that would lead to the cleavage of SREBPs, so that

cholesterol levels do not over-accumulate and become toxic.

1.1.2. Lipoproteins in the Human Body: Exogenous vs. Endogenous Metabolism

Due to the hydrophobic nature of lipids, they require a unique form of transport in
the hydrophilic plasma for movement to and from tissues. Lipoproteins modulate this
process in the human body, moving lipids from mainly the liver to the peripheral tissues and
vice versa (26). The general structure of a lipoprotein includes a core filled with various
hydrophobic components such as triglycerides (TGs) and cholesterol esters. The outer layer
i1s comprised of more amphipathic components, including phospholipids, proteins and some
free cholesterol (27). There are five major classes of lipoproteins based on their densities,
from largest and least dense to smallest and most dense: chylomicrons, very low-density
lipoproteins (VLDLs), intermediate-density lipoproteins (IDLs), LDLs, and high-density
lipoproteins (HDLs). The liver-derived VLDLs and the intestine-derived chylomicrons are

very TG-rich, whereas LDLs and HDLs are the more cholesterol-rich lipoproteins (26).

Essential components of these lipoproteins are the major surface proteins, which are
called apolipoproteins. They are crucial not only for structural roles, but also for roles related
to assembly and metabolism of these particles (28). Some apolipoproteins act as ligands for
cell surface receptors, which allows these particles to be taken up into cells and metabolized.
In addition, they are able to form amphipathic helix motifs to be able to reversibly associate
with the lipid components of lipoproteins, which ultimately allows for the flexibility and
exchangeability of certain apolipoprotein subclasses (27). Apolipoprotein B (apoB) is the
major structural protein component of chylomicrons, VLDL, IDL and LDL. ApoB is non-

exchangeable and exists in two forms: apoB-100 and apoB-48, which are derived from the
5



same gene but are edited differently at the mRNA level, resulting in two different proteins.
The APOB mRNA editing complex (APOBECTI) in the human intestines edits the apoB-100
mRNA, where a stop codon is created in the transcript (29), leading to the formation of the
truncated version of the apoB-100 protein, making apoB-48. In humans, apoB-48 is found
exclusively on chylomicrons, and full-length apoB-100 is on VLDL, IDL and LDL (30),
with only one moiety of apoB per particle. The liver is responsible for synthesizing apoB-
100. Apolipoprotein-E (apoE) is an example of an exchangeable lipoprotein that can be
found in several copies on chylomicrons, VLDL, IDL and HDL, and it is an important player
in the clearance of particles rich in TGs (31). In addition to apoE, apoC-II, apoC-III and

apoA-V also play vital roles in the metabolism of these TG-rich lipoproteins (26).

There are both exogenous and endogenous pathways for the metabolism of
lipoproteins. The exogenous pathway refers to the 1) absorption and 2) subsequent
distribution of dietary fats to various sites within the human body. Upon absorption of free
fatty acids and cholesterol from dietary sources, chylomicrons form in the small intestine
and are packaged with TGs and cholesterol esters. The chylomicrons are secreted and
transported to peripheral tissues for the distribution of cholesterol and TGs: a process that
reduces the chylomicron size, as the hydrophobic core gets smaller (26). Lipoprotein lipase
(LPL) is an enzyme responsible for hydrolyzing the TGs and for releasing free fatty acids,
which allows for the remodeling of both chylomicrons and VLDLs (32). Chylomicron
remnants can bind to apoE and be subsequently cleared through the liver via LDLR (33).
There is also evidence to suggest that chylomicrons may be cleared secondarily through the

LDLR-related protein 1 (LRP-1) (33, 34).



Thus, PCSK9’s action on LDLR degradation becomes important when addressing
lipoprotein remodeling. LDLR can influence the clearance of these chylomicron remnants,
which means that PCSK9’s action can perhaps function to limit the uptake of chylomicrons
and VLDL remnant particles. From a more ancient perspective, one can imagine that when
dietary fat sources were not so abundant in everyday meals, PCSK9’s action on LDLRs
meant that lipoproteins could be left circulating for longer periods of time without harmful
consequences on cardiovascular health (19). Such a regulatory role by PCSK9 would
therefore allow for increased circulatory time of certain lipoprotein classes for the benefit of
the human body in conditions where meals were not readily available, and when extensive

periods of starvation were more common during the hunter-gatherer days.

The endogenous pathway involves the secretion and metabolism of apoB-containing
lipoproteins from hepatic tissue. The liver produces VLDL particles that are packaged rich
with TGs and cholesterol esters with the help of microsomal TG transfer protein (MTP) (26).
The outer layer of VLDL contains a phospholipid monolayer and intercalated apoB-100.
Once secreted into the plasma, VLDL also acquires several copies of apoE and
apolipoproteins of the C series (apoC) from HDL particles. TGs in VLDL are hydrolyzed by
LPL (32), which mostly occurs in adipose and muscle tissues. The VLDL remnants
following these modifications are termed IDLs, which have approximately equal amounts of
TGs and cholesterol, and can be removed from the circulation by binding to LDLR via apoE
(31). Hence, PCSK9’s degradation of LDLR not only affects the clearance of LDL via
apoB-100, but also the production of LDL from the VLDL precursor. Decreases in cell
surface LDLRs would hinder the uptake of the LDL precursors VLDL and IDL, which
normally occurs via ApoE binding to LDLR. This may in turn signal to the liver to increase

7



production and secretion of VLDLs, due to a lack of uptake of all three lipoproteins from the
plasma, since all three can be cleared via LDLR by receptor-mediated endocytosis.
However, LRP-1 (37) and the heparin sulfate proteoglycan (HSPG) syndecan-1 (38) can also
participate in the clearance of TG-rich lipoproteins, meaning that decreases in levels of cell
surface LDLRs will not completely hinder their uptake. An enzyme called hepatic lipase
(HL) remodels IDL to make LDL, and the remaining TGs in IDL are hydrolyzed prior to the

particle becoming LDL.

1.1.3. LDL: A Cholesterol Carrier

LDL is colloquially known as the “bad cholesterol”, in opposition to HDL, which is
termed the “good cholesterol”. The density of LDL can vary between 1.019 — 1.063 g/mL,
based mainly on the amount of residual TG. In whole, LDL is comprised of free or esterified
cholesterol (50%) with some proteins (25%), phospholipids (20%) and triglycerides (5%) as
well (39). LDL populations can vary in size, charge, density and protein content (40). Small
dense LDL can have an overall greater negative charge because of lower neutral
carbohydrate and sialic acid content. This is one of the reasons why small dense LDL is
hypothesized to be more atherogenic than larger less dense LDL, due to its greater ability to
interact with positively charged proteoglycans in the arterial wall (40). Furthermore, small
dense LDL has been shown to increase superoxide generation, increase transendothelial
filtration into the subendothelium, have higher susceptibility to oxidation, lower affinity for
LDLRs, and increase the stimulation of thromboxane A, (TXA;) synthesis; a factor that
promotes platelet aggregation and vasoconstriction (40). Taken together, these
heterogeneous factors surrounding LDL particle characteristics are likely to influence the

risk of atherosclerosis in patients who have elevated plasma LDL-c levels.
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As mentioned, LDL contains a single molecule of apoB-100, which is a large,
insoluble = 550 kDa protein synthesized in hepatocytes (41). ApoB-100 accounts for 95% of
the protein mass of an LDL particle (39). Importantly, apoB-100 acts as LDL’s ligand for
binding to the LDLR during LDLR-mediated endocytosis (42), which is the primary
mechanism of clearing circulating LDL from the plasma (26). The LDL and LDLR
interaction was discovered by the seminal work of Goldstein and Brown in the 1970-1980s,
which stemmed from an incentive to understand the relationship between LDL, HMGCoA

reductase activity and the cause of FH (3).

1.1.4. The LDLR: Protein Function and FH-Associated Mutations

Goldstein and Brown hypothesized that FH is caused by defects in a cellular
regulatory mechanism (3). They discovered the LDLR and found that FH is due to mutations
in the gene coding for this receptor. They also established that the interaction between LDL
and LDLR involved a process called receptor-mediated endocytosis via clathrin-coated pits,
which is a mechanism central to many processes in cell biology known today. Furthermore,
the internalization of the LDL-LDLR complex in liver cells requires the autosomal recessive
hypercholesterolemia adaptor protein (ARH) (43). After internalization, the LDLRs undergo
a conformational change and dissociate from LDL as the pH drops in endosomes. This
allows the receptors to be recycled to the cell surface and be re-used for plasma LDL
clearance several hundred times (3). The internalized LDL particles are shuttled towards
lysosomes and the inner components are metabolized. It was found that homozygous FH
mutations in the LDLR gene rendered this binding and uptake process non-functional, which
resulted in a severe disease phenotype in patients. In the 1980s, the LDLR was purified,

cloned, and the gene was isolated for studies in subsequent years, which later revealed
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thousands of disease mutations in the LDLR gene responsible for FH (3). The five major
classes of LDLR mutations are described by their effect on the protein and are as follows: 1)
no LDLR synthesis, 2) no LDLR transport, 3) no LDL binding, 4) no LDL internalization,

and 5) no LDLR recycling (44).

Mature human LDLR is made from an 839 amino acid sequence that contains five
major domains: 1) the rigid N-terminal domain containing many negatively charged cysteine
residues (the ligand binding site for apoB and apoE), 2) the epidermal growth factor (EGF)-
like homology domain, 3) the serine-threonine rich domain containing carbohydrates
attached in O-glycosidic linkages, 4) the transmembrane domain, and 5) the cytoplasmic tail
(45). The LDLR is synthesized in the rough ER and is subsequently modified in the Golgi
via the addition of oligosaccharides. On SDS-PAGE, the LDLR precursor migrates at 120
kDa, whereas its mature counterpart is at 160 kDa (45). The change in molecular weight is
due in part to modification of O-linked sugars, which increase its overall mass in the mature
form. In cells, LDLR’s N-terminal region (NTR) is found on the outside of the membrane
and the C-terminus is on the cytoplasmic side (45). The LDLR is a key determinant in the
proper clearance of LDL-c from the plasma via apoB-100, and inefficient clearance can be a

serious risk factor for cardiovascular complications.

1.1.5. Cholesterol in Human Disease: Atherosclerosis and FH

Atherosclerosis is a chronic disease characterized by pro-inflammatory markers, cell
death, and elevated buildup of LDL in the blood vessels eventually leading to plaque
formation (46). Plaques can disrupt blood flow and in turn lead to myocardial infarctions and
strokes, which cause significant morbidity and mortality worldwide (47). An elevated level

of blood LDL-c is a major risk factor for heart disease, and some individuals have a genetic
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predisposition to developing this dangerous hypercholesterolemic lipid profile. FH is a
Mendelian disorder and a form of autosomal dominant hypercholesterolemia (ADH) caused
by mutations that impair the LDL-LDLR uptake mechanism. Specific mutations in not only
the LDLR gene (44), but also the APOB (48) and PCSK9 (49) genes have been identified as
causal mutations for ADH, with LDLR being the most commonly affected gene. General
hypercholesterolemia is marked by LDL-c > 100 mg/dL. FH on the other hand is usually
identified with LDL-c levels > 190 mg/dL in adults, and in severe cases is associated with

physical symptoms such as tendon xanthomas or corneal arcus (26).

Patients with FH are usually heterozygous for these mutations, meaning that only one
of the inherited alleles contains the disease mutation. Heterozygous FH has a prevalence of =
1/220 persons, whereas homozygous FH (HoFH) is very rare and often marked by LDL-c
levels above 400 mg/dL (26). Individuals with HoFH are at an increased risk for premature
death, and they can suffer from heart attacks and strokes starting in childhood, which
demonstrates that severely elevated LDL-c alone is enough to cause atherosclerosis (3).
Understanding the molecular mechanisms of LDL-c clearance along with the endogenous
pathways of cholesterol synthesis have served as the building blocks for the development of

the first-line of medications prescribed to treat hypercholesterolemia.

1.1.6. Conventional Cholesterol-Lowering Therapies

Statins are the first-line of therapy for lowering plasma LDL-c (51). These small
molecule drugs are inhibitors of HMG CoA reductase, which is the rate-limiting enzyme of
cholesterol synthesis in cells. The result of this inhibition is an upregulation of LDLR
expression via the SREBP-2 pathway in order to increase LDL uptake from the plasma (50).

Although there are significant reductions in morbidity and mortality with the use of statins,
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they can also come with unpleasant side effects in some patients. Inhibition of HMGCoA
reductase can potentially affect many alternative pathways that depend on the synthesis of
mevalonate and its downstream intermediates. Some risks that come with the use of statins
include myalgia and drug interactions, primarily with ones that inhibit the cytochrome p450
enzymes, leading to increased risk of drug toxicity (51). In addition to statins, the second-
line of therapies include cholesterol-absorption inhibitors such as ezetimibe, and bile acid
sequestrants (52). However, many patients still do not achieve the desired reductions of
LDL-c with these conventional therapies, especially those suffering from FH (53). These
difficulties shed light onto why the discovery of the PCSK9 gene in the early 2000s led to

excitement surrounding the emergence of a novel target for the reduction of plasma LDL-c.

1.2 PCSK9: A Novel Regulator of Plasma Cholesterol

In 2003, Seidah et al discovered a gene encoding a soluble protein that was found to
be a key regulator of circulating plasma cholesterol levels in humans (6, 7). Initially it was
called neural apoptosis regulated convertase-1 (NARC-1), but later renamed to PCSK9, as it
was found to have similarities to bacterial subtilisin and yeast kexin (6). PCSK9 is the 9"
member of a family of enzymes called proprotein convertases (PC) and is expressed mainly
in the liver, with low levels in the kidney, intestine and brain tissues as well (6). PCSK9 is a
protein of 692 amino acids that contains a signal sequence (aa 1-30) and three major
domains: the prodomain (aa 31-152), the catalytic domain (aa 153-454) and the C-terminal
domain (CTD aa 455-692) (54). It is synthesized as an inactive = 74 kDa zymogen in the ER
where the signal sequence is cleaved off prior to PCSK9’s exit. PCSK9 undergoes
autocatalytic cleavage between GIn152 and Ser153. Like other members of the PC family,

PCSK9 performs cleavage of its own prodomain, which subsequently remains non-
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covalently bound and blocks the active site. Unlike other PC enzymes that undergo a
secondary cleavage reaction to release the inhibitory prodomain segment, the prodomain of
PCSK9 remains bound to the active site in the catalytic domain, which contains the active
triad of Asp186, His226, and Ser386 (55, 6, 56, 57). Thus, to this date, the only identified
substrate of PCSK9 is itself, and this single cleavage event occurs in an autocatalytic

manner.

Various post-translational modifications have been identified in PCSK9 and they
occur in the ER and Golgi. These changes include phosphorylation of Ser47 (58), sulfation
at Tyr38 (6, 54), and N-linked glycosylation at position Asn533 (6). The physiological
consequences of these post-translational modifications on PCSK9 activity remains to be
further investigated. PCSK9 has also been shown to be susceptible to cleavage by furin,
another member of the PC family, which cleaves PCSK9 at Arg218. It has been reported that
furin cleavage renders PCSK9 less active, and some GOF mutations lowered its
susceptibility to cleavage, while some loss-of-function (LOF) mutations increased it (59).
These post-translational modifications to PCSK9 are relevant when thinking of factors that
modulate activity of the protein. PCSK9 activity is defined by its ability and role in

mediating degradation of LDLRs.

1.2.1. PCSK9 Negatively Regulates the Life Cycle of Liver Cell Surface LDLRs

Once PCSKO9 is secreted from cells, its primary site of action towards LDLRs is on
hepatocytes (60), and this is commonly referred to as the extracellular route of degradation.
PCSK9 associates with LDLR on the cell surface, followed by endocytosis of the receptor-

protein complex, and migration within the endosomal system. Subsequently, lysosomal
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degradation of the PCSK9-LDLR complex takes place rather than allowing for LDLR
recycling to occur. This causes increased circulating LDL-c, as there is a decrease in the
level of cell surface LDLRs to accommodate uptake (54). It has been shown that PCSK9
does not use enzymatic activity or proteolytic mechanisms to degrade the LDLR. Instead, it
acts as a molecular chaperone for the LDLR in the endolysosomal system (60, 61). The
importance of the PCSK9-LDLR interaction was also shown in vivo, where Pcsk9 (-/-) mice
infused with recombinant human PCSK9 had significantly reduced liver LDLR levels (90%)
within just one hour (60). In addition to this extracellular pathway whereby secreted PCSK9
acts on LDLRs, it was hypothesized early on that an intracellular pathway also exists, where
PCSK9 associates with LDLR in cells and directs LDLR from the trans-Golgi network to
lysosomes for degradation, without ever being secreted (62). However, the FDA-approved
anti-PCSK9 monoclonal antibody therapies work highly effectively in the circulation to
lower plasma LDL-c in patients (53), meaning that the extracellular pathway of LDLR
degradation must be the primary mechanism leading to reduced levels of cell surface LDLRs

in the liver, since these antibodies do not enter liver cells.

The circulating levels of PCSK9 vary over a large range in human subjects. In one
study involving an ethnically diverse population of 3138 individuals, PCSK9 levels in the
blood ranged from = 30-3000 ng/mL (63) when measured using an enzyme-linked
immunosorbent assay (ELISA). It is therefore difficult to generalize an average value of
circulating PCSK9 since it can vary over a 100-fold range. There is, however, a positive
correlation between PCSK9 and total plasma cholesterol levels in humans (64, 65, 66). It has
also been shown that circulating PCSK9 levels decrease during fasting conditions and
increase for a short period after a meal (67). These findings, along with the previously
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mentioned upregulation of PCSK9 gene expression via SREBP-2 when cellular cholesterol
levels are low, suggest that PCSK9’s activity on LDLR serves in complex regulatory ways
related to lipoprotein and cholesterol circulation in the human body. Such an ancient
mechanism leading to increased LDL circulation in Western societies (where high-fat diets
are prevalent) is no longer necessary, and instead contributes to increased risk of CVD (19).

Thus, PCSK9 levels depend on complex genetic, metabolic, and environmental factors.

1.2.2. Transcriptional Regulation of PCSK9

The widely prescribed statin medications have been shown to induce PCSK9 gene
expression (68, 69). In addition, SREBP-2 (18) and the liver-specific hepatocyte nuclear
factor 1a (HNF-1a) (70) are positive regulators of PCSK9 transcription as shown in mouse
liver (71), as well as in hamsters receiving rosuvastatin treatment (68). These findings on
statin use and PCSK9 gene expression suggest that these drugs do not fully favour the
reduction of plasma LDL-c, as the increased expression of both LDLR and PCSK9 genes via
SREBP-2 lowers the net efficiency of these drugs. PCSK9’s ultimate action is counter-
productive to the upregulation of the LDLR protein. Furthermore, the use of statin therapy
alone seldom works efficiently in patients with severe hypercholesterolemia, especially for

those who suffer from rare GOF mutations in the PCSK9 gene (53).

1.2.3. Natural Mutations in the PCSK9 Gene: Risk vs. Protection

The link between mutations in PCSK9 and FH was made in a study where
researchers found a third independent locus associated with ADH in a cohort of
hypercholesterolemic patients, excluding the LDLR and APOB loci (7). GOF mutations in
PCSK9 are extremely rare causes of FH. Patients with these GOF mutations generally have

LDL-c levels ranging anywhere from = 200-400 mg/dL (53) which is very high and severely
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increases their risk of secondary cardiovascular complications. Disease mutations exist
throughout various regions in the PCSK9 gene, and generally involve amino acid
substitutions that result in a more active form of PCSK9 through heterogeneous mechanisms.
Some prodomain mutations include L108R (72), S127R (7), and D129G (73), whereas the
catalytic domain contains the mutations F216L (7) and D374Y (74, 102). The CTD contains
various mutations as well, including R469W (75), R496W (76), N513D (77), AS14T (77),

F515L and H553R (78).

There are also LOF mutations in the PCSK9 gene, which in opposition to GOF
mutations are cardio-protective and patients have low levels of circulating LDL-c (79, 80).
An individual who was a compound heterozygote for two inactivating mutations in PCSK9
(AR97 and Y142X) had LDL-c levels as low as 14 mg/dL, and she had no evidence of
circulating PCSK9 in the blood (81). Despite this drastic phenotype, the woman was
otherwise fertile and healthy. Some examples of other LOF mutations in PCSK9 include
R46L (80, 82, 78), G106R (83), L253F and A443T (78). Defective secretion is a prominent
mechanism by which LOF mutations reduce levels of plasma PCSK9, where they disrupt its
synthesis (Y142X), cleavage (L253F), or protein folding (C679X) (81), further supporting

that PCSK9’s action in the plasma is a major regulator of blood cholesterol levels.

The in vitro and in vivo analyses of these natural mutations have allowed research
groups to gain a thorough understanding of how and why these mutations may cause disease
or protect against disease with respect to the regulation of circulating LDL-c. For GOF
variants, the molecular mechanisms understood thus far to cause disease range from events
such as increased LDLR affinity (56), increased LDLR degradation rates (72) and/or

increased secretion of apoB-100 in vivo (84). For LOF variants, some have been shown to
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possess secretion and processing defects along with decreased LDLR degradative functions
(85), while others result in non-functional proteins, such as the C679X nonsense truncation
variant, which is not secreted from cells (78, 81). Despite these advances, the functional
consequences of several PCSK9 mutations associated with LDL-c alterations in humans
remains unknown, as many of the mutant proteins display normal parameters for secretion,
LDLR binding and LDLR degradation. Thus, continued study of these mutant proteins may
reveal novel aspects of PCSK9 regulation. A summary of some natural GOF and LOF

mutations is shown in the schematic below (Figure 1).
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Figure 1. Natural mutations in PCSK9 and their approximate locations within the 3

major domains.

LOF mutations shown in blue above protein sequence, GOF mutations shown in red below
protein sequence. SS = signal sequence from aa 1-30 (beige), followed by prodomain from
aa 31-152 (magenta), catalytic domain from aa 153-454 (green), and C-terminal domain

from aa 455-692 (orange).
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1.2.4. PCSK9 and the LDLR: Details On Binding and Degradation

During binding, PCSK9’s catalytic domain interacts with LDLR’s first EGF-A like
repeat in the extracellular domain (ECD) of the receptor (86). Many residues in PCSK9’s
catalytic domain (aa 153-381) directly associate with the LDLR. PCSK9’s surface region
involved in binding to the LDLR is more than 20 A removed from the catalytic site,
supporting that enzymatic activity is not needed for degradation of the LDLR (87). The
binding between LDLR and PCSK9 is Ca®" dependent as well as pH-dependent. There is
evidence that PCSK9 binds to LDLR with a tighter affinity at low/acidic pH vs. neutral pH
(56, 86, 88), which is thought to be reflective of the shift in pH from the cell surface to the
endocytic compartment in cells. This mechanism has been hypothesized to prevent the
dissociation between PCSK9 and LDLR intracellularly in hepatocytes, and is possibly the
reason why receptor recycling is impaired. A summary of the PCSK9-LDLR interaction in

cells is depicted in the schematic in Figure 2.

However, PCSK9 is not uniformly active in mediating LDLR degradation in all cell
types (60). Previous work in our lab has shown that SV-589 fibroblasts are resistant to
PCSK9-mediated LDLR degradation due to increased PCSK9 dissociation from LDLR in
acidic early endosomes (89). Adrenal gland tissues are also resistant and do not respond to
PCSK9 activity (60), meaning that there is a unique mechanism at play in these cells
allowing for such resistance. The greater understanding and exploitation of this natural
PCSKO9 clearance mechanism, by allowing LDLR recycling to occur through nuances in the
pH or Ca®" levels, represents an optimal route for future therapies such as small molecule
inhibitors that could be delivered into liver cells to inhibit PCSK9-mediated LDLR

degradation.
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Figure 2. PCSKD is a negative regulator of the life cycle of liver cell surface LDLRs.

In absence of PCSK9, LDL and LDLR interact freely and the complex is internalized via
receptor-mediated endocytosis (green circle). Following internalization, the drop in pH
causes LDL to dissociate from LDLR, and LDLR makes it back to the cell surface through
recycling endosomes (green circle). The LDL and its components are metabolized in
lysosomes. In the presence of PCSK9, LDLR and PCSK9 interact at the cell surface and are
internalized (red circle). As the pH drops, there is a tighter affinity between LDLR-PCSK9
and the complex is shuttled towards lysosomes. This results in a lower abundance of cell
surface LDLRs, which hinders uptake of plasma LDL-c.
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The N-terminal region (NTR) of PCSK9 comprising residues 31-52 has been shown
to negatively regulate binding to LDLR. Its deletion increased affinity for LDLR by 7-fold
in studies that generated a A53 PCSK9 construct (missing aa 31-52 of the prodomain) for X-
ray crystallography purposes (87). We predict that somehow this region of the protein is a
negative allosteric regulator of LDLR binding, and may induce an auto-inhibitory
conformation in PCSK9 when it is present. Although not conclusive, we have done
preliminary tests using A53 PCSK9 in the context of pH-dependent binding, and found that
the deletion of this stretch of acidic amino acids seems to blunt the pH effect (data not
shown). This means that the difference in affinity for LDLR between acidic and neutral pH
was not as large as in wild type (WT) PCSK9, which has been shown to be up to 170-fold
greater at endosomal pH than at neutral pH (56). This leads us to believe that the NTR may

somehow be directly or indirectly required in the pH-dependent binding to LDLR.

1.2.5. PCSKO9 Inhibitors: Alirocumab and Evolocumab

Over the years, many research groups have been trying to develop therapies to inhibit
PCSK9 in human plasma as a novel means of reducing LDL-c levels. As mentioned,
inhibition of HMG CoA reductase via statins results in increased expression of PCSK9 (69),
showing that the effects of statins are counter-productive in reducing LDL-c. Two
monoclonal antibodies were approved after ongoing clinical trials for a new line of treatment
to use in patients with severe hypercholesterolemia who do not respond to conventional
therapies. Alirocumab and Evolocumab are the first two FDA-approved injectable anti-
PCSK9 drugs that function to block PCSK9’s binding to LDLR in vivo by neutralizing

plasma PCSK9 (8). These medications additionally lower LDL-c levels to ranges that are
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unachievable with statin therapy alone, as shown with = 60-70 % reduction in LDL-c after

two weeks of treatment in patients with PCSK9 GOF mutations (53).

Although effective, these medications are not an ideal therapy because they lack in
exploiting any natural clearance mechanisms part of the PCSK9-LDLR interaction in cells,
hence the neutralization currently occurring in the plasma. These drugs are reserved for use
in severely hypercholesterolemic patients and are not routinely prescribed in clinical practice
(8). Furthermore, they are extremely expensive as they are estimated to cost a patient around
$14,000-15,000 USD per year (90). For these reasons, looking into alternative mechanisms
to inhibit PCSK9’s activity is still an important goal in the cardiovascular research field,
because PCSK9 inhibition does have benefits with minimal side effects. With respect to such
PCSKO9 inhibition, our lab found that a proportion of PCSK9 in human plasma is associated
with LDL, and that this association dampens PCSK9’s ability to mediate LDLR degradation

in vitro (9).

1.2.6. PCSK9’s Interaction with LDL: A Novel Regulator of Activity

In earlier years, it was shown that PCSK9 was associated with larger complexes in
the blood of mice fed a high fat diet, whereas there were more free forms of PCSK9 in those
fed a normal chow diet (91). It has also been a question whether all PCSK9 in the plasma is
uniformly active, or if there exist less or more active forms influenced by factors such as
PCSK?9 dimerization or oligomerization (92). Previous work from our lab has shown that 30-
40% of plasma PCSK9 is bound to LDL particles in normolipidemic human subjects (9).
The NTR from aa 31-52 was found to be crucial for this binding interaction in vitro, as the
AS53 PCSK9 construct lacked the ability to bind LDL. Importantly, PCSK9 associated with

LDL can still bind to LDLR, meaning that the two binding sites are unlikely to overlap. It
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was shown in HuH7 cells that the addition of exogenous LDL inhibits PCSK9’s ability to
mediate LDLR degradation in a dose-dependent manner. This effect is manifested through
the LDL-PCSK9 interaction, because the binding between LDL and LDLR was unaffected.
This leads us to believe that the PCSK9-LDL interaction allosterically regulates PCSK9’s
activity, and that it is not an issue related to steric hindrance in its binding to the LDLR.
PCSK9’s affinity for LDL is a slightly lower affinity interaction but still falls within a
similar range when compared to PCSK9’s affinity for the receptor. The K4 is = 170 nM —
840 nM at neutral pH for LDLR binding (56, 57), and we found the K4 for LDL binding to
be = 325 nM as determined by a one-site binding model that follows specific and saturable

binding kinetics (9).

Another group showed that adenoviral-overexpressed PCSK9 interacts with apoB in
the secretory pathway of liver cells, and that PCSK9 affects apoB secretion in mice (93).
This led to the hypothesis that PCSK9 may interact with apoB-100 on LDL. Indeed, co-IP
experiments have shown the PCSK9-apoB-100 interaction (9, 94). However, we have yet to
map the PCSK9-apoB-100 binding interface via cross-linking studies. Furthermore, it is
important to consider that the regions available for PCSK9 to bind apoB-100 will likely
differ between those in the secretory pathway of cells, compared to when apoB-100 is

intercalated into a mature LDL particle found in the plasma.

The physiological relevance of the PCSK9-LDL interaction remains an important
question. Based on our findings, we hypothesized that PCSK9 activity is subject to feedback
regulation through binding to LDL, and that PCSK9-mediated LDLR degradation is
negatively regulated by PCSK9-LDL binding in the plasma. When plasma LDL levels are

high, PCSK?9 is more likely to bind LDL and therefore be in an inhibited state, where it is
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then less able to mediate LDLR degradation. However, when LDL levels are low, more of
the “free” uninhibited PCSK9 may be present and can readily mediate LDLR degradation. In
recent years, our lab has been identifying various regions of PCSK9 important for LDL
binding. The detailed understanding of these locations in the protein might serve as a tool for
the design of future pharmaceuticals, potentially helping to enhance this conformation or
“less active” state that PCSK9 adopts when bound to LDL. This would represent a novel
approach to PCSK9 inhibition without the need for exploiting the LDLR binding interface,
which is a large and flat surface greater than 500A (87), making it a very poor target for
small molecules. To this end, we recently found evidence for a transient amphipathic helix in

PCSK9’s prodomain that plays a role in LDL binding (95).

1.2.7. Regions of PCSK9 Important for LDL Binding

Extensive work by our former PhD student Dr. Sarkar and collaborators showed that
mimetic peptides corresponding to a predicted amphipathic helix in the NTR of the
prodomain adopted an o-helical conformation in a membrane-like environment. The
conditions used n-dodecylphosphocholine (DPC) micelles as a mimic for the outer surface of
a lipoprotein particle. The helical propensity and hydrophobic face of this amphipathic helix
was measured, and interestingly increased with the naturally cardio-protective R46L. LOF
PCSK9 mutation. On the other hand, addition of a proline at position 44 (A44P) and 41
(L41P) both disrupted the predicted helical motif and lowered LDL binding affinity in vitro,
but did not affect LDLR binding affinity. Dr. Ariela Vergara-Jaque performed computational
modeling of PCSK9 to include this prodomain NTR, which is unavailable in crystal

structures due to low electron density (95).
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Dr. Vergara-Jaque’s model showed that PCSK9’s predicted a-helix in the NTR
aligns with multiple residues in the CTD (Figure 3), perhaps modulating electrostatic and/or
hydrophobic interactions important for the LDL binding conformation. Furthermore, we
found that natural GOF mutations exist on this surface region of the CTD that is involved in
the putative inter-domain interactions. The GOF mutations severely inhibited or abolished
LDL binding in vitro (R469W, R496W and F515L) (95). The inhibitory effect that these
GOF mutations have on LDL binding is novel information, and supports the hypothesis that
LDL association of WT PCSK9 in vivo may have inhibitory effects on LDLR degradation.
Based on these recent findings, we sought to further investigate other natural mutations and

determine their effects on LDL binding and on other functional aspects of PCSK9 activity.
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L108

Figure 3. PCSK9 crystal structure at 1.9 A in combination with the computationally
modeled helix in the NTR.

Figure adapted from Sarkar ef al (95). Residues associated with natural GOF mutations in
CTD shown in orange (R469, R496, F515) and ones in prodomain shown in magenta (L.108,
S127, D129). The NTR’s helix shown in grey, the prodomain in magenta, the catalytic
domain in green, and the CTD in orange. The crystal structure is from Hampton et al (96)
(PDB ID: 2QTW).
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1.3 Statement of Objectives, Hypotheses and Predictions

The study of natural disease-causing mutations in PCSK9 gives us a basis for
validating how they may function on a molecular level. Early work on the D374Y PCSK9
GOF mutation showed that it binds with 25X higher affinity to LDLR when compared to
WT PCSK9 using surface plasmon resonance (SPR) (56). This allowed for further
understanding of the cellular mechanism used for manifestation of the severe FH phenotype
in patients with D374Y PCSK9, and linked in vitro studies to clinically relevant data. In this
project, the overall goal is to assess the consequences of mutations in PCSK9 on the

protein’s function in vitro and in cell culture.

Objective 1: Functional Characterization of CTD and NTR Mutations in PCSK9

A) Based off the computational model, validate inter-domain interactions between PCSK9’s

CTD and prodomain NTR (aa 31-52) through LDL binding assays.

B) Test the effect of mutating histidines in PCSK9’s CTD on pH-dependent binding to
LDLR.

Hypothesis: Computational model-based inter-domain interactions between PCSK9’s CTD
and NTR may be required for LDL binding and in the pH-dependent binding to LDLR.
Predictions: Mutagenesis is expected to a) disrupt or b) enhance these interactions, and the
overall effects on PCSK9 function are to be measured by in vitro assays looking at LDL

binding and LDLR binding.
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Objective 2: Functional Characterization of Prodomain Mutations in PCSK9

A) Assess the effect of GOF prodomain mutations L108R and S127R on LDLR binding and

degradation, LDL binding, and PCSK9 processing and secretion.

B) Assess the effect of G106R, a LOF prodomain mutation, on LDL binding.

Hypothesis: WT PCSK9’s association with LDL in the plasma is hypothesized to have an
inhibitory effect on LDLR degradation. However, some patients with GOF PCSK9 FH
mutations may exhibit defective LDL binding, and they might in turn have a larger pool of
free and active plasma PCSK9. This might be a mechanism contributing to their

hypercholesterolemia.

Predictions: Natural GOF mutations in the prodomain of PCSK9 will disrupt LDL binding,
and increase LDLR binding affinity or degradative events. LOF mutations may confer

increased affinity for LDL, in opposition to what we have observed with some GOF variants.

Significance: ldentifying the regions of PCSK9 required for LDL binding is an
essential step towards understanding the physiological relevance of this interaction. Thus far,
our findings show that several regions in PCSK9 play roles in LDL association: 1) the NTR
from amino acids 31-52 and 2) the CTD surface region, comprising residues R469, R496
and F515. This MSc project has characterized a third region of interest in the prodomain
containing residues G106, L108 and S127. Our in vitro data contributes novel information to
the structure-function relationship of PCSK9, and supports the hypothesis that PCSK9-LDL
association in the plasma inhibits LDLR degradation activity. Further validation of the effect
of PCSKO9-LDL association in animal models of dyslipidemia will provide evidence about

whether this hypothesis is supported in vivo.
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2. Materials and Methods

2.1 Materials — Media, Primers and Antibodies

Medium A — Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco), ImM sodium
pyruvate (Gibco), 100 ug/mL streptomycin and 100 U/mL penicillin (Gibco) and 10% fetal
bovine serum (FBS — Gibco)

Medium B — DMEM, 1% sodium pyruvate, 100 pg/mL streptomycin and 100 U/mL

penicillin, 1X Insulin-Transferrin-Selenium (ITS- Sigma)
Medium C —- DMEM

Medium D — DMEM, 1% sodium pyruvate, 100pg/mL streptomycin and 100U/mL
penicillin
Medium E — DMEM, 20% FBS, 10% DMSO (Fisher Bioreagents)

Medium F — UltraDOMA™ medium supplemented with 10% FBS, 10 mM L-glutamine
(Corning), 100 pg/mL streptomycin, and 100 U/mL penicillin

Medium G — Minimum Essentials Medium containing L-glutamine, ribonucleosides, and
deoxyribonucleosides (MEM, Gibco), 100 pg/mL streptomycin and 100 U/mL penicillin,
and 10% FBS

Medium H — MEM, 5% newborn calf lipoprotein deficient serum (NCLPDS), 100 pg/mL
streptomycin and 100 U/mL penicillin, 50 uM sodium mevalonate, and 10 pM pravastatin

(Sigma Aldrich)

Medium I — MEM, 5% NCLPDS, 100 pg/mL streptomycin and 100 U/mL penicillin, 1
ug/mL 25-OH cholesterol (Steraloids) and 10 ug/mL cholesterol (Steraloids)
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Table 2. 1 Primers for mutagenesis and sequencing of PCSK9 cDNA.

Data shown only for variants created during this project. All other constructs mentioned
were made by previous lab members prior to the start of this project. Base changes in

mutagenesis primers are indicated by lowercase letters.

Primer Forward Primer Sequence (5’ to 3°) Reverse Complement Sequence (5’ to 3°)
E39P GAGGACGGCGACTACccGGAGCTGGTGCTA TAGCACCAGCTCCggGTAGTCGCCGTCCTC
E39A GACGGCGACTACGcGGAGCTGGTGCTAGCC GGCTAGCACCAGCTCCgCGTAGTCGCCGTC

H553R ACTGCCgCCAACAGGGCCACGTCCT AGGACGTGGCCCTGTTGGCcGGCAGT

H553A CGTGTCCACTGCgcCCAACAG CTGTTGGgeGCAGTGGACACG

H565R TGCAGCTCCcgCTGGGAGGT ACCTCCCAGcgGGAGCTGCA

H565A TGCAGCTCCgcCTGGGA TCCCAGgcGGAGCTGCA

PCSKO9-1 GAG GGG TAA TCC GCT CCA GGT (sequences
N/A reverse direction, upstream from AA 150 of prodomain
PCSK9-5 ACT GCA GCA CCT GCT TTG TGT (forward
sequence primer from AA 400-680 of C terminal N/A
domain)
Table 2. 2 Primary antibodies used for western blotting.
Name Concentration Dilution Source Molecular
Weight
TFR — mouse anti-
human transferrin 0.5 mg/mL 1 pg/mL Invitrogen 95 kDa
receptor
Actin — mouse Ascites fluid 1:500 Sigma 42 kDa
15A6 mouse anti- 5 pg/mL 1:10,000 Jay D. Horton | 63 kDa mature,
human PCSK9 (Dallas, TX) 74 kDa pro
1A1 mouse anti 0.9 mg/mL 1:10,000 Jay D. Horton 14 kDa
PCSK9 (Dallas, TX) prodomain
3143 rabbit anti- N/A 15 uL/10 mL | Jay D. Horton 160 kDa
LDLR (Dallas, TX) mature, 120
kDa precursor

Table 2. 3 Secondary antibodies used for western blotting.

Name Concentration Dilution Source
IRDye 800 conjugated affinity 500 pg/mL 1:4,000 LI-COR
purified anti-mouse 1gG
IRDye 800 conjugated affinity 500 pg/mL 1:4,000 LI-COR
purified anti-rabbit IgG
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2.2 Methods

2.2.1. Site-Directed Mutagenesis

Primers were generated by introducing point mutations into the pcDNA3.1 vector
containing our WT PCSK9 sequence. All primers were designed on SeqBuilder Pro 15 and
ordered through Life Technologies (See Table 2.1). Any variants for which the primers are
not listed were made prior to this work. The polymerase chain reaction (PCR) was set up as
follows: RNAse/DNAse-free Ultrapure water (Invitrogen), Q5 buffer (New England
BioLabs), dNTP mixture (FroggaBio), dimethyl sulfoxide (DMSO; Fisher Scientific), WT
PCSK9 FLAG-tagged template plasmid DNA at 10 ng/uL, forward and reverse primers at
10 uM each, and Q5 high fidelity hot start polymerase (New England BioLabs) in a 25 uL
reaction. PCR was done in a thermocycler (GeneAmp PCR system 9700, Applied
Biosciences). One cycle of PCR went as follows: initial denaturation for 30s at 98 °C,
another denaturation for 10s at 98°C, annealing between 60-70°C depending on the melting
temperature of the primers, and extension at 72°C for 6 minutes. This cycle was repeated 25
times. Following PCR, the samples were incubated with Dpnl enzyme (New England

BioLabs) at 10U/uL for 2 hours at 37°C to digest the methylated parental DNA.

XL10-Gold® Ultra Competent cells (Stratagene) were put into sterile Eppendorf
tubes at 45 uL per transformation. XL10-Gold® B-mercaptoethanol (B-Me) mix was added
at 2 uL to each bacterial aliquot, and tubes were swirled every 2 minutes, while placing them
on ice between swirls for a total time of 10 minutes. 2 pL. of each PCR reaction was added to
a bacterial/B-Me aliquot, and mixed by flicking the tube, while placing the mixture on ice for

30 minutes afterwards. The bacteria were heat shocked at 42°C for 30s, and then put onto ice
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for 2 minutes. Following heat shock, each bacterial aliquot was given 450uL of sterile SOC
outgrowth medium (NEB), and cultures were left to grow for 1 hour in a 37°C incubator
with shaking at 225rpm (Innova 42, New Brunswick Scientific). Once bacterial cultures
grew, they were plated onto LB-agar plates with 200uL of bacteria per plate. Plates were

made using LB-agar and 1 pg/mL ampicillin (Fisher Bioreagents).

Several distinct colonies were picked from each bacterial plate and grown in liquid
LB broth base (Invitrogen) + ampicillin at 1 pg/mL overnight with shaking in an incubator
(Forma Scientific — Orbital Shaker) at 225 rpm at 37°C. The cultures were collected and
spun down at 3500rpm for 15 minutes. Bacterial pellets were then used for DNA purification
using mini and/or maxi preps kits as per the manufacturer’s instructions (Omega Bio-Tek).
Plasmid DNA concentration and purity was determined using the NanoDrop®
Spectrophotometer. Positive clones were confirmed by sequencing at the Centre for Applied

Genomics in Toronto, ON.

2.2.2. Making A Stable HEK293S Cell Line Expressing PCSK9

HEK293S cells were plated in 100mm culture dishes (Corning) and grown to 80%
confluency in Medium A. The plasmid expressing the PCSK9 construct of interest was then
transfected into cells. The ratio of DNA to Lipofectamine-2000 (Invitrogen) was 1:3, and a
1:25 ratio of Lipofectamine-2000 to Opti-MEM™ (Gibco) was used for generating
transfection complexes. The mixture was incubated at room temperature for 20 minutes.
Meanwhile, old medium was aspirated off of cells and replaced with SmL Medium B. The
transfection complex was added to the dish and cells were incubated for 4-5hrs at 37°C in

5% CO; conditions. Afterwards, 5 mL of Medium D with 20% FBS was added to the cells
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and they were incubated overnight. Fresh Medium A containing 750 pg/mL of Genticin
(G418, Thermo Fisher) antibiotic was used to select for stably transfected cells. Fresh
medium was supplied every 2 days (twice), and then only every 4-5 days until resistant

colonies formed.

When resistant cells grew to confluency, they were maintained in 500 pg/mL G418.
Some cells were frozen in Medium E for later use. Twenty dishes of PCSK9-expressing cells
were grown to make a large-scale suspension culture in UltraDOMA™ medium
(BioWhittaker) in 1L of Medium F in a 6L, longneck sterile flask with a stir bar. The cells
were in suspension for 1 week with slow stirring at 37°C in 5% CO,. The medium was
collected in 500 mL centrifuge tubes (Corning) and cells were spun down at 3500rpm for 20
minutes in the Sorvall Legend XTR centrifuge. The medium was then filter-sterilized using a

0.22uM filter unit (Millipore), and stored at 4°C wrapped in foil.

2.2.3. Affinity Purification of PCSK9 from Conditioned Medium

Approximately 200 mL of medium containing secreted PCSK9 was adjusted to a pH
of 7.0 by adding 1M Tris-Cl solution to a 50mM final concentration. A column with 4-5 mL
of FLAG beads (Sigma) added was used to capture PCSK9 from the medium. PCSK9
constructs contain the FLAG tag at the C-terminus of the peptide, allowing for capturing of
the protein. Medium was passed at a slow flow rate through the column overnight at 4°C.
The column was washed with 20 column volumes (=100 mL) of wash buffer (50 mM Tris-
HCI pH 7.4, 150 mM NaCl, 2 mM CaCl,). PCSK9 bound to the column’s FLAG beads was
then eluted at a slow rate with 30 mL of wash buffer + FLAG peptide (100png/mL,

Biomatik). Extra 10 mL of wash buffer was run through the column afterwards to collect any
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residual PCSK9. The column was regenerated by using 10 column volumes (= 50mL) of
0.1M Glycine-HCI buffer (pH 3.5) to strip any bound PCSK9 from the beads. The glycine
buffer was immediately washed out using wash buffer, and the column was stored with a
gentle overlay of wash buffer + 50% glycerol and 0.02% sodium-azide. All steps were

carried out at 4°C.

Eluted PCSK9 was pooled and concentrated using an Amicon Ultra concentrator tube
with a 10kDa molecular weight cutoff (Millipore). The elution volume was concentrated and
then passed through a 0.45uM filter unit. The Akta Purifier System (GE Healthcare Life
Sciences) with the Superdex 200 Column was used to purify our PCSK9 preps. The protein
was concentrated again and aliquots were frozen to a 4 mg/mL final concentration in HBS-C

and stored at -80 °C.
2.2.4. Concentrated Conditioned Medium Containing PCSK9

HEK?293 cells were plated in 100mm dishes (Corning) and grown in Medium A to
~80% confluency. Each dish was transfected with 3 ug DNA coding for the PCSK9
construct of interest and 10 uL of PolyJet transfection reagent (SignaGen Laboratories). The
medium was aspirated off of the cells and replaced with 5 mL of Medium A. Transfection
complexes were generated using Medium C and allowed to sit for 15 minutes at room
temperature (25°C) prior to adding 200 pL onto each dish. The cells were then left to
incubate overnight at 37°C in 5% CO,. The next morning, the medium was aspirated off and
cells were washed in 1X phosphate buffered saline (PBS; 8g NaCl, 0.2g KCI, 0.27g
KH,POy4, and 2.05g Na,HPO, for 1L solution using ddH,0). Medium B was added to each

dish. Secretion of PCSK9 occurred for 48 hours. Conditioned medium was collected and
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spun down at 1000xG for 5 minutes. The medium was concentrated using an Amicon Ultra
Centrifuge tube with a 10kDa cutoff (Millipore). The concentrated conditioned medium was

frozen at -80 °C in aliquots following a PCSK9 expression check via western blot.

2.2.5. PCSK9 Expression Check on Conditioned Medium

To test for the levels of expression of PCSK9 in conditioned medium following
transfections, a trichloroacetic acid (TCA; Sigma) precipitation was performed. 100% TCA
was added at 10% to conditioned medium, mixed, and placed on ice for 15 minutes. The
samples were then spun for 15 minutes at 4 °C at 13,300 rpm in the micro-centrifuge. The
supernatant was removed, and samples were washed in cold acetone and spun again at
13,300rpm for 5 minutes. Residual acetone was removed and tubes were left to air dry for 5
minutes. Samples for gels were made in 1X SDS-PAGE + 6 M Urea loading dye and 1X of
Bolt reducing agent (Novex — Life Technologies) and were vortexed for 1 minute at high

speed to dissolve the pellets.

2.2.6. Harvesting Cells and Making Cell Lysates

Cells were washed in cold 1X PBS (4°C) and then scraped in 1X PBS. The cell
suspension was spun down at 1000xG for 5 minutes at 4°C in a micro-centrifuge to pellet the
cells. The supernatant was aspirated off and pellets were used to create whole cell
extracts/lysates. The cells were resuspended in lysis buffer (Tris lysis buffer: 50 mM Tris pH
7.0, 5 mM EDTA, 150 mM NaCl, 1% NP-40, 0.5% DOC), 1% protease inhibitor (PI;
Roche), ImM phenylmethane sulphonyl fluoride (PMSF; Sigma), and 1mM dithiothreitol
(DTT). The lysates were incubated on ice for 15 minutes, and then spun at 13,300rpm for 15
minutes. The supernatant was put into a new Eppendorf tube, and the pellet was discarded. A
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uBCA protein assay was performed on the cell lysates to determine the total amount of

protein according to the manufacturer’s instructions.

2.2.7. Analysis of Proteins by Western Blotting

Gel samples contained 30-35 ug of protein per well and were boiled on a hot plate
(Labnet International) at 96°C for 5 minutes. The molecular weight marker used was the
Precision Plus Protein™ All Blue Standards ladder (BioRad). Bolt gels: 4-12% Bolt™
gradient Bis-Tris Plus gel (Thermo Fisher Scientific). Gels were run at 165 volts for 45
minutes. Running buffer consisted of the 20X Bolt MES SDS Running Buffer (Novex — Life
Technologies) diluted to 1X in ddH,O. Polyacrylamide gels: made to 9%, for which the
running buffer consisted of 25 mM Tris pH 8.3, 192 mM glycine, and 0.1% SDS. The
loading dye used for acrylamide gels consisted of 40% 0.5M Tris pH 6.8, 20% SDS, 20%
glycerol, 8% of 0.5M EDTA, and 3.2% of 0.5% bromophenol blue, with 10% p-Me

(OmniPur) added to each aliquot when thawed from -20 °C.

Samples run on protein gels were transferred to a nitrocellulose membrane (BioRad)
via a wet transfer at 80 volts for 120 minutes in a cold room at 4°C. 1X transfer buffer (25
mM Tris pH 8.3, 192 mM glycine) was made using ddH,O, with 10% total isopropanol or
methanol added to the mixture. When finished, membranes were incubated with 1X PBS and
5% milk (non-fat, dry milk powder) for 1 hour at room temperature (25°C). Membranes
were washed 3x for 10 minutes with 1X PBS + 0.1% Tween-20 (PBS-T; Tween-20 from
Fisher Scientific). Primary antibodies were diluted in antibody dilution buffer (0.1% Tween-
20, 5% Bovine Serum Albumin (BSA-Sigma), and 0.02% sodium azide in 1X PBS) to

1:10,000 and were left on the membranes overnight with shaking at 4°C (See Table 2.2).
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Three 10-minute washes were done in PBS-T. The labeled secondary antibodies used
are listed in Table 2.3. Secondary antibodies were diluted to a final concentration of 1:4,000
using Blotto buffer (1X PBS-Tween, 5% milk, and 5% newborn calf serum (Gibco)) and
incubations were done at room temperature for 45 minutes on a shaker, with foil covering
the membrane to protect it from light. The final three washes were done in PBS-T for 10
minutes each, followed by one rinse in 1X PBS. All membranes and gels were scanned using
the LICOR scanner system (LICOR Biosciences). Data was analyzed using the Odyssey

V3.0 software to quantify band intensities from blots and gels.

2.2.8. PCSK9-LDL Binding Affinity: Agarose Gel-Shift Assay

Two separate reaction series of 12 serial dilutions each were made for either a) WT-
PCSKO9 or b) the mutant of interest. Starting with 50 pg/ 26uL of purified PCSK9 in the first
tube, two-fold serial dilutions were carried out. The tubes for each series contained the
following: 1) 1.5ng/pLL DyLight 800-labelled WT-PCSK9 with 5% BSA and 2) PCSK9-free
LDL diluted to 7.5ug/uL in HBS-C. Increasing amounts of unlabeled PCSK9 (from tube 1 to
12) competed for binding to LDL against the DyLight 800-labeled WT PCSK9. All mixtures

were incubated at 37°C for 90 minutes to allow PCSK9-LDL binding to reach equilibrium.

Ficoll loading dye (10% Ficoll-400 and 0.01% bromophenol blue made in 1X LDL
buffer (450 mM Tris, 400 mM sodium borate, 10 mM calcium lactate, pH 8.0)) was added to
each sample, followed by loading of samples onto a 0.7% agarose (SeaKem LE) gel made
with 1X LDL buffer. Gels were run for 2 hours at 40V to allow for separation of labeled
LDL-bound WT-PCSK9 and labeled unbound WT-PCSK9. The running buffer was 1X LDL

buffer. Gels were immediately scanned using the LICOR scanner with a focus offset of 3mm
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to account for the thickness of the gel. Band intensities for bound vs. unbound labeled WT-
PCSK9 were quantified using the Odyssey V3.0 software. K; values could subsequently be
calculated with GraphPad Prism 5.0 using the function: [Binding — Competitive, One-site,
Fit K;] with setting the “hot” concentration of purified 800-WT PCSK9 to 10.8 nM, and the
“cold” concentration of unlabeled competitor varied according to the serial dilutions of
purified competitor (log nM X). The “hot” K; was set to 350 nM for this assay, which is the

theoretical, one-site K; value for WT PCSK9’s affinity to LDL.

2.2.9. PCSK9 and LDL Binding: Optiprep Density Gradient Separation

This assay allows in qualitatively assessing LDL binding of various PCSK9 mutants
through the use of LDL incubated with conditioned medium containing PCSK9. Each
incubation mixture contained 25mM Hepes-KOH buffer at pH 7.4, 0.5 mg of isolated,
PCSK9-free LDL, HBS-C with 5% BSA, PCSK9 conditioned medium (200 pL or less) and
HBS-C (20 mM Hepes-KOH, 150 mM NaCl and 2 mM CaCl,) to make up the total volume
to 1 mL. Tubes were mixed by inversion and incubated at 37°C for 1 hour. Each reaction
was transferred to a falcon tube with the addition of 1.65 mL of 25 mM Hepes pH 7.4, and
450 uL of 60% Optiprep density gradient mixture for a 9% final concentration (Optiprep™).
3 mL of this total sample was added to 3.3 mL OptiSeal Polypropylene centrifuge tubes
(Beckman Coulter). Each sample was overlaid with 25 mM HEPES. Sample tubes were
loaded onto a TLN100 rotor (Beckman Coulter). Screws were tightened with a tension
monitor to 1201bs and the samples were loaded into the Optima™ MAX-TL Ultracentrifuge
(Beckman Coulter) for a 2-hour spin at 4°C at 100,000 rpm with the deceleration setting at 9.

After the spin, the LDL layer was drawn off to capture the total =600 pL.

38



Immunoprecipitation (IP) was performed on the LDL layer to capture PCSK9 bound to

LDL.

Reactions were prepared using the 600 puL of LDL layer, IP buffer (40 mM Hepes pH
7.4, 200 mM NaCl, 3mM MgCl,, 2 mM CaCl,, and 2% NP-40), Pureproteome Protein A
magnetic beads (EMD Millipore Corp), and 2uL of diluted rabbit antiserum 1697 antibody
raised against full-length human PCSK9 (Biomatik, Cambridge, ON, Canada). The total 1
mL reaction volumes were rotated overnight with end-over-end mixing at 4°C. The next
morning, three washes were done in 1X IP wash buffer. The beads were resuspended in 1X
Bolt dye, 1X Bolt reducing agent, and ddH,O to make 60 pL samples. A western blot was

done to probe for PCSK9 in the inputted medium and in the LDL layers.

2.3.0. PCSK9 Uptake in Cells Overexpressing LDLR

HEK?293 cells were plated in 6-well dishes (Corning) and grown to ~80% confluency
in Medium A. Cells were transfected with vector pPCMV empty plasmid or the full-length
human pLDLR-17 plasmid. PolylJet transfection reagent was used to make transfection
complexes in Medium C, to have a total of 1 pg DNA and 3 puL of PolyJet per well.
Mixtures were incubated at room temperature for 15 minutes, and then 200 pL of each
mixture was pipetted onto the cells. The cells were incubated overnight in 37°C at 5% CO,,
and the next day the medium was aspirated off and cells were washed twice in pre-warmed,
sterile 1X PBS. In order to assess the ability of cells to take up exogenous PCSKO9,
conditioned medium made up in 1 mL total volume of Medium D was added to each of the
wells to assess extent of uptake for different mutant PCSK9 variants. Chloroquine

diphosphate salt (Sigma) was diluted to 0.05 mg/mL in ddH,O and added to each plate 30
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minutes before the PCSK9 treatments, in order to inhibit lysosomal degradation. Cells were
incubated with PCSK9 conditioned medium for 2 hours at 37°C in 5% CO,. Following
incubation, the medium was aspirated off and cells were washed in cold 1X PBS and

harvested for analysis by western blotting.

2.3.1. PCSK9 Processing and Secretion Assay

HEK?293 cells were plated in a 6-well dish, grown in Medium A and transfected with
1.5 pg of PCSK9 plasmid once cells reached 60-70% confluency. PolyJet transfection
reagent was used as previously described. Cells were washed in 1X PBS and fresh Medium
B was added to each well. PCSK9 secretion was allowed to take place for 24 hours by
leaving the cells to secrete protein at 37°C. The medium was collected and PCSK9 secretion
was quantified from the medium using a TCA precipitation followed by western blot. The

cells were harvested and lysates were made for analysis of PCSK9 processing.

2.3.2. Ligand Blotting of LDLR-ECD to Test PCSK9 Affinity

Nitrocellulose membranes were blotted with purified or partially purified LDLR-
ECD at 1 pg/ well using a slot-blot apparatus (Bio-Rad). Duplicate slots were created on
each membrane, and incubated for 30 minutes in TBS-C + 5% milk, followed by overnight
incubation at 4°C. The following day, a mixture of 2.5% milk and purified 0.1 pg/mL
DyLight 800-labeled WT PCSK9 made in low salt TBS-C (50mM Tris-Cl pH 7.0, 90mM
NaCl, and 2mM CaCl,) was generated as an incubation buffer. From membranes 12 - 1,
purified, unlabeled PCSK9 (either WT or mutant) was diluted over a range of 3000 to 0.1
nM, acting as the competitor. Mixtures were added onto membranes, covered with foil, and
incubated for 2 hours with gentle shaking at room temperature. Blots were then washed 2x
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for 15 minutes in incubation buffer and scanned on the LICOR scanner, with intensities
calculated using the Odyssey V3.0 software. Binding curves to determine a relative ICs
value for both WT and the mutant of interest were generated from averages of duplicate
band intensity calculations (Y axis) vs. log [nM unlabeled competitor] (X axis) with the

function: log(inhibitor) vs. response — variable slope in GraphPad Prism 5.0.

2.3.3. Delipidation of Serum for Cell Culture Experiments

The density of newborn calf serum was adjusted to 1.215 g/mL by addition of KBr.
Serum was then spun for 45hrs at 55,000rpm to separate out all the lipoproteins in the top
phase. The bottom phase of lipoprotein deficient serum was then dialysed 5 times against

PBS and was filter-sterilized.

2.3.4. PCSK9’s LDLR Degradation Activity: Biotinylation of Cell Surface Proteins

Mouse hepatoma (Hepalclc7) cells were plated in 60mm dishes and grown to 70-
80% confluency in Medium G. Medium H was used to induce endogenous LDLR expression
in cells, and a no-PCSK9 control plate was also included. Medium I was used to suppress
LDLR expression as a negative control. The following day, treatments were prepared by
making up mixtures of Medium H with various purified PCSK9 proteins of interest at a
concentration of Spg/mL. Cells were washed in warm 1X PBS and the appropriate medium
added to each plate. Cells were then incubated for 4 hours with the treatment at 37°C to

allow for LDLR degradation in the presence of exogenous PCSKO9.

Fresh Sulfo-NHS-SS-Biotin (Campbell Science) was mixed to a 0.5mg/mL final
concentration in biotinylation buffer (10mM triethanolamine pH 8.0 (triethanolamine 1.13

g/ml), 150 mM NaCl, 2 mM CaCl,). Cells were immediately washed twice with cold 1X
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PBS-CM (1X PBS, 1 mM MgCl,, 0.1M CaCl,). Biotinylation buffer with biotin was added
to cells for 30 minutes with gentle shaking at 4°C. Cells were washed in PBS-CM and a
second 30-minute incubation was repeated. After biotinylation of cell surface proteins, cells
were washed with fresh quenching buffer (PBS-CM, 25 mM Tris-Cl pH 7.4, 192 mM
Glycine) and incubated for 30 minutes at 4°C with gentle shaking. Cells were then washed
and scraped in cold PBS-CM and spun down at 1000xG for 5 minutes at 4°C. The
supernatant was aspirated off and PBS-CM was added to resuspend cells. Another spin was

repeated to pellet cells prior to creating cell lysates.

Fresh lysis buffer containing 1mM PMSF and 1% PI made up in Tris lysis buffer was
used and cell pellets were resuspended in 200uL of buffer. DTT was omitted from the buffer
to minimize the risk of breaking disulfide bonds, which would release the biotin label. The
suspensions were incubated on ice for 20mins, followed by a 20min spin at 13,000 rpm at
4°C. The cell lysate supernatant was added to a new tube, and % of the mixture was used in
an [P reaction done with slow rotation at 4°C overnight. The IP reactions contained cell
lysate, SOuL of NeutrAvidin® Plus UltraLink® Resin beads (Thermo Scientific) and Tris
lysis buffer to a volume of 500uL with 1X PI. The rest of the % cell lysate was used in a
uBCA protein assay according to the manufacturer’s protocol, to determine the
concentration of cellular proteins in preparation for western blotting. The following day, IP
reactions were washed 3X with Tris lysis buffer, once with high salt wash buffer (50 mM
Tris-Cl, pH 7.4, 500 mM NaCl), and once with low salt wash buffer (10 mM Tris-Cl pH
7.4). The beads were then resuspended in 1X SDS loading dye to a concentration of

3.5ug/ul according to uBCA assay results. Cell extracts were run on gels at a protein
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concentration of 35ug/30ul using 5X SDS dye and ddH,O. Gel and western protocols

followed the procedures previously described.

2.3.5. Statistical Analyses

Statistical analyses involved a Student’s t-test or a column statistics analysis with a
one-sample t-test to compare mutants to the WT PCSK9 control. Statistical significance was
relevant if p < 0.05. All statistical analyses and graphs were done using GraphPad Prism 5.0

software.
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3. Results

3.1 CTD and NTR Mutations in PCSK9: Their Functional Consequences

The cysteine-histidine rich CTD of PCSK9 has been shown to be important for the
degradation of LDLRs (97), but its effect on LDL association remained to be investigated.
Our lab has shown that PCSK9’s association with LDL has an inhibitory effect on LDLR
degradation in cell culture (9). However, the physiological relevance of this interaction also
remains to be elucidated. In a recent publication (95), we showed that peptides
corresponding to a sequence within the NTR of PCSK9 adopt an a-helical conformation in a
membrane mimetic environment similar to the surface of lipoprotein particles. Helical wheel
modelling showed that an amphipathic helix likely forms in this region. Furthermore,
molecular simulations showed that polar residues in this putative helix align with multiple
positively charged residues in the CTD of PCSK9; thus, the helical conformation was
predicted to facilitate an inter-domain interaction with the CTD. In addition, several natural
FH mutations in PCSK9’s CTD are found at this inter-domain interface. We wanted to
characterize the effect that these disease-associated mutations have on LDL binding. In the
first section of this MSc project, we investigated the role of the CTD on LDL association as
well as on LDLR binding, and we attempted to characterize the predicted inter-domain
interaction with the NTR based off the computational model. We performed site-directed
mutagenesis to create natural as well as artificial mutations in PCSK9, and subsequently
performed functional assays to determine the consequences that amino acid substitutions

have on protein function.
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3.1.1. FH Mutations in the CTD Inhibit LDL Binding, but Do Not Affect LDLR
Binding or PCSK9 Uptake

To investigate the functional role of natural FH mutations in PCSK9’s CTD on LDL
association, LDL binding experiments were carried out with conditioned medium containing
various PCSK9 constructs incubated with PCSK9-free LDL at 37°C. Incubations were
followed by the addition of Optiprep density gradient solution and a 2-hour centrifugation,
after which the LDL layer was isolated and an IP was performed to capture LDL-bound
PCSK9. The amount of PCSK9 bound to LDL in each layer was analyzed via western blot
(Figure 4A). This analysis shows that three natural FH-associated mutations in the CTD of
PCSK9 (R469W, R496W and F515L) display defects in LDL binding compared to WT
PCSK?9. Quantification of this data indicates that LDL binding is diminished by = 60-70%
for R469W and F515L, whereas for R496W there is near complete lack of LDL binding

(Figure 4B).

In order to confirm that protein misfolding was not the culprit of the lack of LDL
binding, the uptake of PCSK9 into cells overexpressing LDLR indicated that these proteins
were folded and otherwise functional. This experiment allowed in quantifying the amount of
PCSKD9 internalized into cells after addition of exogenous PCSK9 in conditioned medium
onto cells for a 2-hour incubation. Cells were harvested and PCSK9 and LDLR were
detected via western blot. Figure 4C shows that PCSK9 uptake and LDLR binding is
unaffected by these three CTD FH mutations, as the amounts internalized are relatively the
same based on band intensities when compared to WT PCSK9. Quantifications generated for

bar graphs in Figure 4D reveal that the uptake of these CTD FH mutants is indeed not
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Figure 4. FH mutations located in PCSK9’s CTD inhibit LDL binding but do not affect
LDLR-mediated uptake into cells.

A. Western blot showing inputs of conditioned medium containing PCSK9 and LDL layers
isolated following Optiprep density gradient ultracentrifugation. B. Quantifications of values
from western blots done in 4 independent replicates for the LDL binding experiments,
showing mean + SEM. A column statistics analysis with hypothetical value set to 1
determined after a one-sample t-test that R469W * p = 0.037, R496W **** p < (0.0001, and
FSI5L ** p = 0.0022. Calculated as LDL bound/input band. C. Western blot depicting
PCSKO9 uptake into HEK293 cells overexpressing LDLR. D. Column analysis representative
of 4 independent experiments of quantifications from western blots, calculated as PCSK9
band/LDLR band. WT value was set to 1 for column statistics and all other mutants are
shown as relative to this via a one-sample t-test. Means were not significantly different. Data
is published (95).
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significantly different from WT PCSK9, meaning that these mutations appear to uniquely

affect LDL association and do not affect protein folding or LDLR binding.

We next sought to measure the binding affinity of purified R496W PCSK9 for
LDLR-ECD to confirm that the affinity was unchanged by this mutation. We immobilized
purified LDLR-ECD onto nitrocellulose membranes and then used an excess of unlabeled
WT or R496W purified protein competitors in the presence of DyLight 800-labeled WT
PCSK?9 in a homologous competition assay. The average intensity data from the membranes
(Y-axis) was then plotted against log (nM unlabeled competitor) (X-axis) to generate
sigmoidal binding curves in facilitating the calculation of relative 1Cs, values for WT and for
R496W versions of PCSK9. Figure 5A and B reveal that purified R496W PCSK9’s affinity
for LDLR-ECD is not significantly different from WT PCSK9. Relative ICs values of 377.5
nM and 375.5 nM were obtained for WT and R496W, respectively. In conclusion, the R496
residue is crucial in allowing PCSK9 to bind LDL, and mutating to the FH-associated
R496W does not affect LDLR binding affinity. Based on our computational model created in
collaboration with Dr. Ariela Vergara-Jaque (95), we further explored the role of the R496

residue in a possible inter-domain interaction with E39 in the NTR of PCSKO9.

3.1.2. New Mutations Do Not Affect PCSK9 Processing or Secretion, but Some
Substitution Mutations at Positions E39 and R496 Inhibit LDL Binding

Molecular simulations predicted that an inter-domain interaction within PCSK9
might be playing a role in aligning basic residues in the CTD with acidic residues with the
proposed amphipathic a-helix of the NTR in a membrane-like environment. This included
residues E39 and R496. Mutations were introduced at position E39 in the prodomain and

R496 in the CTD of PCSK9, both of which are highly conserved residues among vertebrates
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Figure 5. R496W PCSK9 FH mutation does not significantly alter affinity for LDLR-
ECD.

A. Nitrocellulose membranes were blotted with purified LDLR-ECD using a slot-blot
apparatus (Bio-Rad). From membranes 12 - 1, purified, unlabeled competitor PCSK9 was
diluted over a range of 3000 to 0.1 nM, with the competitor being either WT or R496W, and
DyLight 800-labeled WT-PCSK9 at 0.1 pg/mL was competed off. B. Binding curves
generated from average band intensity calculations (Y) vs. nM unlabeled competitor (X)
with the function log (inhibitor) vs. response — variable slope in GraphPad Prism 5. The
relative ICsg values calculated from 3 trials are 377.5 nM for WT and 375.5 nM for R496W.
Statistics were done using a paired, two-tailed Student’s T-test, where p > 0.05 (not
significantly different). Error bars show SEM. Data representative of n = 3. Data is published
(95).
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(109). We predicted that mutagenesis would disrupt the possible inter-domain interaction,
and that this would be observable by proxy of inhibited LDL binding. We sought to create
single E39A and E39P mutations, R496Y and R496Q mutations, and a double E39P-R496Q
mutation representative of armadillo PCSK9. Interestingly, the armadillo sequence has
different residues at both of these highly conserved positions, so we investigated whether
this double mutation combination in human PCSK9 might compensate in the context of LDL

binding.

In addition to these mutations, two histidines (H553 and H565) were mutated in the
CTD for a second objective, which was to test the effect of pH on the LDLR binding
function of PCSK®9. It is hypothesized that histidines in the CTD play a role in PCSK9’s
activity towards LDLR degradation, and it has been shown that the overall basic charge in
this region is important for proper LDLR degradation (97). In light of our recent
computational model, we predicted that histidines in the CTD located in close proximity to
R469, R496 and F515 might participate in the predicted inter-domain interaction with the
NTR under certain conditions. We hypothesized that a change to lower pH may
preferentially shift the NTR to bind positively charged histidine residues in the CTD, which
may in turn relieve auto-inhibition in PCSK9-LDLR binding by shifting the site of the NTR-
CTD interaction. Our premise for introducing H - R mutations was that due to a
constitutive positive charge at neutral pH of 7.0 (the side chain of arginines harbor a pKa =
12.5), we may observe increased binding to LDLR that we otherwise would only observe at
lower pH with the natural histidines. Since the pKa of histidines is = 6 (98), it may be why
they are required in PCSK9-mediated LDLR degradation. The pH of endosomes is also close
to / lower than 6 (5.5 — 5) (99), so there may be increased protonation of histidines in low pH
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conditions due to the local environment, ultimately contributing to the increased binding

affinity to LDLR (97) through relief of PCSK9 auto-inhibition.

All novel PCSK9 constructs were transfected into HEK293 cells and secretion took
place for 24 hours before the collection of cultured medium and lysis of cells. We carried
this analysis out in order to confirm that the secretion and processing of PCSK9 would be
unaffected by these new mutations. The western blot in Figure 6A shows that processing of
all new PCSK9 constructs was comparable to WT, meaning that none of these new
mutations affected the folding or auto-processing of PCSK9 in cells. The R496Q and R496Y
mutations were made and tested by other lab members prior to the start of this project.
PCSK9 processing is measured by the quotient of the band intensities corresponding to
mature/pro PCSK9. The smaller molecular weight (MW) band corresponding to mature
PCSK9 (around 63 kDa) was significantly intense for all mutants. The secretion of PCSK9
into the medium is shown in the blot in Figure 6B, and no significant differences are
observed between the mutants and WT. A band corresponding to mature PCSK9 missing the
prodomain is observed below 75 kDa (around 63 kDa) for all samples, and a minor furin
cleaved form is at a slightly lower MW than the mature form. The prodomain fragment that
dissociates after boiling reducing SDS-PAGE samples is below 20 kDa. Figure 6C depicts
LDL binding analysis done through Optiprep density gradient centrifugation as previously
described, and abolishment of this function is observed with the E39P mutation as shown by
lack of an LDL-bound PCSK9 band. However, the E39A mutation displays normal LDL
binding and so does the FH variant H553R, as indicated by the LDL-bound PCSK9 band

intensities comparable to WT.
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Figure 6. The effect of PCSK9 mutagenesis on secretion, processing and LDL binding.

A-B. Substitution mutations do not affect PCSK9 processing in cells or secretion into the
cultured medium. Western blots depicting PCSK9 processing in cells and secretion of
PCSKD9 into cultured medium. HEK293 cells were transfected with 1 pg DNA per well in a 6
well dish, and medium was changed to serum free DMEM + ITS supplement. Secretion was
allowed to take place for 24 hours, after which cell extracts were made and medium was
collected and used in a TCA precipitation for quantification of PCSK9 secreted into the
medium. C. E39P disrupts LDL binding while E394 and H553R do not. Western blots
showing inputs of conditioned medium containing PCSK9 and LDL layers isolated
following Optiprep density gradient ultracentrifugation. Blot is from a representative
experiment done two more times with similar results. D. R496Q rescues LDL binding by
10% and R496Y abolishes it. Western blots showing inputs of conditioned medium
containing PCSK9 and LDL layers isolated following Optiprep density gradient
ultracentrifugation. Blot is from a representative experiment done two more times with
similar results.
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Figure 6D depicts LDL binding done with two different PCSK9 proteins with other
amino acids at position 496. We observed that placement of a Tyr (R496Y) abolished LDL
binding; however, placement of a Gln (R496Q) restored LDL binding by = 10% as shown in
Figure 6D. R496Q PCSKO9 is a natural mutant associated with type III hyperlipoproteinaecmia
in humans (85), and it was previously shown to exhibit normal secretion, processing and
LDLR degradation in cell culture. Taken together, our results display that the natural

arginine at position 496 is crucial for fully functional LDL association.

Mutating E39 to E39A does not inhibit LDL binding and therefore is unlikely to
disrupt the potential charge-associated interaction with R496 (Figure 6C). However, the
proline substitution E39P, similarly to L41P and A44P, likely disrupts the predicted a-helix
in this region (95), as all three proline mutations abolish LDL binding in vitro. The E39P-
R496Q armadillo double mutation was made by Dr. Sarkar, and it was determined that it
does not compensate in the context of LDL binding (data not shown). To further investigate
the functional roles of CTD mutations on PCSK9 activity, H553R and HS565R single
mutations were made to investigate the effect of placing constitutive positive charges in

these two positions on PCSK9’s interaction with LDLR.

3.1.3. The HS53R FH Mutation Slightly Increases LDLR Binding At Neutral pH, but
the HS65R Mutation Does Not

The literature has reported that PCSK9 binds with increased affinity to LDLR at low
pH (56, 87, 88). However, no mechanisms have been identified for this effect. As described
above, we sought to investigate the role of pH on LDLR binding based on the inter-domain
interaction presented in our computational model. With the A53 PCSK9 variant missing the

NTR, we have observed that the pH effect trends towards being blunted, meaning there is
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not as large of an increase in affinity between neutral and acidic pH with this mutant, as the
170-fold increase that has been reported for WT PCSK9 (56). We predicted that this
difference might be due to the absence of the inter-domain interaction between the NTR and
CTD. To this end, we mutated two separate histidines in the CTD of PCSK9 and assessed
the impact on LDLR binding / PCSK9 uptake at neutral pH in cell culture. We selected
His553 because it is naturally associated with increased plasma LDL-c when substituted to
an arginine (H553R) (78). We also mutated His565 because it was one of the residues in the
CTD predicted to align and potentially interact with the acidic region of the NTR in our
model (95). We predicted that H = R substitutions at positions 553 and 565 might increase
the binding affinity to LDLR at neutral pH. We overexpressed LDLR in HEK293 cells and
treated them with chloroquine to inhibit lysosomal degradation. Exogenous PCSK9 was
added to cells in conditioned medium for 2 hours to allow for uptake to occur. The cells

were lysed for western blot analysis and PCSK9 uptake was detected.

Figure 7B demonstrates that uptake of PCSK9 into cells is modestly increased by =
40% with H553R (78). This effect can be observed by the slight increase in band intensity
corresponding to H553R PCSK9 below the 75kDa marker (Figure 7A). However, the
H565R mutation did not significantly increase the uptake, as shown in Figures 7A and B.
The quantifications for PCSK9 taken up into cells shows that the level for H565R is not
significantly different from WT. D374Y PCSKO is a very well characterized FH mutation
and was used as a positive control in the assay to monitor the extent of increase in LDLR
binding, which here is = 7-fold higher than WT. In conclusion, we determined that mutating
single histidines to arginines did not confer very large effects on LDLR binding affinity at
neutral pH. It is possible that multiple histidines in this region are required for the pH effect,
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Figure 7. H553R FH mutation in PCSK9 slightly increases LDLR binding and PCSK9
uptake at neutral pH while the HS65R mutation does not.

A. Western blot representative of LDLR-mediated PCSK9 uptake in cells overexpressing
LDLR treated with 0.05mg/mL chloroquine to inhibit lysosomal degradation. Conditioned
medium containing PCSK9 was normalized to the lowest expressing variant, and added at 1
mL per well on a 6-well dish for 2 hours. Cells were washed in 1X PBS, lysed, and extracts
were analyzed via western blotting. B. Column analysis representative of 3 independent
experiments of quantifications from western blots, calculated as PCSK9 band/LDLR band.
All values were set relative to WT control with a value of 1. Column statistics were
performed with a one-sample t-test comparing all values to this theoretical value, where the
p-value for H553R * = 0.046, and p-value for D374Y * = 0.031.
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and that mutating them in tandem (i.e. H553R-H565R) would show a more pronounced

increase in uptake or LDLR affinity in vitro at neutral pH.

In the subsequent section of this project, we sought to investigate the role of
prodomain mutations on PCSK9 activity. In addition to the CTD of PCSK9, the prodomain
also contains important regulatory regions with respect to PCSK9 activity for both LDL and
LDLR binding. The amino acid tract from 31-52 was previously shown to be critical for
LDL association (9), and it behaves as a negative regulator of LDLR binding affinity (87).
Herein, we characterized a third area of interest (spanning from residues 106-127) that
harbors several natural GOF and LOF mutations. Some of these mutations lacked detailed in

vitro analyses in the literature, especially in the context of LDL association.

3.2 Prodomain Mutations in PCSK9: Their Functional Consequences

GOF Mutations — L108R and S127R

3.2.1. L108R Mutation Disrupts LDL Binding but Does Not Affect LDLR Binding

The L108R mutation was identified as segregating with a severe FH phenotype in a
French family (72). Authors reported that LDLR degradation was increased with this
mutation by 2-fold in vitro (72). However, there was no previous data in the literature about
its effect on LDL binding or LDLR affinity. We assessed LDL binding affinity via a
homologous gel-shift competition assay by measuring LDL-bound DyLight 800-labeled WT
PCSK9 as a function of increasing concentrations of purified unlabeled competitor (either
WT or L108R). Figures 8A and B demonstrate that L108R has a decreased ability to

outcompete DyLight 800-labeled WT PCSK9 for binding to LDL, as depicted from the
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Figure 8. The L108R FH-associated prodomain mutation in PCSK9 inhibits LDL
binding but does not affect LDLR binding.

Competition series carried out using DyLight 800-labeled WT PCSK9 with excess of either
unlabeled WT or unlabeled L108R. A. LIO8R mutation decreases LDL binding affinity.
Agarose gels used to analyze LDL-bound vs. unbound labeled WT PCSK9. B. LDL binding
homologous competition curves for purified LIOSR and WT proteins using PCSKO9-free
LDL. LDL and labeled WT PCSK9 concentrations kept constant, while an increasing
amount of unlabeled competitor was added to the reactions. The curves in part B are
generated using the function [binding — competitive, one site, fit K;] on GraphPad Prism 5.0.
The relative K; for the WT series was determined to be 200.8 nM and 644.2 nM for the
L108R series. Differences in mean were calculated by a paired, two-tailed Student’s T-test,
where p-value = 0.0003. C. LIOSR does not affect affinity for LDLR-ECD in vitro.
Nitrocellulose membranes were blotted with purified LDLR-ECD using a slot-blot
apparatus. From membranes 12 - 1, purified, unlabeled competitor PCSK9 was diluted over
a range of 3000 to 0.1 nM, with the competitor being either WT or L108R, and DyLight
800-labeled WT PCSK9 at 0.1 pg/mL was competed off. D. Binding curves generated from
band intensity calculations with the function log(inhibitor) vs. response — variable slope in
GraphPad Prism 5. The relative ICsy values calculated are 223.0 nM for WT and 189.3 nM
for L108R. Statistics were done using a paired two-tailed Student’s T-test. Error bars show
SEM. Data representative of n=3. Experiments were done during my 4™ year Honours thesis
in 2017-2018 for the BIM4009 Honours project at the University of Ottawa. Not published.
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relative K; values. The relative K; for the WT series was determined to be 200.8 nM, and
644.2 nM for the L108R series. Differences in mean were calculated by a paired, two-tailed
Student’s T-test, where the p-value was 0.0003. The higher K; indicates that LI08R has a

lower binding affinity to LDL by about 3-fold relative to WT PCSK9.

To measure L108R’s affinity for purified LDLR-ECD, competition-binding assays
were carried out using purified proteins with a ligand blot apparatus as previously described
for R496W in Figure 5. Figures 8C and D show that there is no significant difference in
affinity for LDLR-ECD between WT and L108R PCSK9, as the relative 1Csy values were
calculated to be 223.0 nM for WT, and 189.3 nM for L108R. The difference in ICsy values
was statistically insignificant when a Student’s T-test was performed with the p-value being
> 0.05. These results show that the L108R mutation inhibits LDL binding, and does not

increase LDLR affinity.

3.2.2. The S127R Prodomain Mutation Does Not Increase Binding Affinity To LDLR

The S127R mutation has been studied quite extensively in the literature. It was one of
the first identified FH mutations in the PCSK9 gene (7, 100). We performed in vitro LDLR
binding affinity experiments, expecting the affinity to either be increased (56) or unchanged
(88, 101). When we carried out our homologous competition assay using purified PCSK9
and LDLR-ECD, we observed that the relative 1Csy values are not significantly different
between WT and S127R (Figure 9A and B). The relative 1Csy values calculated were 230
nM for WT, and 205 nM for S127R. Statistics were done using a paired, two-tailed Student’s

T-test and the means were not significantly different. In addition to LDLR affinity, LDLR

57



nM unlabeled competitor

200+ « WT PCSK9
S127R PCSK9

150+

100+

50+

DyLight 800 WT PCSK9 binding LDLR-ECD (AU)

+——TrrrrTrrrrrTrrrrrrrrrrr

Unlabeled competitor PCSK9 (nM)

Figure 9. The S127R FH-associated mutation in PCSK9’s prodomain does not
significantly increase affinity for LDLR-ECD in vitro.

A. Nitrocellulose membranes were blotted with purified LDLR-ECD using a slot-blot
apparatus. A mixture of 2.5% milk and DyLight 800-labeled WT PCSK9 in low salt TBS-C
(pH 7.0) was generated as an incubation buffer. From membranes 12 - 1, purified, unlabeled
competitor PCSK9 was diluted over a range of 3000 to 0.1 nM, with the competitor being
either WT or S127R, and DyLight 800-labeled WT PCSK9 at 0.1 pg/mL was competed off.
Mixtures were added onto membranes and incubated for 2 hours with gentle shaking at room
temperature. Blots were then washed and scanned on the LiCor scanner and band intensities
calculated using the Odyssey software. B. Binding curves generated from average band
intensity calculations vs. nM unlabeled competitor with the function log(inhibitor) vs.
response — variable slope in GraphPad Prism 5. The relative 1Csy values calculated are 230
nM for WT and 205 nM for S127R. Statistics were done using a paired, two-tailed Student’s
T-test. Error bars show SEM. Data representative of n = 3.
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degradation activity and PCSK9 uptake are other metrics we used to assess the consequences

of the L108R and S127R mutations.

3.2.3. L108R and S127R Slightly Increase LDLR Degradation and PCSK9 Uptake

As both prodomain FH mutations showed no significant changes in LDLR binding
affinity in our in vitro experiments, at most, we expected modest changes to be observed in
LDLR degradation activity and PCSK9 uptake. Hepalclc7 mouse hepatoma cells were
plated in a monolayer, endogenous LDLR expression was induced via the addition of 10uM
pravastatin, and cells were cultured in lipoprotein-deficient serum conditions. Purified WT,
L108R, L108A, S127R and S127A proteins were added at 5 ug/mL onto respective dishes
for 4 hours, followed by biotinylation of cell surface proteins and harvesting of cells. An IP
was done on ¥ of the lysates to determine the extent of LDLR degradation by measuring cell
surface LDLR levels via western blot. PCSK9 uptake was also measured using the
remaining % of the cell lysates. In Figure 10A, the western blot depicts PCSK9 taken up into
the cells. Figure 10C is a western blot done on IP reactions containing the biotinylated cell
surface proteins used to measure the extent of cell surface LDLR degradation. An untreated
control of cells was included in each experiment for baseline measure of induced LDLR

expression in the absence of exogenous PCSK9 addition (Figure 10C).

We observed that the FH-associated S127R mutation trends towards increasing
PCSK9 uptake slightly (Figure 10A and B) by about 2-fold. It also increases LDLR
degradation activity (30-40%) as shown by the decreased band intensity for cell surface
LDLR around 150 kDa (Figure 10C), and the column statistics in Figure 10D determined
that the p-value for S127R was significant at 0.02. The S127A mutation confers modest

differences in activity for PCSK9 uptake (= 30-40%) and for LDLR degradation (= 10-20%)
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Figure 10. L108R and S127R FH mutations in PCSK9’s prodomain slightly increase
LDLR-mediated PCSK9 uptake and LDLR degradation activity.

Hepalclc7 cells were plated and endogenous LDLR expression was induced via addition of
pravastatin. Purified WT, L108R, L108A, S127R and S127A proteins were added at 5
pug/mL onto respective dishes for 4 hours. Cells were then washed and incubated with biotin
in biotinylation buffer 2 x for 30 minutes, followed by quenching with glycine in PBS-CM.
Western blot detection of proteins allowed in quantifying the amount of PCSK9 internalized
into cells, as well as the amount of cell surface LDLR degraded in the presence of each
PCSKO9 variant. A. Uptake of PCSKY into cells is slightly increased for two prodomain FH
variants. Western blot representative of 1 experiment showing whole cell extracts of LDLR
mediated PCSK9 uptake into cells. Transferrin used as a loading control. B. Column analysis
showing the PCSK9 uptake for various mutants from 3 independent replicates, where
differences were not significantly different as tested with column statistics and a one-sample
t-test with a hypothetical value of 1. C. LDLR degradation activity trends towards an
increase with L108R and S127R mutations in PCSK9’s prodomain. Western blot showing
cell surface LDLR degradation with or without addition of exogenous purified PCSKO9.
Transferrin receptor used as a loading control. D. Column analysis of LDLR degradation for
various PCSK9 mutants and WT. Column statistics with one-sample t-test and a hypothetical
value of 1 determined that the p-value for S127R * was 0.0201. Data representative of n = 3.
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(Figure 10B and D). Both the L108R and L108A mutations have similar but modest effects
on PCSK9 uptake (= 50% increase). L108R shows approximately 30-40% lower levels of
cell surface LDLR, whereas L108A only shows about a 10% difference (Figure 10D). The
column statistics analysis determined that the means were not significantly different for
L108A or L108R in comparison to WT (Figure 10D). However, there is a slight trend

towards higher activity in both the uptake and degradation for L108R.

In conclusion, the LDLR degradation activity and PCSK9 uptake is slightly increased
in both S127R and L108R, but the effects are modest when compared to WT PCSKO9. These
functional assays looking at LDLR association therefore fail to explain the reason for the
severe FH phenotype in vivo in patients with LI08R or S127R. We next sought to identify
the effect of these mutations on secretion and processing of PCSK9 along with the additional
analysis of the artificial S127P mutation, which was shown to rescue secretion in a previous

publication (54).

3.2.4. S127P Rescues Processing and Secretion Events That Are Otherwise Defective in
Both S127R and S127A

S127P PCSK9 exhibited normal secretion into cell culture medium in a previous
publication (54): a function that is defective with the natural S127R FH variant (73). To
replicate this finding, as well as to investigate protein processing events, HEK293 cells were
transiently transfected with plasmids coding for various PCSK9 constructs, after which
secretion was allowed to occur for 24 hours. The media was then collected, and cells were
harvested for western blot analysis and quantification of PCSK9 secretion and processing.

The experiment included the pcDNA3.1 vector transfected as a negative control to show that
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HEK?293 cells do not endogenously express PCSK9, as indicated by absence of a band

corresponding to PCSK9 in the control lane (Figure 11A and C).

The processing or maturation is determined by the amount of PCSK9 that has
undergone autocatalytic cleavage in cells. The mature form of PCSK9 is observed around 63
kDa in the whole cell extract blot, while the pro PCSK9 form that has not been processed is
found higher up, just below 75 kDa (Figure 11A). We observed that S127P, L108R and
L108A exhibit normal processing in cells (Figure 11A and B) and effective secretion into the
medium (Figure 11C and D) at efficiencies similar to WT. The processing can be observed
by western blot analysis, with the mature band around 63 kDa appearing less prominent
when the processing is inefficient (Figure 11A). The processing is calculated as the quotient
of mature/pro PCSK9 bands for the bar graphs. A column statistics analysis determined that
the processing is significantly defective in S127R and S127A (= 60-70% less than WT), and

is slightly more efficient in L1I0O8R (= 10% more than WT) as seen in Figure 11B.

The extent of secretion can be visualized by the PCSK9 band in the medium
appearing below the 75kDa marker (around 63 kDa) on the western blot in Figure 11C. A
column statistics analysis determined that the secretion of S127P, L108R and L108A is not
significantly different from WT (Figure 11C and D). The minor furin cleaved form can also
be observed at a MW slightly below the mature band and does not appear differentially
affected in any of these constructs. The non-covalently associated prodomain dissociates
during boiling of the samples for reducing SDS-PAGE, and is found below 20 kDa (Figure
11C). The secretion of S127R and S127A variants is significantly defective compared to WT
PCSK9; with a = 60-70% decrease (Figure 11D), mirroring the decrease in processing.

These results demonstrate that placing a proline at position 127 in the prodomain allows for
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Figure 11. Effects of substitutions at position L108 and S127 on PCSK9 processing and
secretion events.

HEK293 cells were transiently transfected with plasmids coding for various PCSK9
constructs, after which secretion was allowed to occur for 24 hours at 37°C. Cultured media
was collected and cells were lysed for detection of PCSK9 processing and secretion via
western blot. A & B. S127P confers normal processing, LI0OSR slightly increases
processing, and SI127R and S127A show defects in processing. Western blots and
quantifications representing the processing of PCSK9 in cells. Values for graph calculated
by mature PCSK9 band/pro PCSK9 band in each lane. A column statistics analysis with a
one sample t-test and hypothetical value of 1 (WT) determined that S127R *** had a p-value
of 0.0084, S127A *** had a p-value of 0.0072, and L108R ** had a p-value of 0.0124. C &
D. S127P rescues secretion of PCSK9 at efficiency similar to WT, while the S127A4 and
S127R mutations cause significant defects. Western blot and graph analyses for amount of
secreted PCSK9 into cultured media. Values calculated as quantifications from mature
PCSK9 band in medium. A column statistics analysis with a one sample t-test and
hypothetical value of 1 (WT) determined that S127R ** had a p-value of 0.0078 and S127A
** had a p-value of 0.0039. Data representative of 3 independent replicates.
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processing and secretion to both be at a level comparable to WT PCSK9, in agreement with
a previous study (54). To further characterize other functional consequences of this proline

substitution, PCSK9 uptake and LDLR degradation activity was analyzed.

3.2.5. S127P Does Not Affect LDLR Degradation or PCSK9 Uptake

As previously described for Figure 10, LDLR degradation and PCSK9 uptake was
measured this time for S127P PCSK9 using Hepalclc7 cells. Western blot analysis and
graphic results are shown in Figure 12 A-D. The artificial S127P mutant exhibits no increase
in PCSK9 uptake or in LDLR degradation activity, as shown by the similar band intensity
between WT PCSK9 and S127P PCSK9 taken up into cells (Figure 12A), and also the
similar amounts in cell surface LDLR levels around 150 kDa (Figure 12C). In fact, it seems
that the S127P mutant trends towards slightly less efficient LDLR degradation by =~ 40-50%
compared to WT (Figure 12D). The D374Y mutant was included as a positive control to
show the extent of LDLR degradation and PCSK9 uptake in these S127 mutants relative to a
highly active FH mutant. The band intensity for D374Y below 75 kDa is the strongest
compared to WT and the other two variants (Figure 12A), with the bar graph indicating that
uptake is increased by about 5-fold (Figure 12B). The band intensity for LDLR expressed on
the cell surface is nearly absent around 150 kDa for D374Y (Figure 12C), and the calculated

LDLR expression is = 90% less than WT (Figure 12D).

S127R shows a 2-fold increase in uptake and = 30% reduction in LDLR levels
compared to WT. From these results, we conclude that the arginine in S127R is important
for the increase in LDLR degradation as previously seen in Figure 10D, as the alanine and

proline substitutions did not confer significant changes. To conclude this functional analysis
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Figure 12. The S127P mutation does not affect PCSK9 uptake or LDLR degradation.

Hepalclc7 cells were plated and endogenous LDLR expression was induced via addition of
pravastatin. Conditioned medium containing PCSK9 proteins was normalized to the lowest
expressing variant, and added onto respective dishes at 5 ug/mL for 4 hours. Cells were then
washed and incubated with biotin in biotinylation buffer 2x for 30 minutes, followed by
quenching with glycine in PBS-CM. Western blot detection of proteins allowed in
quantifying the amount of PCSK9 internalized into cells, as well as the amount of cell
surface LDLR degraded in the presence of each PCSK9 variant. A. S127P mutation does
not increase PCSK9 uptake into cells. Western blot representative of 1 experiment showing
LDLR-mediated PCSK9 uptake into cells. Transferrin was used as a loading control. B.
Column analysis showing the PCSK9 uptake for various S127 mutants from 3 independent
replicates. Column statistics with a hypothetical value set to 1 and a one-sample t-test
determined that S127R * p-value = 0.0211 and * D374Y p-value = 0.0437. C. S127P
mutation does not significantly increase LDLR degradation activity. Western blot showing
cell surface LDLR degradation with or without addition of exogenous PCSK9. Transferrin
receptor used as a loading control. D. Column analysis of LDLR degradation for various
PCSK9 mutants and WT. Column statistics were done using GraphPad Prism 5.0 where all
values are compared to WT with a value of 1, followed by a one sample t-test where D374Y
*** p-value = 0.0007. Data representative of n = 3.
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on the role of the S127 residue in PCSK9 function, we performed LDL binding analysis
through Optiprep density gradient centrifugation. We sought to determine whether S127P
could compensate for the serine in the context of LDL binding, since it was able to

compensate in protein processing and secretion events.

3.2.6. S127A, S127P and S127R Mutations Abolish LDL Binding

Previous work in our lab by Dr. Samantha Sarkar showed that the SI27R mutation
abolishes LDL binding, as it completely lacks the ability to compete off fluorescent-labeled
WT PCSK9 from LDL in our homologous competition assay (data not shown). Similar
findings were obtained for the S127A variant. To replicate these findings and to test the
consequence of placing a proline at position 127 on LDL binding, we performed Optiprep
density gradient centrifugation using conditioned medium containing WT, S127R, S127P or
S127A PCSKO. In Figures 13A and B, we observe abolishment of LDL binding for all of
these mutants, as shown by complete absence of an LDL-bound PCSK9 band in the LDL
layer. We therefore conclude that the native serine residue in PCSK9 is critical for LDL
binding. We have now observed several GOF mutations inhibiting LDL binding in both the
prodomain (L108R, S127R) and the CTD (R469W, R496W, F515L). Next, we decided to
analyze a LOF variant found in our prodomain region of interest in close proximity to L108
and S127. We expressed the mutant via a transient transfection and tested the functional
consequence of this natural LOF mutation on LDL binding. We predicted that it might
increase binding to LDL: an effect that would be opposite to what we have seen with several
GOF PCSK9 mutations, which would support our overall hypothesis that LDL association of

PCSKO9 has an inhibitory effect on LDLR degradation activity.
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Figure 13. S127R, S127P, and S127A mutations abolish LDL binding.

A. Western blot showing inputs of conditioned medium containing PCSK9 and LDL layers
isolated following Optiprep density gradient ultracentrifugation. Incubations were done at 37
°C for 90 minutes with conditioned medium containing PCSK9 and PCSK9-free LDL. A
two-hour spin was done after adding Optiprep density gradient solution at 100,000 rpm
where the LDL layer could subsequently be visualized and extracted with a needle.
Immunoprecipitation of PCSK9 in the LDL layer allowed in quantification of the amounts of
PCSK9 bound to LDL in each sample via western blot. Gels were run on 4-12% Bis-Tris
gradient gels followed by wet transfer to nitrocellulose membrane. B. Quantifications of
values from western blots done in 2 independent replicates for the LDL binding experiments,
showing mean + SEM. Calculated as LDL bound/input band.
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LOF Mutation — G106R

3.2.7. The Natural G106R LOF Mutant Trends Towards Increased LDL Association in
Vitro

LOF mutations in PCSK9 are associated with decreased plasma LDL-c (78) and in
turn, they protect against cardiovascular risk. G106R is a natural LOF mutation (83) that was
identified as having severe processing and secretion defects and decreased LDLR
degradation activity in vitro (85). This mutation lies in close proximity to our region of
interest in the prodomain containing GOF mutations L108R and S127R: both of which we
have shown to inhibit LDL binding (Figure 8A-B and Figure 13A-B). To test our LDL-
binding hypothesis in the context of a LOF mutation, we made conditioned medium
containing G106R PCSK9 and then used the same Optiprep density gradient centrifugation
protocol as previously described for Figures 4, 6 and 13. With WT PCSK9 as a positive
control, we observed that binding to LDL increased = 50-60% with the G106R mutation
(Figure 14B), but was not statistically significant (p > 0.05). This trend supports our overall
hypothesis that PCSK9’s association with LDL in the circulation inhibits LDLR degradation

activity.
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Figure 14. The G106R LOF mutation in PCSK9’s prodomain trends towards increased
binding to LDL.

A. Western blot showing inputs of conditioned medium containing PCSK9 and LDL layers
isolated following Optiprep density gradient ultracentrifugation B. Quantifications of values
from western blots done in 4 independent replicates for the LDL binding experiments,
showing mean + SEM. Calculated as LDL bound/input band with WT value set to 1, and
G106R calculated relative to WT. A column statistics analysis with a one-sample t-test
determined that there was no significant difference between WT and G106R.
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4. Discussion

PCSKO9 is an important regulator of plasma LDL-c levels. Since its discovery in 2003
(6, 7), research groups have been working to elucidate PCSK9’s molecular mechanisms used
for binding to LDLRs. The findings over the last 15 years have allowed for the development
of anti-PCSK9 monoclonal antibodies that block the interaction with LDLR in the plasma.
More recently, PCSK9’s association with LDL has displayed a novel mechanism that
contributes to PCSK9 activity in vitro (9). To further investigate the potential physiological
relevance of this interaction, we sought to characterize the effect of natural PCSK9 mutations
on LDL binding, in order to study the mechanistic effect of these genotypes from patients
with known levels of plasma LDL-c. The major findings of this MSc project are that natural
GOF mutations in PCSK9 inhibit LDL binding and only modestly affect LDLR binding or

degradation events.

We have shown evidence for natural PCSK9 mutations in the CTD associated with
elevated plasma LDL-c inhibiting or abolishing LDL binding (95). We have also identified
several prodomain FH mutations that inhibit LDL binding. Furthermore, we have identified
a LOF variant associated with lowered LDL-c that shows the opposite effect: trending
towards an increase in LDL binding. FH mutations in the CTD seem to be primarily
affecting LDL association, and they do not increase LDLR degradation or receptor affinity;
which is a trend we also observe with some prodomain FH mutations. Finally, we provide
further evidence that LDL-association of PCSK9 may be acting in a classic negative

feedback loop on LDLR degradation activity, and that ultimately PCSK9 in the blood
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responds to levels of plasma cholesterol in the form of LDL. The implications and next steps

following these findings are discussed in the subsequent sections.

4.1. PCSK9’s NTR and CTD: Mutations Affecting LDL Binding

The NTR of the PCSK9 prodomain is intrinsically disordered and absent from the
available crystal structures. Intrinsically disordered regions (IDRs) in proteins are often
functionally important, as increased flexibility makes them more available for protein-
protein interactions and post-translational modifications. IDRs can also transiently adopt a
more rigid structure under certain conditions (103, 104, 105). The computational model we
created in collaboration with Dr. Ariela Vergara-Jaque includes the simulated a-helix of the
NTR in Figure 3. An a-helix is predicted to form in the prodomain IDR through allosteric
conformational changes upon PCSK9 binding to LDL through lipid and/or protein contacts
(95). The prodomain and the CTD are predicted to align and maintain multiple electrostatic
interactions perhaps important for stabilizing this auto-inhibited conformation of PCSKOY,
which might become locked into a more solid state when PCSK?9 is associated with LDL. To
test this hypothesis, we performed mutagenesis studies and did LDL binding analyses to
determine the effect of amino acid substitutions on PCSK9 function. We have shown that the
prodomain and CTD both contain specific disease mutations that disrupt the LDL binding
function through the alteration of amino acid properties, but to differing degrees of severity.
We sought to determine whether these effects on LDL binding perhaps correlated with the

lipid phenotypes observed in patients with these natural mutations.

4.1.1. FH-Associated Mutations in PCSK9’s CTD Uniquely Affect LDL Binding: The
Native R496 Residue Is Required for Fully Functional LDL Association
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As shown in Figure 4, GOF mutations in the CTD associated with FH uniquely affect
the LDL binding of PCSK9. Both R469W and F515L are natural mutations associated with
elevated LDL-c levels (78), and in our studies they both severely inhibit LDL binding
(Figure 4A-B), but have no effect on LDLR binding/PCSK9 uptake into cells (Figure 4C-D).
In previous cell culture studies, it was shown that all three FH mutations (R469W, R496W,
F515L) showed very modest effects on processing and secretion of PCSK9 along with
LDLR degradation activity (77, 106, 107), which is in agreement with our observations. The
R496W mutation was the most severe in terms of LDL inhibition, where we observed near
total abolishment of binding (Figure 4A). This mutation is associated with extremely severe
hypercholesterolemia, as indicated by mean total plasma cholesterol of = 300 mg/dL in a
Dutch cohort of patients (53). This mutation, however, had no effect on LDLR binding and
PCSK9 uptake in cells, and the purified protein used in competition assays did not show
greater affinity for LDLR-ECD (Figure 5) when compared to WT. These findings show us
that these three CTD mutations are affecting mainly LDL binding, and we predict that
inhibition of this function may be a mechanism contributing to the elevated LDL-c
phenotype seen in patients. Another FH mutation in this region (N513D) was functionally
characterized in our lab by Dr. Zhenkun Hu, and was also determined to uniquely affect
LDL association, which was abolished in the same way we saw with the R496W mutation.
The LDLR degradation activity, LDLR affinity, and PCSK9 section and processing were

unaffected by the N513D mutation (unpublished data).

Introducing other substitution mutations at position 496 allowed for us to determine
that the R496 native residue is crucial for LDL binding. An R496Y mutation abolished
binding, and an R496Q mutation rescued LDL binding, but only by ~10% (Figure 6D). An
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R496D mutation also abolished binding (data not shown). The slight recovery seen with the
Gln substitution might occur because the glutamine side chain is able to hydrogen bond and
partially compensate for the natural arginine in the context of an intramolecular interaction
within the NTR. However, the poor 10% rescue likely indicates that both the constitutive
positive charge and the full length and size of the arginine hydrocarbon chain in this position
are crucial for proper LDL association. Interestingly, Cameron et al/ identified R496Q
PCSKD9 in a patient with type III hyperlipoproteinaemia (85). Their in vitro assays done with
R496Q align with what we observe for R496W: that PCSK9’s secretion, processing, and
LDLR binding are unaffected by the mutation. The only mechanism that seems to be altered
by R496W and R496Q disease mutations is LDL binding; which is highly disrupted with

both mutations (Figure 4A and Figure 6D).

4.1.2. Proline Mutations in the NTR Disrupt LDL Binding

Introducing proline mutations into the prodomain’s NTR disrupts LDL binding. The
L41P and A44P mutations in PCSK9’s IDR abolish LDL binding but do not affect LDLR-
dependent PCSK9 uptake into cells, indicative of normal LDLR binding affinity (95). We
predicted that these proline mutations may be disrupting the helical conformation of the
IDR, and in turn disrupt only the LDL association. According to our model, the E39 residue
in this region was predicted to form an electrostatic interaction with R496 (95). In this
project, an E39P mutation also abolished LDL binding (Figure 6C). As proline side chains
lack the ability to hydrogen bond and are structurally rigid due to the cyclic secondary
amine, it is possible that this substitution disrupts electrostatic inter-domain interactions with
the CTD, or disrupts the entire conformation of the helix. However, these predictions need to

be structurally validated. Introducing a small, neutral, nonpolar alanine (E39A) did not
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disrupt the LDL binding of PCSK9 (Figure 6C). This leads us to believe that other acidic
residues in this stretch of the IDR (32-EDEDGDYEE-40) can potentially compensate for
binding to basic residues in the CTD and mediate the appropriate inter-domain interaction.
This phenomenon of “electrostatic steering” is also seen in other protein-protein interactions,
whereby overall opposing charges in interacting domains promote their association without a

strict dependence on individual charged residues (108).

We noticed the armadillo’s PCSK9 sequence to have unique amino acids at both
positions 39 and 496. These positions are highly conserved across species (109), and in
human PCSK9 they are E39 and R496. The armadillo sequence however, has P39 (110) and
Q496 instead. This finding struck us as being quite intriguing in relation to the
computational model of human PCSK9 that predicted these two specific residues to interact.
We tested whether the double E39P-R496Q ‘“‘armadillo” combination in human PCSK9
might align an NTR-CTD interaction and compensate in the context of LDL binding.
However, Dr. Sarkar found that the double mutation did not rescue LDL binding and that it
remained disrupted (data not shown). It is therefore possible that the armadillo double
variation at these sites is important in some other context of PCSK9 activity, such as protein

processing and secretion, or even LDLR association, but this has yet to be investigated.

4.2. Testing the pH Effect: Single Histidine = Arginine Mutations in the
CTD

The pH-dependent shift in affinity that WT PCSK9 has for LDLR in an acidic
environment has been a major mechanistic question ever since it was discovered (56, 87,
88). To this end, we sought to determine whether our predictive model could perhaps help us

with elucidating a mechanism for this effect. Through mutating two conserved histidines
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(H553 and H565) to arginines and measuring the PCSK9 uptake into cells, we determined
that these two single mutations had no significant increase on LDLR affinity at neutral pH
(Figure 7). In addition, we predicted that alanine mutations would blunt the pH effect due to
the nonpolar residues being unable to induce a shift in the electrostatic interactions required
for relief of PCSK9 auto-inhibition. These mutagenesis experiments were not successful.
Furthermore, we were unable to purify the H553R protein via a stable cell line formation,

likely due to an error in the gene coding for the Genticin antibiotic resistance.

We were therefore unable to test the H553R mutation in the context of LDLR
degradation using purified proteins. This would have been good to measure, because H553R
is a natural FH variant and it did slightly increase LDLR-mediated uptake into cells (Figure
7). The H553R mutation had no effect on LDL association (Figure 6C). It is important to
remember that the PCSK9-LDLR uptake assay does not adequately detect small-scale
changes in affinity, and a measure of PCSK9 uptake includes a measure of the
internalization efficiency and receptor-mediated endocytosis, which are much more complex
processes than simply measuring the affinity between two proteins. We were mainly looking
for large differences in this experiment. This is a qualitative assay, so it is very well possible
that if we had been able to purify the protein for competition binding experiments, we would
have seen a more significant increase in LDLR affinity. However, the cell-culture uptake
experiment represents more physiological conditions than does the ligand blot experiment;
whereby the latter uses purified proteins and buffers in non-native conditions. These caveats

therefore need to be kept in mind when interpreting this data.

Retrospectively analyzing this CTD region again in the PCSK9 crystal structure, we

found another histidine (H551) that might be important in the LDLR degradative function.
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Indeed, as shown in a previous publication, there are many histidines in this region, and the
overall basic charge on the surface of the Cys-His rich CTD is required for LDLR
degradation, as single mutations did not show any significant changes in activity (97). It is
possible that mutating multiple histidines in tandem (i.e. HS51R-H553R, H553R-H565R)
would show larger increases in LDLR binding at neutral pH. The H553R mutation is a
natural variant whose in vitro activity has not been reported in the literature. Although
characterized as GOF, it is one of the less severe reported mutations with mean patient LDL-
¢ levels being = 120 mg/dL (78), which is in agreement with our finding that PCSK9 uptake

in cell culture is increased only by about 40-50% (Figure 7).

In the future, it would be ideal to continue tests with the A31-52 PCSK9 variant, in
which LDLR affinity is increased at neutral pH, to confirm that the pH-dependent increase in
affinity is indeed blunted when compared to WT PCSK9. This would give us further
evidence for an inter-domain interaction being required in pH-dependent LDLR binding. We
were lacking an adequate negative control for these competition-binding experiments, as the
non-specific binding was very high, and we could not confidently confirm that the effect was
blunted (data not shown). Perhaps the use of the LDLR-L318D mutant that is defective in
binding PCSK9 would serve as a better negative control. In the co-crystal structure of
PCSK9 bound to the EGF-A domain of LDLR, the D374 residue is shown to interact with
H306 in the LDLR’s EGF-A domain (87, 88, 111), and they are predicted to form hydrogen
bonds. It was also predicted that this interaction might be enhanced at low pH, therefore

modulating an increase in affinity between PCSK9-LDLR.

Overall, the pH-dependent increase in PCSK9 binding to LDLR may consist of

several components, of which a shift in the NTR-CTD inter-domain interaction may play a
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partial role. Increased protonation of H306 in LDLR at low pH may be modulating the
increase in affinity to PCSK9. The phenomenon of pH-dependent binding was also observed
with the D374Y mutant, but it had less of an effect than did WT PCSK9 (56), perhaps
meaning that the tyrosine blunts the effect, as binding would be near maximal with this
amino acid substitution. Ultimately, intracellularly blunting the pH effect of PCSK9-LDLR
binding would represent an ideal route for PCSK9 inhibition with a small molecule. Ideally,
it would disrupt the PCSK9-LDLR interaction in endosomes, inducing PCSK9 to release the
LDLR before reaching lysosomal fusion, so that PCSK9 is cleared and degraded in the
lysosome but the LDLR gets recycled. We made efforts to mutate more histidines in the
CTD (i.e. H553A, H565A, H551R, double mutants) however, after months of unsuccessful
attempts we transitioned into a separate objective for the remainder of the project.

4.3. The Complexity of Prodomain Mutations: How They Affect PCSK9
Activity

Mutations in the prodomain have heterogeneous effects on PCSK9 activity, making
interpretations slightly more challenging. We have identified several key residues in a small
surface region of the prodomain that are required for LDL binding, which is novel
information in the PCSK9 field. The residues G106, L108 and S127 of the prodomain are
predicted to be important for the LDL association of PCSK9, and their proximity on two
surface exposed loops is illustrated below in Figure 15. We predict that these residues may
play a role in direct interactions with apoB-100, or in other intramolecular interactions

perhaps manifested in the PCSK9 protein.
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Figure 15. Location of G106, L108 and S127 residues in the PCSK9 prodomain.

Model generated using ROSETTA software by Dr. Ariela Vergara-Jaque with the available
crystal structure of PCSK9 at 1.9 A on PDB — 2QTW (95, 96). The grey helical structure
represents a molecular simulation using computational modelling, and the magenta, green,
and orange domains represent the prodomain, catalytic, and C-terminal domains of PCSK9,
respectively — present in the crystal structure. Three of the prodomain residues important for
PCSK9’s LDL binding function are highlighted using PyMOL. PCSK9’s native residues
highlighted are as follows: G106 in yellow, L108 in grey, and S127 in blue. Note the close
proximity of these three residues, and their positioning on two juxtaposed helical loops.
Importantly, G106R is a LOF mutation that we have observed trends to increase binding to
LDL, whereas L108R and S127R are both GOF mutations that decrease and abolish LDL
binding affinity, respectively.
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4.3.1. L108R Prodomain Mutation Inhibits LDL Binding but Does Not Significantly
Affect LDLR Binding Affinity or LDLR Degradation

The L108R mutation was identified in an FH patient with severely high LDL-c levels
around 300 mg/dL (53, 72). In that same publication, the authors showed that L108R has a
2-fold higher activity in LDLR degradation in vitro, and they reported through predictive
modelling that the native Leu might be important in a hydrophobic interaction with L626 in
the B-propeller of the LDLR (72). They predicted that the charge of the arginine in L108R
might be causing increase in activity towards LDLRs, by shifting this interaction, and
instead modulating a salt bridge with Glu605 in the LDLR, thereby increasing the overall

affinity.

Through our analysis of LDLR affinity using purified proteins, we determined that
L108R does not increase affinity for LDLR in vitro (Figure 8C and D), which does not
support their predictive modelling (72). However, we tried to replicate their findings for the
LDLR degradation activity. We additionally created an alanine mutant (L108A) and
measured LDLR degradation with both L108R and L108A. We found that the arginine was
important for the 30-40% increase in LDLR degradation (Figure 10D), and that this effect
was not seen with L108A. The processing of L108R was also slightly more efficient (Figure
11B) in cells compared to WT PCSK9. However, the major mechanism that seemed to be
affected by the L108R mutation was the LDL binding affinity. Using purified proteins, we
found that L108R disrupted LDL affinity by 3-fold compared to WT (Figure 8A and B).
This is significant in biological terms and it means that LI08R might be functioning to cause
high LDL-c by disrupting the LDL association and sensing, since the LDLR degradation and

PCSK9 processing and secretion were only modestly affected. However, its disruption of
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LDL binding compared to R496W for example is not as severe. The effects of the L108R
mutation may be ideal to test in vivo in the future, as it is associated with one of the more
severe disease phenotypes. It is possible that this mutant acts on multiple additive levels by
lowering LDL binding affinity several-fold, along with more modest increases in processing

and LDLR degradation efficiency.

4.3.2. FH-Associated S127R: Effects on ApoB-100 Secretion, VLDL Production and
LDL Association

S127R was the first identified GOF mutation in PCSK9 associated with FH (7), and
patients generally have very high LDL-c ranging between 300-400 mg/dL (53). Many
groups have reported findings trying to understand how this mutation causes disease, which
has revealed that the mechanisms used are not straightforward, and that S127R seems to
regulate multiple complex aspects of PCSK9 function in lipoprotein metabolism. An early
kinetic study demonstrated that patients with S127R have 3-fold increases in both apoB-100
secretion and VLDL production when compared to control subjects (100). With our
understanding of S127R’s LDL binding defect (Figure 13) in the context of LDL binding
being inhibitory on PCSK9 activity, it may be that the proportion of SI27R PCSK9 in the
blood, even if less abundant than WT due to a secretion defect, is actually more active than
WT. This increased LDLR degradation could in turn lead to less uptake of lipids/LDL into
hepatocytes, which signals for the liver to increase production of VLDL and apoB-100 in a
compensating manner. It is possible that S127R’s inability to be down regulated or inhibited
by LDL binding in the plasma is secondarily causing the increased secretion of apoB-100
and VLDL in humans. However, this is merely speculative and must be tested in vivo. We

also did not observe a very significant increase in LDLR degradation in cell culture using
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S127R (Figure 10D), which supports the hypothesis that the activity levels and mechanisms

of S127R would be better understood in an in vivo context.

There is a hypothesis that PCSK9 directly interacts with the apoB-100 moiety on
LDL; however, the exact locations involved have yet to be shown through chemical cross-
linking. Based on previous findings (9, 93, 94), one may have thought that perhaps the
S127R variant directly increases apoB secretion (100). However, we believe that the
increased secretion of apoB-100 seen in patients (100) was due to indirect metabolic effects
as mentioned above, since we observe that S127R cannot bind LDL in vitro (Figure 13).
Furthermore, we observed that S127A and S127P mutations also disrupted LDL binding by
fully abolishing it (Figure 13), which means that the native serine has properties, likely
related to hydrogen bonding and hydrocarbon chain size, that are crucial for LDL
association. In the future, it would be ideal to determine whether S127 is directly involved in
binding to apoB-100 through hydrogen bonds, or if it is important for an indirect effect on
PCSK9’s protein conformation needed when binding to LDL. Further structural studies are

required to confirm which scenario is supported.

4.3.3. The S127 Residue in PCSK9’s LDLR Degradation and LDLR Affinity

A previous publication showed that the presence of a basic residue at position 127
(S127R and S127K) was required for increased LDLR degradation activity in cell culture
(101). Authors found that S127R was 4.3 fold more active in mediating LDLR degradation,
as measured by reduction in LDL uptake, which is a much larger effect than what we
observed in our conditions (Figure 10D). They also observed an increase in activity with

S127K by about 2-fold. We observed that S127A did not confer significant changes in
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LDLR degradation or PCSK9 uptake, and that the SI27R mutation was required for the 30-
40% increase. These authors also observed that S127A did not increase LDLR degradation,
which agrees with our findings. An S127D substitution had no effect on degradation activity
(101). Adding to this knowledge, we observed that a Pro substitution (S127P) also had no
effect on PCSK9 uptake and LDLR degradation (Figure 12). Taken together, our results
combined with theirs support the hypothesis that the presence of a long basic side chain at
127 (R127 and K127) is needed for GOF activity in LDLR degradation. This may be
manifested through increased hydrogen bonding, or through hydrophobic interactions with

the alkyl groups of other residues nearby (Y107, D129) (101); overall stabilizing PCSKO9.

In agreement with what we have observed with S127R (Figure 9), Pandit ef a/ found
that neither Ala, Asp, Arg, Lys, nor Thr substitutions at position 127 significantly affected
LDLR affinity (101). However, Cunningham et al found that S127R did have increased
affinity for LDLR in SPR experiments (56). It is likely that the differences in affinity and
discrepancies in the literature are due to variations in the experimental conditions used for
measuring affinity. These techniques have differing levels of sensitivity (i.e. SPR > ligand
blot), and protein preparations will also inherently vary between batches. It is therefore
important to be mindful of these caveats when referring to a relative Ky for various mutants,
and it is better to report a range than a single value. Under our conditions using ligand blot
competition-binding assays we did not see a difference in affinity for LDLR between S127R

and WT PCSKO.
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4.3.4. The S127 Residue in PCSK9’s Processing and Secretion

PCSK9 maturation involves autoprocessing followed by secretion from cells. Pandit
et al found that placement of a Lys at 127 conferred a secretion defect (S127K), similarly to
S127R and S127A (101). On the other hand, an Asp substitution (S127D) modestly rescued
secretion and processing (83%) similar to what we observed with S127P (Figure 11 B and
D). It is possible that the hydroxyl groups on serine and aspartic acid are required for
secretion and processing, which is why WT and S127D were the only ones with efficient
secretion and processing in this previous publication (101). The S127 residue is highly
conserved across primates, and it was hypothesized that it may play a role in the recognition
of the site for autoprocessing (109). For S127P, the Pro may introduce a tight turn and shift
an inter-domain interaction that aligns the protein in such a way that the autoprocessing site

is made available, as it would be in WT.

4.3.5. PCSK9’s Prodomain and Heparin Sulfate Proteoglycans

It has recently been shown that PCSK9 can bind to HSPGs on the surface of liver
cells, aiding as co-receptors in uptake/binding to LDLRs (112). The site on PCSK9 predicted
to be required for HSPG binding encompasses an arginine-rich area found between aa 93-
139 of the prodomain (112). This is in close proximity to the region where we find the
natural FH mutations L108R, S127R and D129G. It is possible that these mutations may
enhance binding to HSPGs, and that this may be another mechanism contributing to the GOF
phenotypes. However, binding to HSPGs is predicted to be important for LDLR-PCSK9
uptake, so given our findings in this project, we would only expect to see modest effects,

since our cell-based assays for L108R and S127R did not show major changes in uptake
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(Figure 10 A-B). However, these PCSK9 uptake experiments were done in mouse hepatoma
cells, so it would be of interest in the future to test whether human liver cells (i.e. HepG2 or
HuH7) incubated with these GOF variants would respond differently and show more

significant effects, perhaps by using Heparinase I treatment as a control in the experiment.

Furthermore, in another publication, it was determined that heparin-like molecules
(HLMs) can interact with PCSK9 or LDL to mediate the inhibitory effect that PCSK9-LDL
association has on LDLR degradation (113). In their model, they propose that PCSK9’s
HLM association would increase activity towards LDLR and decrease its association with
LDL. In this same paper, the S127R mutation was found to increase binding affinity to
HLMs, which may be due to the positively charged Arg having enhanced affinity for the
negatively charged proteoglycans (113). We found that SI27R does not bind to LDL, so it is
possible that in addition to this lack of down-regulation through LDL binding in the plasma,
its increased association with HLMs/HSPGs also has a negative effect on LDL association,

and overall leads to a larger pool of active PCSK9 in the blood.

Taken together, these prodomain mutations affect multiple complex aspects of
PCSK9 function. We have observed that LDL binding and PCSK9 processing and secretion
are the major functions affected by substitutions at position S127. This is in opposition to the
GOF mutations we observed in the CTD (R469W, R496W, and F515L), which seemed to
only affect LDL association. Furthermore, we have found that L108R and S127R GOF
mutations in the prodomain inhibit LDL binding, similarly to the natural GOF mutant
DI129G (unpublished data). We conclude that residues L108, S127 and D129 are very

important for PCSK9’s association with LDL in vitro.
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4.4. G106R PCSK9: Assessing LDL Binding for a Prodomain LOF Variant

The understanding of LOF mechanisms contributing to lowered PCSK9 activity
represents another approach to PCSK9 inhibition. G106R PCSK9 was characterized as a
natural LOF variant associated with LDL-c of = 70-100 mg/dL, and was said to segregate
with lower plasma LDL in a family study (83). This however, is only a modest decrease in
LDL-c. Authors from another group showed that G106R is defectively processed and is not
secreted from cells (85). However, under our conditions we see that it is secreted, but with =
50% lower efficiency when compared to WT (data not shown). These authors also found that
G106R lowers PCSK9’s LDLR degradation activity (85). The literature however did not
contain any findings about this mutation’s effect on LDL binding. To this end, we were able
to obtain enough GI106R protein through concentrated conditioned medium to do a
qualitative test on LDL binding, and we determined that there is a trend towards an increase

in LDL binding by = 50-60% compared to WT (Figure 14).

Although LDL association is increased with this LOF variant, we believe that
G106R’s secretion defect is the primary mechanism causing LOF activity in PCSK9. We
were unable to express and purify G106R on a large scale for LDL affinity experiments due
to the secretion defect. Furthermore, it is possible that the integrity and stability of G106R
PCSKO9 is lower than WT PCSKD9, especially in non-native buffer conditions, which makes
protein purification very difficult. This may be why we could only use G106R in the form of
conditioned medium and could not get any protein through affinity chromatography/gel
filtration experiments. Our LDL binding analysis of G106R should therefore be interpreted

with these caveats in mind, where a quantitative measure of affinity for LDL could not be
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obtained, as the competition-binding experiments require larger amounts of protein that must

be purified.

4.5. Conclusions and Proposed Model for Physiological Relevance of
PCSK9’s Interaction with LDL

Thus far, the residues in PCSK9 that we have confidently determined to play a role in
LDL binding include L108, S127, D129, R469, R496 and F515. These amino acids are
found in the prodomain and CTD of PCSK9, meaning that it may be possible for these two
areas to be mediating the binding interaction with LDL, without affecting LDLR affinity in
the catalytic domain (87). Importantly, multiple natural disease mutations in these two
regions have shown to negatively affect LDL association in vitro with no effect on LDLR
binding. Linking PCSK9 genotypes to known LDL-c phenotypes from patients gives us a
basis for understanding the potential physiological relevance of this interaction. Studying
GOF mutations allows us to observe more robust effects than what we would observe with
LOF variants. We predict that these residues studied in the prodomain and CTD are either a)
involved in a direct interaction with apoB-100 on LDL, or b) involved in intramolecular
interactions required for locking the auto-inhibited conformation of PCSK9 in the presence
of LDL. However, these predictions must be validated through structural studies, potentially

by cryogenic electron microscopy.

The general trend for the two prodomain FH mutations studied in this project seems
to follow the premise that introducing a charged arginine in this region confers a GOF
phenotype through inhibition of LDL binding (L108R, S127R). However, this opposes what
is observed with G106R, which is a LOF variant in this same region (Figure 15). In Figure

13, one can observe the importance of the native S127 residue in LDL binding, as it was not
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the positive Arg that conferred this GOF effect, yet it was the loss of the Ser, because S127A
and S127P also abolished LDL binding. Therefore, any such correlations must be carefully
interpreted. In the CTD, switching from basic to very hydrophobic and bulky side chains
(i.e. R469W, R496W) conferred LDL binding defects, implying that the charges and side
chain sizes in this area are important for proper LDL association. The extent of amino acid
changes in terms of their chemical properties is an important factor to keep in mind when
predicting the possible nature of these interactions, and the magnitude of their effects on
PCSK9’s LDL association. There is however, a correlation between the extent of LDL
inhibition (i.e. abolishment of binding) and the patient levels of plasma cholesterol in

carriers of these GOF mutations (i.e. very high LDL-c with S127R and R496W) (53).

Many natural and artificial PCSK9 mutations are summarized in Table 4.1 along with
their consequences on various aspects of PCSK9 activity. The mechanisms used by GOF
variants to cause a disease phenotype are very heterogeneous, and it is difficult to generalize
even one or two mechanisms that are consistently displayed across all mutations. This
heterogeneity highlights the complexity with which various PCSK9 mutations function in
order to ultimately regulate circulating LDL-c and in turn, affect the risk of CVD. Findings
on the functional mechanisms of known PCSK9 mutations were eloquently summarized in a

review in 2017 (114).

Taken together, we propose that PCSK9 may lock into its auto-inhibited
conformation upon binding to LDL, which overall dampens its ability to mediate LDLR
degradation, perhaps through modifying the catalytic domain’s affinity for the EGF-A
domain. There likely exist active and inactive pools of PCSK9 in the plasma. In healthy

individuals, there might be a steady-state equilibrium, where LDL-bound PCSK9 will
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Table 4. 1 General qualitative trends of the effects of PCSK9 mutations on functional

activity in vitro.

Data gathered during this project’, data that is published”, data that is not shown but was

done in our group’.

Mutation LDLR LDL LDLR Secretion Processing
binding binding degradation

GOF

L108R! Normal Inhibited Increased Normal Increased
S127R! Normal Abolished Increased Defective Defective
D129G? N/A Abolished N/A Defective Defective
D374Y%* Increased Normal Increased Normal Normal
R469W'? Normal Inhibited N/A Normal Normal
R496W'? Normal Abolished Normal Normal Normal
R496Q"? Normal Inhibited Normal Normal Normal
N513D° Normal Abolished Normal Normal Normal
F515L'? Normal Inhibited N/A Normal Normal
H553R! Increased Normal N/A Normal Normal

LOF
G106R'? N/A Increased Defective Defective Defective
Artificial

E39A' N/A Normal N/A Normal  Normal
E39P! N/A Abolished N/A Normal  Normal
L108A!? Normal Inhibited Normal Normal Normal
S127A! Normal Abolished Normal Defective Defective
S127P! Normal Abolished Normal Normal Normal
H565R! Normal N/A N/A Normal  Normal

Sources of published data:

D374Y (56)
R496Q, G106R (85)
R469W, R496W, F515L (95)
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negatively feed back onto the LDLR degradation pathway when LDL levels increase in the
plasma. PCSK9 might be able to sense levels of extracellular cholesterol through binding to
LDL, and the purpose of this could be to dampen LDLR degradation activity to prevent
further accumulation of plasma LDL. Thus, PCSK9 might play a role as a sensor of LDL
buildup and might be cleared as a passive component of LDL through the LDL-LDLR
interaction in such conditions (Figure 16). In some patients who have hypercholesterolemia
attributable to GOF mutations in PCSK9, this regulatory mechanism might be defective, and
there could be a shift in the equilibrium towards a larger pool of free plasma PCSK9. Our
data supports that some natural PCSK9 GOF mutations (found in regions crucial for LDL
association) inhibit LDL binding, which might increase the pool of active PCSK9 available
in the plasma, thereby failing to negatively feed back onto LDLR degradation activity, and

ultimately leading to a high LDL-c phenotype.

4.6 Future Directions

To confirm the predicted physiological relevance of our LDL hypothesis in vivo, we
plan to create adeno-associated viruses expressing PCSK9 constructs for the variants that we
have found to abolish LDL binding, with no effect on LDLR binding in vitro (A44P, S127R
and R496W). These will be expressed in apoB-100/CETP transgenic mice, which have a
human-like lipoprotein profile. The LDL-associated PCSK9 will be measured along with
LDLR levels in the liver. If our hypothesis holds true, we expect LDL-bound PCSKO9 to be
in a low proportion, and for LDLR levels to be low due to a higher proportion of active/free
PCSKO9 in their plasma. In contrast, we expect this GOF effect would be blunted in control
C57Bl/6 mice that have very low LDL levels. The S127R and R496W variants are

associated with very high LDL-c in humans (53), and we have observed abolishment of LDL
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Figure 16. Proposed model for PCSK9’s interaction with LDL negatively feeding back
on the LDLR degradation function.

1-4 (Red sequence): PCSK9 normally decreases the level of cell surface LDLRs, which
leads to less uptake of LDL from the plasma. 1. Free PCSK9 binds to LDLR at the cell
surface and together they are internalized into endosomes. 2. PCSK9 and LDLR associate
more tightly as the pH decreases in the endosomal system. 3. PCSK9 is unable to dissociate
from LDLR, so the complex is shuttled towards lysosomes. 4. PCSK9 and LDLR are both
degraded in lysosomes. 1-4 (Green sequence): Eventually, the build-up of LDL may lead to
a higher proportion of LDL-bound (inhibited) PCSK9 in the plasma, thereby negatively
feeding back on the initial pathway of cell surface LDLR degradation. 1. LDL and PCSK9
are bound, and LDL will interact with LDLR in the presence of PCSK9. 2. LDL and LDLR
are able to dissociate and PCSKDO is still associated with LDL. 3. Recycling of the LDLR,
and passive clearance of PCSK9 as a component of LDL (stays in endosomal pathway). 4.
LDLR is recycled to the cell surface.
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binding for both, perhaps meaning that these variants lack the ability to act as LDL sensors.

Our PCSK9-LDL hypothesis will be tested in these mouse models of dyslipidemia.

We also plan to use chemical cross-linking to map the apoB-100 binding site on
PCSK9, which will potentially help with the development of novel PCSK9 inhibitors. The
goal would be to identify which residues are directly binding to apoB-100, and to exploit this
information in order to create a small molecule that could induce plasma PCSK9 to be in a
less-active form (i.e. to enhance the inhibitory effect of LDL association). This project has
characterized a third critical region in PCSK9’s prodomain that is important in LDL
binding. This region encompasses residues G106, L108, and S127. We have also provided
novel evidence for the molecular mechanisms by which natural PCSK9 mutations affect
protein function. We characterized LDLR degradation, LDLR binding, LDL binding, and
PCSKO9 processing and secretion. These findings add critical information to the PCSKO9 field,
and allow us to better link known patient genotypes and lipid phenotypes to the highly

complex structure-function relationship in PCSKO.
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