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Abstract

Proprotein convertase subtilisin / kexin type 9 (PCSK9) is a negative regulator of the low-density
lipoprotein receptor, and PCSK9 inhibition has become an important cholesterol-lowering
therapeutic strategy. PCSK9 also associates with LDL particles, and evidence suggests that the
activity of PCSK9 may be regulated by LDL binding. We have investigated the biochemistry of the
interaction between PCSK9 and lipoproteins. Through mutagenesis and in-vitro binding assays, we
found conserved motifs in the PCSK9 N-terminus that play a role in LDL binding. Through
secondary structure studies using circular dichroism and computational modelling, we determined
that the N-terminal region of the PCSK9 prodomain undergoes an environment-dependent
structural shift that affects the ability of PCSK9 to bind LDL. We also found that the commonly
found loss-of-function polymorphism R46L is capable of modulating this structural shift.
Importantly, we found a surface-exposed region of the PCSK9 prodomain that maps a cluster of
gain-of-function mutations (L108R, S127R, and D129G) that severely disrupt LDL binding. Through
gel shift assays and density gradient centrifugation, we observed that PCSK9 shows remodeling-
dependent ability to bind different classes of lipoprotein particles in vitro, binding strongly to LDL
and IDL but showing barely detectable association to VLDL. Further, in human plasma, we found
that lipoprotein-bound populations of PCSK9 shifted in response to differences in lipoprotein
profiles between normolipidemic and hypercholesterolemic or hypertriglyceridemic subjects.
Overall, elucidation of how lipoproteins regulate PCSK9 activity will reveal new targets for

designing cholesterol-lowering therapeutics.
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Chapter 1: Introduction

Proprotein Convertase Subtilisin Kexin Type - 9 (PCSK9), originally named Neural apoptosis-
regulated convertase-1 (NARC-1) at the time of its discovery?, is a secreted, circulating protein that
plays a major role in regulating cholesterol homeostasis in the circulation. PCSK9 is a negative
regulator of low-density lipoprotein receptor (LDLR), which is responsible for clearing the majority
of the cholesterol-containing particles from the blood. The science of PCSK9 moved rapidly from
newly discovered gene in 2003 to FDA-approved target for hypercholesterolemia therapeutics over
the course of about 10 years. Inhibiting PCSK9 has been proven in clinical trials to effectively lower
blood cholesterol levels23. However, given the focus on therapeutic development that dominated

this time-period, much about the basic biology of PCSK9 still remains to be elucidated.

The studies described herein investigate the interaction between PCSK9 and lipoproteins, and how
these interactions may govern reciprocal regulatory mechanisms of PCSK9 activity and plasma

cholesterol levels.

1.1 Hypercholesterolemia and PCSK9

1.1.1 Inherited hypercholesterolemia. = Familial hypercholesterolemia (FH) is a condition of
elevated plasma cholesterol, contained primarily in low density lipoprotein (LDL) particles in the
blood. Chronically elevated LDL levels in blood promote the accumulation of modified LDL in the
artery walls%. LDL moves in and out of arterial walls, and interactions with charged proteoglycans
on endothelial cells promote local LDL retention and increase the proximity of these particles to
chemical and enzymatic modifications>8. According to the “response-to-retention” hypothesis, this
accumulation of LDL in artery walls triggers a cascade of inflammatory responses and formation of
atherosclerotic plaques, which impede blood flow and lead to stroke and myocardial infarction49.10,

FH is caused by mutations in various genes involved in clearing LDL particles from circulation. The



majority of FH cases are caused by mutations in the LDL receptor (LDLR) gene (80-85%) followed
by mutations in Apolipoprotein B (apoB), a component of LDL particles (5-10%)1t. More rarely
mutations in the Proprotein Convertase Subtilisin / Kexin Type 9 (PCSK9) gene also cause severe
FH (<1%)!1. Remaining FH cases are caused by very rare monogenic mutations in other genes, or
are polygenic in nature. These mutations are autosomal dominant, except for mutations in LDLR

Adaptor Protein 1 (LDLRAP1), which cause FH in an autosomal recessive manner?2.

1.1.2 PCSK9 in FH.  PCSK9 mutations cause FH through PCSK9’s role as a negative regulator of
LDLR levels. LDLRs are responsible for clearing LDL from the circulation. LDL particles bind to
LDLRs on the cell surface and are then endocytosed and directed for catabolism within cells!3. The
apoB moiety on LDL acts as the ligand for LDLR!4. Thus mutations in the LDLR or apoB gene that
disrupt the LDL-LDLR interaction lead to FH through decreased ability to clear LDL from
circulation. Circulating PCSK9 can bind cell surface LDLRs as well, and upon internalization of the
complex, direct the LDLR for degradation in the lysosome!517. Non-PCSK9 bound LDLR that is
endocytosed can typically recycle back to the cell surface several hundred times, allowing for each
receptor molecule to clear many LDL particles over the course of its lifetime?3. However, being
directed for degradation by PCSK9 prevents the LDLR from being recycled back to the surface, thus
decreasing protein levels of LDLR on the cell surface. Gain-of function mutations that increase the
ability of PCSK9 to mediate LDLR degradation thus cause FH, while loss-of-function mutations in
PCSKO9 lead to lower circulating LDL concentrations in plasma over the course of an individual’s life,

decreasing their risk of atherosclerosis and cardiovascular disease?s.

The existence of loss-of-function PCSK9 variants in healthy humans validated the idea of PCSK9
inhibition as a therapeutic approach to treat hypercholesterolemia. The nonsense mutations Y142X,
C679X, frequently found as heterozygotes in African American populations, have been linked to
30%-40% reductions of plasma LDL-cholesterol, with over 80% reductions in CVD risk1920, Two

individual women were identified to be lacking circulating PCSK9 altogether. Both of these women
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had less than 15 mg/dL plasma LDL-cholesterol, and neither showed any adverse effects on their

health due to the lack of functional PCSK92122,

1.1.3 Statins. PCSK9 inhibition is a relatively new approach to lowering plasma LDL-cholesterol.
Up until now, pharmacological treatment of FH has been dominated by statins, inhibitors of the
rate-limiting enzyme 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCoAR) in the
intracellular cholesterol synthesis pathway. Blocking cholesterol biosynthesis triggers a negative
feedback mechanism that induces cells to transcriptionally up-regulate expression of the LDLR,

decreasing plasma LDL23.

Stains are a widely prescribed and highly successful class of drugs, reaching 65% reductions in
LDL-cholesterol levels and lowering combined risk of death, cardiovascular events and stroke by
nearly 40%2426, However, the HMGCoAR reaction occurs upstream of important intermediate
metabolite production points. A proportion of patients experience adverse effects associated with
statin use, including myopathies, liver toxicity and increased risk of developing diabetes23. Many
patients are also statin resistant, i.e. they do not achieve the required LDL-cholesterol levels on
statins, and require alternate methods of further LDL reductions?’. Statin resistance is linked with
genetic polymorphisms in various genes in the cholesterol homeostasis pathways?8. These
problems mean that there is a need for alternative methods of lowering LDL-cholesterol, to work
either alone or in conjunction with statins. Thus, PCSK9 inhibition is currently an active area of both

pre-clinical and clinical research and development.

1.1.4 PCSK9 inhibition. Various approaches of PCSK9 inhibition have been under investigation
and development. Monoclonal antibodies (mAbs) that block the protein-protein interaction
between PCSK9 and LDLR at the cell surface were the first PCSK9 inhibitors to advance successfully
through clinical trials and obtain FDA approval. The antibodies Alirocumab (developed by

Regeneron pharmaceuticals and Sanofi) and Evolocumab (developed by Amgen) became FDA



approved in 2015, and lead to 50% LDL-cholesterol lowering on PCSK9 inhibitor alone, up to 60%
lowering in conjunction with statins and other lipid-lowering agentsz2930, Downstream
cardiovascular benefits of these PCSK9 inhibition treatments have also been observed, although in
more modest magnitudes, potentially due to limited long-term data. Over a 3 year period,
Evolocumab in conjunction with statins was shown to reduce risk of myocardial infarctions, stroke
and coronary revascularization by 15% compared to placebo2 Recent clinical trial results with
Alirocumab showed greatest benefit in patients with the highest LDL cholesterol levels. Similar to
Evolocumab, 15% relative risk reduction was seen for the primary composite endpoint (nonfatal
myocardial infarction, ischemic stroke, unstable angina and cardiovascular disease-specific

mortality) over 4 years3.

While mAbs are on the market, they remain a highly expensive form of therapy. A report in JAMA
calculated that the price of PCSK9 inhibitors needs to decrease by 71% to meet a willingness-to-pay
threshold of $100,000 per quality-adjusted life-year31. The large antibody molecules also have low
tissue distribution3?, and require parenteral administration, usually by injections. Thus, it is
desirable to develop more economical small molecule PCSK9 inhibitors. There has been some
research into single-domain antibodies, which would be smaller and more cost-effective to produce

than the current mAbs33, although these would still face injection-site issues.

Development of alternative PCSK9-inhibition strategies are underway. Inclisiran, a synthetic liver-
specific small interfering RNA (siRNA) against PCSK9 messenger RNA (mRNA), has reached Phase
Il clinical trials, showing safety and LDL-cholesterol lowering ability comparable to the
antibodies3435. An adnectin preventing PCSK9-LDLR binding has undergone phase I trial where
LDL-cholesterol lowering was observed3¢. An antisense oligonucleotide against PCSK9 mRNA
developed by Santaris Pharma went to Phase I clinical trial, but the trial was discontinued, likely for
safety concerns3’. Two groups have been testing vaccines against PCSK9: The AT04A vaccine is

based on a peptide that mimics the PCSK9 N-terminal region, and shows efficacy in

4



APOE*3Leiden.CETP transgenic mice38. Another vaccine based on a virus-like particle lowered

plasma cholesterol and plasma PCSK9 levels in Balb/c mice and LDLR+/- mice3°.

Several companies have reported on small organic compounds that increase LDL uptake or LDLR
expression in cell culture and mice through unknown mechanisms. Pfizer is working on compounds
that selectively inhibit PCSK9 translation*0-42. In addition, heparan-sulphate proteoglycans have
also been found to play a role in PCSK9-induced LDLR-degradation as co-factors, and a heparan-
sulphate proteoglycan binding pocket on PCSK9 has been identified*3. Thus, there is opportunity for

heparin mimetics to be investigated as PCSK9 inhibitors.

1.2 PCSK9: A Member of the Proprotein Convertase Family

1.2.1 Proprotein Convertases. Proprotein convertases (PCs) are serine proteases related to
bacterial subtilisin and yeast kexin. They play important roles in protein activation through
cleavage of precursors of various hormones, growth factors, receptors and enzymes at various
intra- and extra-cellular sites. The mammalian PC family has 9 members: PC1, PC2, furin, PC4, PC5,
PACE4 (paired basic amino acid cleaving enzyme 4), PC7, SKI1 (subtilisin kexin isozyme 1, also
known as S1P), and PCSK9. The first 7 members cleave at single or paired basic residues*4+47, while
SKI-1 and PCSK9 play roles in cholesterol and lipid homeostasis via cleavage at non-basic

residues!?48 . All PCs require calcium to cleave their substrates9.5.

Structurally, PCs begin with a signal sequence, a prodomain and a catalytic domain that contains the
aspartate, histidine and serine residues that make up the catalytic triad, as well as an asparagine for
the oxyanion hole. Following the catalytic domain, all the PCs have a P-domain that is thought to
stabilize the catalytic pocket. However, the two non-basic residue-specific PCs SKI-1 and PCSK9 lack

P-domains. The C-terminal of each PC is unique and dictates their trafficking and localization*°.

PCs undergo proteolytic maturation themselves. In the endoplasmic reticulum (ER), they are
produced as zymogens that lose their signal peptide through the action of signal peptidase5l. The
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resulting pro-PC is then folded into a conformation that allows the catalytic site to function. The
prodomain acts as a chaperone in this folding processsz-54. The pro-PC then autocatalytically cleaves
off its prodomain55, which remains non-covalently associated with the rest of the protein to keep it
in an inactive state. Usually, a second cleavage event in the prodomain releases the prodomain,
activating the PC at the appropriate site of cellular localization5154. However, PCSK9 is an exception

to this, where the mature PCSK9 protein retains its prodomain permanently 4°.

1.2.2 PCSK?9 structure and processing. The 692 amino acid (74kDa) PCSK9 zymogen synthesized
in the ER contains a signal sequence, a prodomain, a catalytic domain, and a C-terminal domain
(Figure 1). In the ER lumen, the 30 amino acid signal peptide at the N-terminal end of the protein is
removed. Autocatalytic processing of the 14 kDa prodomain occurs at the site SVFAQ152lSIP17. In
contrast to other PCs however, no secondary cleavage event occurs in the PCSK9 prodomain due to
an apparent lack of the target loop for the second cleavage site>¢. Thus, the cleaved prodomain
remains permanently associated with the rest of the protein, preventing mature PCSK9 from acting
as a serine protease. No substrates of PCSK9 other than itself have been identified to date. The main
apparent physiological function of PCSK9 (ie. mediation of LDLR degradation), occurs

independently of the protease activity of PCSK957.

The N-terminal 30 residues of the prodomain in mature PCSK9 (amino acids 31-60) are not visible
in crystal structures, indicating that the region is structurally disordereds¢5859 (Figure 1). The
remainder of the prodomain is made up of a 5-stranded 3-sheet covered on one side by two alpha
helices. Residues 61-75 form an extra strand important for self-processing, followed by a helical
turn. The strand and turn enlarge the interface of the PCSK9 prodomain with the catalytic domain,
helping to retain the prodomain on the mature proteins6. The catalytic domain is a 7-stranded
parallel B-sheet flanked on both sides by alpha helicess8. The domain contains three disulfide bonds,
with two alpha helices forming the interface with the C-terminal domain. Three hydrogen bonds

hold the catalytic and C-terminal domain together, in addition to hydrophobic and Van der Waals

6



forces. The C-terminal domain is made up of three subunits with quasi-three fold internal
symmetry, giving the domain an overall cylindrical shape. Each subunit is made up of 6-stranded
anti-parallel B-sheets in truncated jelly-roll motifs. The subunits are held together by three internal
disulfide bonds each5859. The C-terminal domain also contains many histidine residues, mostly

concentrated on the surface of a groove between two of the subunits>58.

PCSK9 contains post-translational modifications at several sites: N-linked glycosylation at
asparagine 5331, two sulfation sites at tyrosine 38 and tyrosine 142117 and two phosphorylation
sites at serine 47 and serine 688¢0. The functional purposes of these modifications have yet to be
elucidated. Glycosylation and sulfation appear to play no role in PCSK9 activity6!, but

phosphorylation may protect the prodomain from proteolysiss°.

1.3 PCSK9 as a regulator of the LDLR

1.3.1 LDLR degradation. Two important reciprocal relationships help maintain LDLR expression
homeostasis. Firstly, LDLR-mediated uptake of LDL-cholesterol into cells regulates circulating
cholesterol levels while exerting negative feedback on LDLR transcription through regulation of the
transcription factor SREBP-26263 . Secondly, circulating PCSK9 post-transcriptionally down-
regulates cell surface LDLR levels while the LDLR also acts as the primary clearance pathway for
circulating PCSK9¢4. Overexpression and parabiosis studies in hepatocyte cell lines and in mice
demonstrated the ability of PCSK9 to reduce LDLR expression and increase plasma LDL-
cholesterol156566, Studies where gain-of-function PCSK9 mutant D374Y (which exhibits 10-fold - 25
-fold increased affinity for the LDLR at neutral pH5667.68) caused greater PCSK9 uptake and hepatic
LDLR degradation support the specificity of the LDLR-PCSK9 interaction!é. The C-terminal domain
of PCSK9 is required for LDLR degradation activity, although it remains unknown whether this is

through a structural role or through binding to LDLR or another protein co-factor. It has been
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proposed that the C-terminal may have a role in binding an as-yet undetermined cell-surface co-
receptors9.69. The precise mechanism of PCSK9-mediated LDLR degradation remains undetermined,
although its independence from the catalytic activity of PCSK9 has been demonstrated. A
catalytically dead PCSK9 mutant (S386A) was expressed in HepG2 cells in trans with its prodomain
in order to bypass the need for self-processing for secretion. This PCSK9 variant was comparable to
wild-type in its ability to direct LDLR degradations’. In vitro studies support that PCSK9 may lock
internalized LDLR in an open conformation, preventing recycling and targeting the receptor for

lysosomal degradation?°.

Interestingly, PCSK9 exhibits tissue-specific activity, preferentially degrading hepatic cell surface
LDLRs over LDLRs on non-hepatic cells such as fibroblasts, kidneys and adrenals6657172, Annexin
A2 has been suggested as a natural extra-hepatic inhibitor of PCSK972. Studies by Nguyen et al
suggest that increased endosomal dissociation of PCSK9 from LDLR in non-hepatic cells may play a
role in tissue specificity as well?l. The sensitivity of hepatic LDLRs to PCSK9 may reflect an
evolutionary mechanism to protect the amount of LDL-cholesterol or lipids circulating and being
distributed to the periphery, controlling clearance by the liver. The resistance of certain tissues to
PCSK9 may also play a role in tissue specific processes, for example promoting cholesterol uptake

for steroid hormone production in the adrenals.

1.3.2 PCSK9-LDLR binding. The LDLR is a modular, transmembrane, calcium-dependent receptor
839 residues long. The extracellular N-terminal region contains a ligand-binding domain with seven
cysteine-rich repeats, in which lies the Apolipoprotein B100 (apoB100) binding site that allows
binding to LDL and other apoB100-containing lipoproteins?3. Apolipoprotein E (apo E), found on
chylomicrons, VLDL, IDL and HDL, is also a ligand for the LDLR7475, This is followed by epidermal-
growth-factor-like domains A and B (EGF-A and EGF-B), a 3- propeller domain, an EGF-C domain, a
section of O-linked glycans, a transmembrane domain, and finally a short, intracellular C-terminal

tail required for endocytosis of the protein, in conjunction with the adaptor protein ARH
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(autosomal-recessive hypercholesterolemia)?6-78, also known as LDLRAP1. The EGF-A domain is the
primary binding site of PCSK9 on LDLRS’. Each LDLR binds one apoB100 moiety at a time, and the
LDLR-LDL complexes formed in cell-surface clathrin-coated pits are endocytosed”s. In the low-pH
and low-calcium environment of the endosomes, the LDLR adopts a “closed” conformation,
releasing the lipoprotein. The LDL migrates to the lysosome for further catabolism, while the
receptors are recycled back to the cell surface to continue lipoprotein uptake into the cell80. The

recycling period for an LDLR is about 10min, with a total lifespan of about 20 hourss!.

PCSK9 binds the EGF-A domain of the LDLR in a 1:1 ratio and a calcium dependent manners>e.
Crystal structures show PCSK9 bound to the EGF-A domain through a site on its catalytic domain,
primarily by hydrophobic interactions as well as a number of salt bridges and hydrogen bonds
which contribute to specificity®’. The affinity of PCSK9 for the LDLR EGF-A domain increases at
endosomal pH568283, In an acidic environment, protonation of His-306 in the LDLR EGF-A allows the
formation of a salt bridge with Asp-374 of PCSK9. At neutral pH, unprotonated His-306 does not
form this hydrogen bond, instead forming an intramolecular hydrogen bond with Ser-30568.
Increased overall affinity to LDLR at acidic pH may also involve further contacts between the LDLR
ligand binding domain and the C-terminal domains of PCSK984. Tighter PCSK9-LDLR binding in the
endosomal and lysosomal compartments in cells is presumed to play a role in the ability of PCSK9
to prevent LDLR recycling, mediating its degradation instead. The C-terminal domain of PCSK9 has
been shown to be required for LDLR degradation activitys685-87, although it remains unknown
whether this is through an indirect structural role or through some direct binding interaction,

either with the LDLR or to a co-factors®s.

1.4 Regulation of circulating PCSK9 levels

1.4.1 Transcriptional regulation.  Like most genes in the cholesterol synthesis pathway, PCSK9

is regulated by the SREBP-2 transcription factor through a sterol regulatory element on its proximal
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promoters?9, This creates a seemingly paradoxical situation where SREBP-2 mediated activation
simultaneously increases cellular LDLR levels and upregulates PCSK9 secretion, which then leads to
degradation of the LDLRs. This problem is also a feature of statin treatment, as the SREBP-2
mediated upregulation of LDLRs in response to HMGCoA inhibition also leads to PCSK9
upregulation?192, It is likely that this “futile cycle” of LDLR production and simultaneous
degradation is not the whole picture - that there are instead additional layers of regulation of this
dynamic that are as yet unknown. The studies in this dissertation will reveal more about potential

post-transcriptional regulators of PCSK9 activity in circulation.

The PCSK9 promoter also contains a functional binding site for the transcription factor HNFla
shortly upstream of the SRE?3. HNF1a appears to work in concert with SREBP-2 in the activation of
PCSK9 transcription. HNFla is a liver-enriched transcription factor, regulating genes in the liver
and intestines, which may help to explain the high expression of PCSK9 in the liver?3. HNFla gene
targets are also involved in lipid and cholesterol metabolism, as well as acute-phase inflammatory

responses, thus possibly forming a connection between PCSK9 and inflammation94.

1.4.2 Expression Patterns. The Human Protein Atlas!t lists high PCSK9 expression in liver, lungs,
cerebellum, and in the gastrointestinal tract, particularly small intestines. Upon secretion, PCSK9
circulates in the blood plasma at concentrations that vary widely between individuals, ranging from
approximately 30-3000 ng/mL, on average at 500 ng/mL95. In circulation, PCSK9 can also be found
as a truncated species thought to be cleaved by the PC furinél. A study found this cleaved form to
have a 2-fold lowered LDLR affinity% and is thus considered to be less-active??. While this study
found the cleaved fragment to remain partially bound, another study reported that furin-cleaved

PCSK9 does not retain the cleaved fragment®8. This would render it unable to bind LDLR as the N-

1t Accessible online at https://www.proteinatlas.org
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terminal region of the catalytic domain contains several important contact points with the LDLR

EGFA domain®’.

PCSKO levels positively correlate with plasma LDL-cholesterol levels?9-102, Plasma concentrations of
PCSKO are tied to cholesterol synthesis, since both the PCSK9 gene and the genes in the cholesterol
synthesis pathway are transcriptionally regulated by SREBP-2. Consequently, concentrations of
plasma PCSK9 have been observed to mirror the cholesterol synthesis marker lathosterol in
exhibiting a diurnal rhythm. Both PCSK9 and lathosterol levels peak between midnight and dawn
while reaching lows in the late afternoon to evening103. Fasting also strongly reduces serum PCSK9

levels, again mirroring lathosterol concentrations?03.

PCSK9 levels differ by gender, being generally higher in women than men9%194. Hormonal status
appears to affect PCSK9 levels: growth hormone is associated with mediating PCSK9 diurnal
rhythm103, while oestrogen appears to be a negative regulator of PCSK9 in humans1%4. Thyroid
hormone appears to down-regulate PCSK9105, Glucose homeostasis and diabetes status affects
circulating PCSK9 and mRNA, although it appears there may be differential regulation in
hyperglycemic vs. hyper-insulinemic conditions28. There are many studies using many different
animal models that link PCSK9 expression to a great many other things?s, including transcription
factors such as farnesoid X receptor (FXR)!06 and liver X receptor (LXR)17, or drugs such as

fenofibrates108-110 gnd CETP inhibitors111.112,

1.5 PCSK9 and lipoproteins

1.5.1 Lipoproteins. Cholesterol and triglycerides are transported in the circulation in
macromolecular structures known as lipoproteins. Lipoproteins are structured aggregates of
proteins and lipids, facilitating transport of the lipids in the aqueous environment of the circulation.
Lipoproteins generally have a hydrophobic core where the lipids are stored as triacylglycerols and

cholesteryl esters, and a phospholipid outer layer containing some free cholesterol!13. Lipoproteins
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Figure 2: Cholesterol transport in circulation. Circulation and metabolism of lipoproteins. Chylomicrons
rich in dietary fat and cholesterol in the form of triglycerides (TG) and cholesteryl esters. Lipoprotein lipase
(LPL)- mediated catabolism in the circulation releases free fatty acids to peripheral tissues and forms
chylomicron remnants which are taken up by the liver. The liver produces TG-rich very low density
lipoproteins (VLDL) which also get catabolized in the circulation by LPL to intermediate and low density
lipoproteins (IDL, LDL). Cholesterol-rich LDL is cleared from the circulation by the liver through LDL
receptor (LDLR) mediated endocytosis. LDLR also contributes along with other receptors in hepatic
clearance of remnant lipoproteins (chylomicron- or VLDL-derived) that have acquired the LDLR ligand
apoE. Other tissues expressing LDLRs can also internalize LDL-cholesterol. High density lipoproteins (HDL)
are also produced by the liver and are involved in carrying cholesterol from the periphery back to the liver.
Cholesteryl ester transfer protein (CETP) exchanges triglycerides and cholesteryl esters between
lipoprotein particles. The ranges of apolipoproteins associated with each lipoprotein class are indicated in
grey boxes.
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can be broadly classified based on size and density into chylomicrons, very low density lipoproteins
(VLDL), intermediate density lipoproteins (IDL), low density lipoproteins (LDL) and high density
lipoproteins (HDL). Within each class of lipoprotein there exists considerable heterogeneity in
terms of size, density and composition. Proteins known as apolipoproteins are embedded on the
outer surface of the lipoproteins, some acting as ligands for the respective cell-surface receptors for
each class of lipoprotein. They play a major role in determining and stabilizing the size and
structure of the lipoprotein particle. In addition to lipid transport, lipoproteins can carry other

bioactive molecules such as proteins, vitamins, drugs, etc114-116,

Chylomicrons are the largest and least dense lipoprotein, produced from the small intestine after
dietary fats are absorbed from the gut and containing primarily triglycerides. They are short lived,
being catabolized in the circulation within a few hours of secretion!!”. VLDL is produced from the
liver, and is the next largest lipoprotein, also primarily carrying triglycerides. VLDL is catabolized in
the circulation to smaller, slightly more cholesterol-rich IDL particles. VLDL and IDL particles are
eventually catabolized to very small, highly cholesterol rich LDL particles!4. Lipid-poor HDL
particles are also produced by the liver, acting as cholesterol acceptors from the peripheral cells
and carrying cholesterol to the liver for excretion through bile!18, An overview of lipoprotein
metabolism can be found in Figure 2. This report will deal mainly with the VLDL, IDL and LDL

classes of lipoproteins, which are the apoB100-containing lipoproteins.

1.5.2 Apolipoproteins. There are several classes of apolipoproteins, some of which can be
exchanged between lipoprotein particles!!®. The major classes are apoA, apoB, apoC and apoE,
although there are other minor classes. There are subtypes within each of these classes: apoAl, All,
AlV, AV; apoB100, B48; apoClI, CII, CIlII14 They vary greatly in size, from 550kDa for apoB100120 to
just over 6kDa for apoCl4. Apolipoproteins utilize motifs that form amphipathic helices in

proximity to lipid surfaces of certain packing and composition!2:, to associate with the lipid portion
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of lipoprotein particles!13122, These amphipathic helices are lipid-ordered, i.e. their formation is

energetically more favorable at the phospholipid surface!23.

Different populations of apolipoproteins are found on different lipoprotein classes!?4, each having
different functions, such as structural components (e.g. apoB acts as an assembly platform for VLDL
and chylomicron synthesis!4125), as receptor ligands (e.g. apoB and apoE as ligands for LDLR7375)
and as regulators of enzyme activity (apoCII activates lipoprotein lipase, a triglyceride hydrolyzing
enzyme, while apoCI and III act as inhibitors of the lipasel*). Apolipoproteins are often used as
markers of lipoprotein identity and classification. The range of apolipoproteins generally found on

each lipoprotein type is indicated in Figure 2.

1.5.3 Metabolism of ApoB100-containing Lipoproteins. The production of apoB100-containing
lipoproteins begins with the synthesis of apoB100 in the liver, a massive 4536 amino acid protein
that is largely hydrophobic20. ApoB is synthesized at a relatively constant rate, its levels being
regulated mainly through degradation26, The nascent apoB100 is partially lipidated during
translation by MTP (microsomal triglyceride transfer protein) to form a primordial VLDL
particle!?s. This lipidation is dependent on triglyceride availability; insufficient triglyceride
availability leads to apoB degradation through multiple proteasomal and non-proteasomal
pathways127.128, The primordial VLDL particle is transported from the ER to the Golgi in specialized
VLDL-transport vesicles!29.130, Posttranslational modifications of apoB occur in the Golgil31132, In
the distal Golgi, it is generally agreed that the primordial particles undergo further lipidation from
luminal lipid droplets to form full-sized VLDL particles, although some conflicting literature exists
on this matter29. The fully lipidated VLDL particles are then secreted into the circulation, although

the molecular mechanisms of this step have not been fully elucidated2°.

In the circulation, the TG-rich VLDL particles are catabolized by the enzyme lipoprotein lipase on

the surface of the vascular endothelium to release fatty acids to peripheral tissues!33. Hydrolysis of
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the triglycerides converts the VLDL to smaller, denser, more cholesterol-rich particles. The
metabolism of the apoB100-containing lipoproteins may be thought of in a simplified linear model
where the triglyceride-rich lipoproteins are converted progressively from VLDL - IDL - LDL,
although kinetic studies indicate some non-linear components in the model, such as direct
clearance of VLDL and IDL from circulation, slightly different conversion speeds and paths based on
lipid and apolipoprotein heterogeneity within lipoprotein classes, and direct production of LDL- or
IDL- range particles from liver 134136, LDLRs are the primary form of clearance of these
lipoproteins, although different apolipoproteins act as the LDLR ligand at different stages of
remodeling (extensive lists of the apolipoprotein content of various lipoprotein classes are found in
literature!4). At the VLDL stage, apolipoprotein E is the ligand that binds LDLR, while on LDL it is
the apoB that binds LDLR7375. During conversion of lipoproteins in circulation, the ligand
responsible for the binding of the lipoprotein to the LDL receptor switches from apo E to apo B as
the particle becomes smaller137.138, Lipolysis leads to a conformational change of the apoB100 C-
terminus that exposes the LDLR binding epitope”3. Circulating lipoproteins are also modified by
cholesteryl-ester transfer protein (CETP), which transfers cholesteryl esters and triglycerides

between lipid-rich VLDLs and lipid poor HDLs139.140,

It is relevant to the studies in this dissertation to note that as the apoB100-containing lipoproteins
undergo remodeling and the particle diameter and lipid composition changes, the conformation
and exposure of apoB on the particle surface also changes. Proteolytic accessibility studies and
antibody epitope availability studies find different parts of apoB to be available on VLDL vs. LDL
particles. The antibody epitope studies found that defined regions in the apoB C-terminus and near
the LDLR-binding site were more available in LDL compared to VLDL and IDL41142, Proteolysis
studies found more sites on apoB to be protease-susceptible on LDL than VLDL43, which may be
due to smaller particle size leading to increased exposure of apoB. However, changing the core lipid

compositions of lipoproteins have also been demonstrated to change apoB conformation44,
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1.5.4 ApoB Editing. While apoB100 is an obligatory structural component of VLDL produced from
the human liver, enterocytes produce chylomicrons that contain apoB48, consisting of the N-
terminal 48% of the full apoB sequence. This version of apoB results from post-transcriptional
editing of the apoB mRNA by the APOB mRNA editing complex (APOBEC1) which creates a stop
codon in the transcript!45. While the editing of apoB is restricted to enterocytes in humans, rodents
edit their apoB to B48 in both the liver and intestine, meaning a predominant proportion of rodent
TG-rich lipoproteins are B48-containing rather than B100146, The B48 lipoproteins do not bind to
LDLR through apoB, as the truncated apoB lacks the LDLR binding site in the C-terminus?3. Instead
apoE is the ligand that allows binding of the remnants of these lipoproteins to LDLR and LDLR-

related protein (LRP)147.

1.5.5 LDL. LDL particles are on average 22nm across and are generally defined as being in the
density range of 1.019-1.063 g/mL!48. LDL exists in subclasses ranging from large buoyant (over
26nm diameter, density 1.025-1.035 g/mL) to progressively smaller, denser LDL, with the latter
subtype having a higher association with atherosclerosis and myocardial infarction149-151, The
phospholipid component of LDL is primarily phosphatidylcholine (PC) and sphingomyelin, followed
by lyso-PC and phosphatidylethanolamine (PE), in addition to others!48. Each LDL particle contains
one non-exchangeable apoB100 molecule as its only apolipoprotein moiety, acting as the ligand for
the LDLR73148, ApoB100 is one of the largest known proteins (4536 residues) and is insoluble,
making structural studies of apoB difficult. However, electron microscopy!48152 and small angle
neutron scattering?s3 revealed that apoB is wrapped around the LDL particle in a three-dimensional
conformation containing kinks and a central cavity. Circular dichroism indicated the presence of
alpha helices and beta sheets!53. Computational analyses led to the picture of a penta-partite model
of the apoB100 protein, with three regions of amphipathic alpha helices alternated by two regions
of amphipathic beta sheets. The arrangement of these putative regions on the lipoprotein particle

surface has been elegantly depicted in visual models by Hevonoja et al48. It is the continuous
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amphipathic beta sheet regions that are believed to confer the high lipid-affinity and non-

exchangeability of the apoB100 on LDL154155,

1.5.6 PCSK9-LDL binding. In the past, harsh conditions in high-salt ultracentrifugations would
strip lipoproteins of PCSK9, making it difficult to determine if PCSK9 bound to lipoproteins®°.
Indirect evidence of PCSK9 association with lipoproteins began coming out in 2008, from size
exclusion chromatography studies where PCSK9 co-migrated with LDL-sized particles56.157,
Positive identification of PCSK9 binding to LDL in human plasma came from more detailed studies,
which utilized density gradient separations to isolate an LDL fraction that was shown to contain
PCSK964158, Importantly, >30% of circulating PCSK9 was found to be associated with LDL in
normolipidemic human plasma, suggesting a significant role of LDL association in regulating PCSK9
function!56158, Cell culture experiments in our lab have demonstrated that in the presence of
physiological concentrations of LDL, PCSK9 exhibits a decreased ability to bind and degrade
LDLR!58, However, it must be noted here that some research groups believe LDL-bound PCSK9 is
the more active form due to protection from furin cleavage, based on studies that find more non-
LDL-bound PCSK9 to be furin-cleaved!59.160, Unfortunately, these studies do not address whether
furin-cleaved PCSK9 simply has a lower affinity for lipoproteins, thus being found proportionally
more in apoB-free fractions. Interestingly, these studies also present data suggesting LDL-bound
PCSK9 has a stronger affinity for the LDLR-EGFAB domain, although the method of separation of
the LDL-bound PCSK9 and how it was ensured that the PCSK9 did not dissociate from LDL once

isolated was not well explained in this report?s°.

Co-immunoprecipitation in the presence of lipid solubilizing detergents!58161 and mammalian two-
hybrid assays'62 support that PCSK9-LDL association likely occurs through a protein-protein
interaction between PCSK9 and apoB, although a specific binding site on either protein has not yet
been established. In vitro assays show that the interaction is a specific, saturable, one-site binding

with a Kq of 350 nM158. Studies using apoB truncations suggest that PCSK9 can still interact with
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apoB within the B18 region (the N-terminal 18% of the apoB sequence)162, but it should be noted
that these studies employed very high (500-fold) over-expression of PCSK9 in cultured cell

experiments.

Observations of the interaction with VLDL have been conflicted. One study observed the presence
of PCSKO in highly concentrated and pooled FPLC fractions of transgenic mouse plasma in the VLDL
rangelé2, However, in vitro studies using isolated human lipoproteins and density-gradient
ultracentrifugation did not observe PCSK9 interacting with VLDL158. [t is possible that the
interaction with VLDL is much weaker than the interaction with LDL, thus making it difficult to
observe it under all conditions. Additionally, PCSK9 has been observed to associate with Lp(a)163,
which is an atherogenic LDL-like particle containing apolipoprotein (a) linked to apoB through a
disulfide bond64165, [t appears that PCSK9 does not interact with HDL158166, The interaction of
PCSK9 with isolated apoB48-containing chylomicrons in apoB100-free fractions has not been

studied yet.

1.6 Study Rationale and Overview

As discussed in section 1.1, alternative methods of PCSK9 inhibition are desirable. If the LDL-
binding site on PCSK9 can be found, and the mechanism of how LDL inhibits PCSK9 can be
elucidated, then a new target for inhibitor design may be available. Designing inhibitors targeting
the PCSK9 prodomain have already been proposed as an idea based on previous structural
studies!¢?, and much of our research has focused on structure-function aspects of the prodomain.
The studies described within this dissertation address two broad aspects of the PCSK9-LDL

interaction:

1) What are the structural requirements and consequences of PCSK9 binding to LDL?
In chapter 2, it will be shown that an environment-dependent helical shift occurs in the N-

terminal of the PCSK9 prodomain, which plays a role in the ability of PCSK9 to bind LDL and is
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2)

modulated by the common loss-of-function polymorphism R46L in PCSK9. In addition, data will
be presented that indicates a possible intramolecular interaction between the PCSK9
prodomain and C-terminal domain as a result of the helical shift, which holds implications for
an allosteric mechanism occurring in PCSK9 upon lipoprotein binding. Chapter 3 will look at a
region of clustered sites for natural GOF mutations and their importance in the LDL interaction.
How do changes in lipoprotein populations affect PCSK9 association?

There has been some conflict in the published literature about whether or not PCSK9 is able to
bind to TG-rich lipoproteins such as VLDL. In chapter 4 we will present data that suggests that
PCSK9 can associate with IDL, and to a lesser extent VLDL, suggesting a lipoprotein remodeling-
dependent aspect of PCSK9-LDL association. Data from human plasma will be presented that
looks into the effects of elevated circulating lipoprotein levels on the lipoprotein-bound pool of

PCSKO.

Overall, these studies provide insight into the nature of the interaction of PCSK9 with lipoproteins.

They provide a foundation on which to base novel drug design as well as future studies into the

physiological role of this interaction.
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Chapter 2: Alipid-ordered helix in the PCSK9 prodomain affects
PCSK9-LDL binding

2.1 Introduction

An N-terminal region of the PCSK9 prodomain (residues 31-52 following the signal peptide
cleavage site) is known to be required for LDL binding!58. This region is disordered and absent in
crystal structures of PCSK9565859. Deletion of this same region on PCSK9 increases the affinity of
PCSK9 for LDLR by >7-fold, although this region is spatially distant from the primary LDLR binding
site on the PCSK9 catalytic domainé’ (Figure 1). Furthermore, removal of a stretch of mainly acidic
residues within this N-terminal region (residues 33-40) increases LDLR binding68.169, This suggests
an allosteric regulatory role for this region. Herein, we identify a short section of this region
(residues 37-47) that adopts an amphipathic a-helical structure in the presence of a membrane-
mimetic micelle environment. This coil-to-helix transition was further promoted by a PCSK9 LOF
mutation associated with an antiatherogenic lipid profile in humans!70. These studies provide
evidence of an alternate structural conformation in the PCSK9 prodomain that favors LDL
association, and which may regulate PCSK9 function and LDL-cholesterol levels in humans through

a structural role or through direct binding.

2.2 Results

To investigate specific features within the disordered region that may be important for LDL
binding, a conserved stretch of mainly acidic residues and an adjacent stretch of hydrophobic
residues (Figure 3A) were mutated in full length recombinant PCSK9. The acidic stretch (residues
33-40) was deleted, while the hydrophobic stretch and an adjacent arginine residue were replaced
with a disordered linker (residues 41-46: LVLALR—GGSGGS). These constructs were transiently
expressed in HEK293 cells and conditioned media from these cells was collected, concentrated, and

incubated with isolated human LDL in vitro. Relative amounts of PCSK9 in these incubations were
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normalized through SDS-PAGE and immunblotting-based detection of PCSK9 in the conditioned
media. LDL-PCSK9 binding reactions were then subjected to density gradient ultracentrifugation to
separate LDL-PCSK9 complexes from unbound PCSK9 (Figure 3B). Western blot analyses of density
gradient fractions show that the acidic stretch deletion abolished LDL binding while hydrophobic
stretch disruption decreased LDL binding significantly (Figure 3C), suggesting a role for both these
motifs in the LDL interaction. These mutants remained functional in terms of LDLR binding ability,
as assessed by cellular uptake of exogenous PCSK9 by LDLR-transfected cells (Figure 3D). It is
interesting to note that there are trends (though not statistical significance) toward increased
LDLR-mediated uptake for both the full disordered region deletion (A31-52) and for the acidic

stretch deletion (A33-40), which corroborates literature67.168.169,

Secondary structure predictive modelling of this region was done using computational PSIPRED
protein sequence analysis!7l. Residues 38-48 were predicted to be helical (Figure 4A). Heliquest
modeling!72 predicts the helix to have a hydrophobic face and a relatively polar face, giving it a
directional hydrophobic moment (Figure 4B). Since the region is normally disordered, a
conformation change from random-coil-to-helix may be triggered by a change in proximal
environment, for example a change in hydrophobicity, as may occur in proximity to lipoproteins.
Thus, we performed assessments of the secondary structures that this motif can form in aqueous
versus hydrophobic environments. Synthesized peptides of this region were dissolved in phosphate

buffer or in buffer containing dodecylphosphocholine (DPC) micelles. Circular dichroism spectra of
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Figure 3: Conserved motifs in the N-terminal region affect LDL-binding ability of PCSK9. (A) Amino acid
sequence of residues 31-52 in the PCSK9 prodoman, aligned across species. Blue bars at bottom indicate %
conservation. (B) Photographic representation of Optiprep density gradients created by ultracentrifugation,
where lipoproteins float into discrete bands according to their density (left). An LDL band from a plasma
sample is indicated with an arrow in the “medium” density fraction. An identical tube stained with Coomassie
Blue (right) demonstrates how proteins associated with LDL are also found in the medium density fraction.
(C) Representative Western Blot (top) of inputs and LDL-bound fractions of in vitro PCSK9-LDL binding
reactions. Probed for FLAG to detect recombinant C-terminally FLAG-tagged PCSK9. Quantification of 3
experiments plotted as mean + standard error (bottom). Stars indicate statistical difference from wild-type
according to on-way ANOVA followed by Dunnet’s post-test (*** p < 0.001, **** p < 0.0001) (D) HEK293 cells
transfected or not transfected with human wild-type LDLR were treated with exogenous 10ug/mL wild-type
or mutant PCSK9-FLAG from conditioned medium for 2 hours at 37°C. Cells were then lysed and proteins
resolved by SDS-PAGE and detected by western blotting. Plotted quantification means from n=3 + SEM.
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Figure 4: A motif in the disordered N-terminal of PCSK9 is predicted to be a helix. (A) PSIPRED""" results of

the disordered sequence (residues 31-52). (B) Heliquest software'’ predicts the helical motif to form an
amphipathic helix with a hydrophobic moment direction shown by the arrow. Hydrophobic residues are in

yellow, polar or charged residues are in blue or green.
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these peptides revealed that the motif remained in a random coil conformation in aqueous buffer,
but in the presence of micelles adopted a distinctly helical conformation (Figure 5A). Mutant
peptides of the region were also observed in buffer vs. micelle environments in order to test the
effect of disrupting helix formation. The targeted A44P mutation, which in full-length PCSK9 was
previously shown to cause a 90% loss of LDL binding (unpublished, Appendix C, Figure C1), failed
to show a shift to helical conformation with micelles (Figure 5B). This supports that a random coil-
to-helix conformation change in the N- terminal of PCSK9 occurs in hydrophobic environments.
Taken together with previous findings that full-length A44P- or L41P-PCSK9 (both introducing
helix-disrupting prolines into the helical motif) dramatically lose LDL binding (unpublished,
Appendix C, Figure C1), it indicates that formation of a helix in the N-terminal region plays an

important role in PCSK9-LDL binding.

The impact of the putative helical motif on LDL binding was more quantitatively investigated in the
context of relative affinity for LDL. Competition binding assays were performed using purified
recombinant wild-type, A44P- or A31-52-PCSK9 as competitors to Dylight-labelled wild-type PCSK9
in the presence of LDL. It was observed that while A44P-PCSK9 showed a 6-fold decrease in its
ability to compete with dye-labelled wild-type PCSK9 for binding to LDL (wild-type inhibitor
constant (K;) = 102.2 + 53.18 nM; A44P K; = 651.1 + 79.4 nM), it was still capable of effective
competition at high concentrations (Figure 5C and D). This contrasts with A31-52-PCSK9, which is a
full deletion of the disordered N-terminal region and which remains unable to compete with
labelled wild-type PCSK9 for LDL binding even at high concentrations (Figure 5C). This suggests
that while the helical structure plays a role in regulating the PCSK9-LDL interaction, protein-

protein binding of PCSK9 to apoB100 is still capable of occurring without its formation.

The natural PCSK9 mutation R46L is commonly found in the Caucasian population and is

considered a loss-of function variant that confers protection against CVD20.173174_ [t is interesting to
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Figure 5: The disordered N-terminal region undergoes a structural transition in response to a hydrophobic
environment. (A) and (B) Circular dichroism spectra of 31uM prodomain peptide (either wild-type:
GDYEELVLALRS, or A44P: GDYEELVLPLRS) in 50mM phosphate buffer containing 2.5% dodecylphosphocholine
or buffer only. Spectra shown are representative of three independent experiments. (C) In vitro competition
curves where 10.8nM infrared dye labelled PCSK9 was incubated with 500ug/mL LDL, in the presence of up
to 500-fold excess unlabelled PCSK9, either wild-type or mutant. Bound and free complexes were resolved by
electrophoresis on 0.7% agarose gels. Gels were visualized on a LI-COR Odyssey system. Bound labeled PCSK9
was quantified and fit to a one-site binding curve on Prism5 software using non-linear regression. Plotted
mean * standard error (n=3). (D) Mean inhibitor constants obtained from experiments in (C) plotted *

standard error (n=3). **p<0.01.
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detergent concentration is increased. Secondary structure calculations based on circular dichroism spectra
using deconvolution algorithm CONTIN. (E) Binding constants obtained from curves in (D) plotted as mean of
n=3 + standard error. ****p < 0.0001.
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note that the arginine to leucine substitution would add a hydrophobic residue in proximity to the

putative hydrophobic face and increase stabilizing side-chain interactions along the face (Figure 6).

To test whether this extension of the hydrophobic face would affect helical structure in a micelle
environment, circular dichroism studies were performed similar to above. It was found that the
R46L-containing version of the peptide underwent a much stronger helical shift in a DPC micelle
environment than the wt peptide. The percent helicity of the peptide obtained at different DPC
micelle concentrations allowed lipid binding curves to be obtained, revealing that the R46L
substitution confers a 7.8-fold higher affinity for micelles than the wild-type (Figure 6E).
Interestingly, this lipid-affinity effect of R46L was not seen in previously performed competition
binding experiments (unpublished, Appendix C, Figure C2), where the K; of R46L remains
comparable to wild-type. It is possible that the competition binding assay is not sensitive enough to
reveal the lipid effects of the PCSK9-lipoprotein interaction, and shows only the affinity resulting

from the stronger protein-protein interaction.

Collaborative work with Dr. Ariela Vergara-Jaque at the Universidad de Talca in Chile yielded more
stringent computational models of the disordered PCSK9 N-terminal region in full-length PCSK9
(Figure 7) based on molecular dynamics simulations. These models corroborate experimental
findings by predicting a helical motif in the disordered region. Interestingly, as shown in Figure 7,
these models also predict a smaller, second helix from residues D50-G59. Not only did these models
confirm our existing experimental findings, they generated additional hypotheses to test. The
models predict several novel residue interactions between the prodomain and C-terminal domain,
notably salt bridges between Y38 (prodomain) and R469 (CTD) and between D35 (prodomain) and
R496 (CTD), and potentially t-shaped pi-stacking interactions between Y38 and F515. Such
intramolecular interactions could have implications for alternate global conformations of the

PCSKO9 protein in different conditions, e.g. during LDL binding. Mutagenesis was thus carried out to
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Figure 7: Modeling of the N-terminal portion of the prodomain. (A) Cartoon representation of
the full-length PCSK9 structure modeled by Rosetta'’”. The modeled N-terminal prodomain is
colored in grey and highlighted by a transparent surface. Key polar residues interacting with the C-
terminal domain are displayed as sticks and colored by atom type. The Ca atoms of R469, F515
and R496 are colored in yellow, cyan, and red, respectively. (B) In-vitro LDL binding assay done
with PCSK9 conditioned media and isolated LDL, using density gradient centrifugation, similar to
Figure 3C. Western blot of LDL and input fractions representative of 3 independent experiments.
Plotted mean of n=3 + SEM. Stars indicate statistical difference from wild-type according to on-
way ANOVA followed by Dunnet’s post-test (** p <0.01, *** p <0.001)
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generate R496W, R469W and F515L, three natural GOF variants that exist in human populations
174,176,177 [n vitro LDL binding assays were carried out to determine if disruption of these residues
affected LDL binding. All 3 of these mutations showed loss of LDL binding, with R496W being the
most severe. These results confirm the importance of these residues in the LDL interaction further
suggest that an intramolecular interaction in PCSK9 could be playing a role in the ability of PCSK9

to bind LDL.

2.3 Discussion

The results in this chapter indicate that the disordered region in the PCSK9 prodomain undergoes a
structural shift from a random coil to an alpha helix, ostensibly in response to a change in the
hydrophobicity of its environment. The presence of the helical motif affects the ability of PCSK9 to
associate with LDL, however whether this is through a structural role or direct binding is yet to be
determined. While this region is known to be required for LDL binding, it has not been
demonstrated whether this is the site for a protein-protein interaction with apoB. That this region
is also autoinhibitory to LDLR binding®” indicates that this region may play an allosteric role in
regulating the interaction with LDL and LDLR. The intramolecular interactions between the
prodomain and CTD predicted by the computational models and supported by in vitro data (Figure
7) provide a mechanism by which the structural shift in the N-terminal region of the prodomain
could induce global conformational changes in PCSK9 that would in turn affect the affinity of the

catalytic domain binding site for the EGF-A domain of the LDLR.

The induction of the structural shift through modulating the hydrophobicity of the surrounding
environment (Figure 5) suggests that the lipid component of LDL may play a role in PCSK9 binding,
introducing two layers to the PCSK9-LDL interaction: a protein-protein binding component and a
protein-lipid interaction component. This introduces other potential determinants of PCSK9

targeting to lipoprotein surfaces such as composition, lipid packing and surface curvature.
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Exchangeable lipoproteins of the major A, E and C classes depend upon lipoprotein surface packing
and composition for their amphipathic helices to be targeted to these surfaces!zt,
CTP:phosphocholine  cytidylyltransferase = (CCT) is a rate-determining enzyme in
phosphatidylcholine synthesis which forms a-helices in its membrane binding domains only in the
presence of anionic lipids178. Qur CD experiments with protein-free DPC micelles separate the lipid
component of the interaction from the apoB-binding component of the interaction, confirming that
lipidic environments are capable of regulating the helical shift. We did attempt to investigate
possible PCSK9-lipid interactions through in vitro liposome-binding assays (data not shown,
preliminary results were presented in Master’s thesis). While the results from those experiments
initially suggested to us that PCSK9 was capable of associating with liposomes composed of
phosphatidylcholine and phosphatidylethanolamine, they were not conclusive. Wild-type PCSK9
showed consistent liposome association, however, similar binding was also often observed with
LDL-non-binding mutant A44P-PCSK9. Thus these results became difficult to interpret - they could
represent non-specific binding, or suggest an alternative, as-yet unexplored lipid binding motif
elsewhere in PCSK9. Extensive investigations into using liposomes of various sizes and lipid
compositions did not yield more consistent results, but there is scope for these studies to be

expanded (see Chapter 5 for future directions).

However, the short N-terminal helix in question may not represent a lipid-associating motif at all,
despite its ability to be structurally influenced by a lipidic environment. We believe this due to the
following reasons: Firstly, the residue distribution of the amphipathic helix in question does not
entirely fit with the pattern of charge distribution typically observed in other lipid-associating
helices - lipid-binding or membrane-binding helices often contain positively charged residues
positioned at the interface of their polar and non-polar sides, to facilitate association of the domain
with the negatively charged polar head groups of phospholipids!13. In contrast, the current helix of

interest lacks these positive charges at the polar-non-polar interface. The arginine at position 46
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represents the only positive charge there, however, as was seen with the R46L mutation, loss of
that positive charge did not hinder micelle-induced helix formation, rather it was enhanced (Figure
6). Secondly, previous investigations into the role of a tyrosine at position 38 (located on the
hydrophobic face of the helix) through site-directed mutagenesis found that replacing that residue
with a negatively charged aspartate residue did not abolish LDL binding (although it was decreased
- data not shown, reported previously in Masters’ thesis). Additionally, sulfation of the tyrosine-38
still does not abolish LDL binding (Lagace, data not shown). Continued LDL-binding despite
negative charges on the hydrophobic face diminishes the possibility that the hydrophobic face of
the helix would be inserted into the hydrophobic layer of the lipoprotein exterior. Lastly, PSIPRED
modeling predicts the formation of the N-terminal helix even in aqueous environments. Thus the
apparently amphipathic pattern of the helix may play less of a lipid-binding role and more of a
structural role where it positions certain residues for conformation-dependent interactions.
Whether there are other environmental factors, for example pH, that may drive this helix formation
aside from lipidic conditions, would be a future area of research. As an additional note, the lipid
component of the PCSK9 interaction with lipoproteins would be quite weak compared to the
protein-protein component given the short nature of the N-terminal amphipathic helix and the
dissociation constants obtained in the micromolar rather than nanomolar range in CD titration

experiments (Figure 6).

Based on the inducible nature of the helical shift, and the intermolecular interaction that it likely
precipitates, we suggest a two-step process of PCSK9 binding to LDL, where free PCSK9 in the
circulation undergoes an environment-dependent helix formation in its prodomain, leading to an
intramolecular bridging of the prodomain and catalytic domain that overall results in a
conformation amenable to stable lipoprotein binding. It can also be expected that this conformation
of PCSK9 would have an allosterically lowered affinity for the LDLR, helping to explain PCSK9

inhibition by LDL as well as the dual importance of the conserved acidic stretch in the prodomain in
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regulating both LDL and LDLR binding. This model will be visualized in Chapter 3 (see Figure 10),

in combination with additional LDL-binding determinants investigated upstream in the prodomain.

The gain-of-function mutations in the PCSK9 C-terminal domain (R469W, R496W and F515L)
caused a loss of LDL binding in vitro (Figure 7), which makes sense in light of the allosteric model
presented above. Disruption of the intermolecular prodomain - C-terminal domain interaction
would not allow formation of the LDL-binding conformation, thus decreasing the inhibited pool of
LDL-bound PCSK9 and increasing LDLR-degrading free PCSK9 in the circulation. Future “switch”
mutation analysis where the R496, R469 and F515 residues are mutated to the opposing
prodomain residues that they are predicted to interact with (Y38 and D35) would help to confirm

these interactions.

The PCSK9-LDL interaction would thus introduce a new layer of reciprocal regulation in the LDL-
LDLR-PCSK9 axis, where PCSK9 up-regulates plasma LDL levels through its action on LDLR, and
LDL down-regulates PCSK9 activity, allowing itself to be cleared from circulation in a negative
feedback loop. PCSKO9 itself may be partially cleared as a passive component of LDL in this process,
which could in part explain a small but significant decrease in plasma PCSK9 concentration in
individuals with the R46L-PCSK9 mutation%. Information presented in Chapter 4 will allow
speculation that the PCSK9-LDL interaction may be an ancient mechanism by which triglyceride

clearance from circulation was controlled by this negative feedback.

2.4 Materials and Methods

Mutagenesis of PCSK9

A modified version of the QuickChange™ site-directed mutagenesis protocol (Stratagene, La Jolla,
CA) was used to introduce point mutations or deletions into wild-type PCSK9-FLAG. Forward and
reverse primers, both of which carried the desired mutations, were designed according to

QuickChangeTM guidelines. Each 50 ul PCR contained 1X Phusion High Fidelity Buffer, 0.3 mM
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dNTP mix, 0.3 uM each of both forward and reverse primer, 1 ng/ul of template DNA and 1 unit of
Phusion DNA polymerase. Thermocycling was initiated at 98°C for 30 seconds, followed by 25
cycles of amplification. Each cycle consisted of 10 seconds denaturation at 98°C, 30 seconds
annealing at 62°C, and 30 seconds / kb of extension at 72°C. A final extension step of 10 minutes at
72°C concluded the reaction. PCR was followed by digestion of original non-mutant template
strands with 10 units Dpnl enzyme. 3 pl of the DNA was transformed into One Shot Top Ten
Chemically Competent E. coli. Bacterial transformant selection was done by plating on Luria Broth
(LB) agar plates with ampicillin. Mutations were confirmed by sequencing. Primer design for the
Gly-Ser 41-45 mutant was done according to Liu and Naismith, 2008179, See appendix for primer

sequences.

Cell culture and conditioned media

HEK?293 cells were maintained in monolayer cultures in Dulbecco Modified Eagle Medium (DMEM)
(4.5g/L glucose) supplemented with 100 units/mL penicillin and 100 pg/mL streptomycin sulfate
and 10% fetal bovine serum, at 5% carbon dioxide and 37°C. For transient transfections, cells
were grown to ~80% confluency, and then transiently transfected with 1.5 pg of DNA (either wild-
type or mutant PCSK9-FLAG construct) and 15 Bl of 7.5 mM polyethylenimine (Linear, MW 25,000,
purchased from Polysciences) per well in 6-well Corning cell culture dishes. Cells were put in serum
free conditions, ie. FBS supplementation was replaced with 1X Insulin-Transferrin-Selenium
supplementation (Thermo Fisher Scientific) 18 hours after transfection and allowed to secrete
PCSK9 for 48 hours before harvesting the medium. Collected media was centrifuged at 1000xg to
pellet cells, and the cell free supernatant transferred to new tubes and stored at 4°C for upto a
week. PCSK9 quality and relative quantities in the medium were monitored through SDS-PAGE and

western blotting.

34



LDL isolation

Human LDL was isolated from plasma as described previously!58. Briefly, blood from healthy, fasted
volunteers was collected into commercial lavender-topped evacuated EDTA tubes and plasma
separated by low speed centrifugation (2000 xg for 20 minutes at 4°C). Protease inhibitors were
added to the cleared plasma (1 mM PMSF and 50 units/liter aprotinin). LDL particles (density =
1.019-1.065 g/mL) were isolated from human plasma using sequential potassium bromide
flotation ultracentrifugation!8?, where light density lipoproteins are first separated from LDL and
HDL by adjusting the density of 28-30 mL of plasma to 1.018 g/mL by the addition of solid KBr salt,
then overlaying with 1.019 g/mL KBr solution in Beckman quick seal tube and centrifuging for 18
hours at 33,000 rpm in a Ti50.2 rotor. The LDL and HDL in the lower portion of the tube are then
separated by slicing at the overlay boundary, collecting the lower portion and adjusting density
with solid KBr to 1.063 g/mL. The centrifugation is repeated at 40,000rpm and the upper portion
containing LDL is extensively dialyzed against phosphate-buffered saline (PBS) containing 0.25 mM
EDTA. Protein concentrations in lipoprotein preparations were determined using a modified Lowry

assay18i,

PCSK9 protein purification

Stably transfected HEK293 suspension cell lines expressing wild-type or mutant PCSK9 were
seeded in 1.5 L liquid cultures at 100,000 cells/mL in UltraDOMA hybridoma serum-free growth
medium (Lonza) supplemented with 10% (v/v) FBS, 10 mM L-Glutamine, 100 units/mL penicillin
and 100 pg/mL streptomycin sulfate. Cultures were grown without carbon dioxide at 37°C with
stirring at 93 rpm for 7 days. Medium was harvested by pelleting cells at 3700 rpm for 20 minutes
and filtering through 0.22 pm Millipore filter units. The pH of the medium was adjusted by addition
of 50 mM final concentration Tris-HCL at pH 7 (pH 7.4 at 4°C). FLAG-tagged protein was bound to
anti- FLAG M2 affinity columns by gravity flow, washed in TBSC (Tris-Buffered Saline with Calcium:

50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM CaCl;) and eluted with 100 ug/mL FLAG peptide
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(Thermo Scientific). The eluted protein was then concentrated 80-fold in Amicon filter units (10
kDa molecular weight cut-off, Millipore) and purified by FPLC on a Superdex 200 column. Final
protein was eluted in HBSC (HEPES Buffered Saline with Calcium: 25m M HEPES-KOH, pH 7.4, 150
mM NacCl, 2 mM CaCl,). PCSK9-containing fractions were pooled and concentrated approximately 5-
fold. Purity of the protein was assessed by SDS-PAGE and Coomassie Brilliant Blue R-250 staining

(Bio-Rad); concentration was estimated by BCA protein assay (Pierce).

In vitro PCSK9-LDL binding assay

Binding reactions (0.4 mL volume) each containing 300 pg LDL (total protein) and 300 &l wild-type
or mutant PCSK9 conditioned media with 1% Ovalbumin in low-salt HBSC buffer (25 mM HEPES-
KOH, pH 7.4, 75 mM NaCl, 2 mM CaCl;) were incubated at 37°C for 1 hour. LDL-bound and free
PCSK9 were then separated by Optiprep (iodixanol) gradient ultracentrifugation according to a
modified version of a previously described protocol!82. Briefly, a 9% Optiprep sample solution was
prepared by diluting 0.35 mL of each binding reaction with 0.6 mL of 60% Optiprep and 2 mL of
buffer (25 mM HEPES, pH 7.4) in a 3.3 mL Beckman Optiseal tube. The sample was over-layed with
0.3mL 25 mM HEPES, pH 7.4 in a 3.3 mL Beckman Optiseal tube. Tubes were centrifuged in a
TLN100 rotor (Beckman Coulter) at 100,000 rpm for 2 hours at 4°C. LDL-containing fractions (300
ul) were collected by puncturing tube walls with a 22G needle and drawing into a 1mL syringe.
Equivalent amounts of input (original binding reaction before Optiprep addition) and LDL-fraction
were resolved by SDS-PAGE on 8% acrylamide gels, and relative PCSK9 content analyzed and
quantified by western blotting.

Western Blotting
Western blot samples were prepared in final 1X loading buffer (50 mM Tris-HCl, pH 6.8; 1% SDS;

5% glycerol; 10 mM EDTA; 0.0032% bromophenol blue) and boiled at 96°C for 5 minutes before
loading onto acrylamide gels for resolving by SDS-PAGE. Resolved proteins were transferred to

nitrocellulose membranes (BioRad) for immunoblotting. After primary antibody incubation,
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secondary infrared dye (IRDye800)-labeled antibodies were used for detection on a LI-COR
Odyssey infrared imaging system (LI-COR Biosciences). Band intensity was quantified using
Odyssey 2.0 software. The monoclonal antibodies 15A6 & 13D3 recognize the C-terminal domain
and the catalytic domain of PCSK9 respectively!s, and were purified from hybridomas in the lab.

Secondary IRDye-labeled goat anti-mouse IgG antibodies were purchased from LI-COR Biosciences.

Circular dichroism

Lyophilized synthetic peptides (custom designed, Biomatik) were dissolved in water with 0.1 %
ammonium hydroxide (to aid solubility) at stock concentrations in the range of 500 - 2000 EM.
Stock solutions of peptide were diluted to make 30uM samples of peptide in buffer (10 mM Tris,
130 mM NacCl, pH 8.5) with or without dodecylphosphocholine (DPC) micelles (ranging from 0-4%
DPC w/v in solution) using a Jasco J-815 CD spectropolarimeter at 37°C in a 0.1-cm quartz cuvette.
Spectra were acquired from 200 to 250 nm using five accumulations at 20 nm/minute and a data
integration time of 8 seconds. Secondary structure deconvolution of spectra was carried out in
CDPro software with the CONTIN algorithm and SP43 reference set. To measure the apparent
affinity of peptide-lipid interactions, ~30 pM peptide was mixed with increasing concentrations of
DPC micelles, and CD spectra were collected after each increment as described above. Errors

represent S.E. of at least three independent replicates.

Competition binding assay

Binding reactions containing 0.5 mg/mL of LDL, 10.8 nM DyLight800-labelled wild-type PCSK9 and
increasing amounts (upto a 500-fold excess, highest 5000 nM)) of purified unlabelled wild-type or
mutant PCSK9 were incubated at 37°C for 1 hour in HBSC (HEPES Buffered Saline-Calcium buffer:
25 mM HEPES-KOH, pH 7.4, 150 mM NacCl, 2 mM CaCl2) and 1% BSA before being resolved on a
0.7% agarose gel (electrode buffer: 90 mM Tris, pH 8.0, 80 mM Borate, 2 mM Calcium lactate) at 40
V for 2 hours. Labelled PCSK9 was then visualized directly in the gel using a LI-COR Odyssey

infrared imaging system (LI-COR Biosciences). Intensity data was fit to a sigmoidal one-site binding
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curve using non-linear regression in Graphpad Prism 5 software to obtain the inhibitor constant

(K;) for each protein.

Computational modelling

The crystal structure of PCSK9 at 1.9-A resolution (PDB ID 2QTW)5° was used to model the missing
residues in the N-terminal region of the prodomain. The structure adopted by residues 31 to 60 was
constructed using the fragment-based de novo protein structure prediction method in ROSETTA
v3.8183, In preparation for the modeling, 3-mer and 9-mer fragment library files were created with
the ROSETTA server!’s, identifying protein-fragment structures in the Protein Data Bank that are
compatible with the PCSK9 sequence. Based on these libraries, 180,000 refined PCSK9 models
including the N-terminal prodomain were built. The known part of the PCSK9 structure was kept
fixed during the conformational search. Analysis of the ROSETTA total score against the Ca RMSD
relative to the lowest score model was used to evaluate the modeling convergence. The best full-
length PCSK9 model was selected as that with the lowest ROSETTA score. Secondary structure
prediction with PSIPRED v3.3171, as well as protein compactness and local secondary structural
features estimated with the “protein meta-structure” approach184 are consistent with the predicted

structure. The final model was analyzed using PyMOL v1.8.4 (Schrodinger, LLC).

Statistical analyses

All statistical analyses were carried out on Graphpad Prism 5 software. All experiments were
repeated a minimum of 3 times, and all graphs report mean values with error bars showing
standard error of the mean (SEM). Means were compared by paired or un-paired student t-tests as
appropriate, or by one-way ANOVA followed by a post-test (Dunnett’s test to compare all columns

vs. control column, or Bonferroni’s test to compare all column pairs).
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Chapter 3: The effect of natural mutations on PCSK9-LDL binding.

3.1 Introduction

While the N-terminal disordered region is required for LDL binding as discussed in the previous
chapter, there is as of yet no evidence to confirm that it is the site of direct protein-protein
interaction with ApoB. Thus other regions of PCSK9 may also act as LDL-binding determinants.
Many natural polymorphisms, causing either gains or losses in function, exist in the PCSK9 gene
across human populations. Gain-of-function variants in PCSK9 generally have dramatic effects on
plasma cholesterol levels, frequently being associated with severe hypercholesterolemia, while
reductions in blood cholesterol levels due to loss-of-function PCSK9 polymorphisms tend to be
relatively moderate, with lowered CVD risk mostly attributed to the accumulated effect of a lifetime
of moderately lower LDL-cholesterol185. We hypothesized that GOF mutations would exist that
decrease LDL binding, since we have previously observed LDL to inhibit PCSK9 activity!58.Thus we
became interested in a surface exposed region of the PCSK9 prodomain, spatially adjacent to the
disordered N-terminal region, which contains a cluster of sites known for hypercholesterolemia-
associated polymorphisms (Figure 9A). We used mutagenesis and in-vitro LDL binding assays to
assess the effects of these mutations on the ability of PCSK9 to bind LDL and found that they all
severely disrupt PCSK9-LDL binding. The discussion that follows will analyze what that might mean

in terms of functionality.
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Figure 8: A clustered site for gain-of-function mutations causes defects in PCSK9-LDL binding. (A) Right:
The crystal structure of PCSK9, modified from the published PDB structure 2QTW. A relatively unstructured
loop bearing the region of interest is highlighted in darker pink. Left: The residues S127, L108 and D129 are
highlighted in yellow in the inset, with their side chains depicted in ball-and-stick format. (B) In-vitro binding
reactions of wild-type or mutant PCSK9 + isolated human LDL were centrifuged in iodixanol gradients to
separate LDL-bound and non-bound PCSK9. PCSK9 in the LDL-containing fraction (Medium) was detected by
western blotting. Quantification shown in graph, where the mean of n=3 with standard error is plotted. (C)
In vitro competition curves where 10.8nM infrared dye labelled wild-type PCSK9 was incubated with
500ug/mL LDL, in the presence of up to 500-fold excess unlabelled wild-type or mutant PCSK9. Bound and
free complexes were resolved by electrophoresis on 0.7% agarose gels. Gels were visualized on a LI-COR
Odyssey system. Bound labeled PCSK9 was quantified and fit to a one-site binding curve on Prism5 software
using non-linear regression. Plotted mean * standard error (n=3). Plotted mean of n=3 + standard error.
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3.2 Results

We investigated the ability of the natural variants L108R186, S127R17.187 and D129G!87 to bind LDL
in-vitro by incubating conditioned media of wild-type or mutant PCSK9 with LDL (amounts of
conditioned media adjusted to have comparable amounts of wild-type and mutant PCSK9) and
separating LDL-bound and unbound PCSK9 by density gradient ultracentrifugation. We found that
all three variants showed a dramatic loss in LDL binding, with S127R having the most severe effect
(Figure 8B). The substitution of S127 and L108 to arginine would introduce positive charges to this
region, while the D129G substitution would remove the acidic aspartate residue. In order to
investigate whether the LDL binding defect resulted from the change in net charge to this area, we
substituted the S127 and L108 with uncharged alanine residues and again assessed in vitro LDL
binding. The alanine mutants did not recover LDL binding, indicating that the ability to bind LDL
depends on the presence of the native residue at these sites rather than on the charge status of the

site (Figure 8B).

Since the S127R variant showed the most severe loss in LDL binding in the ultracentrifugation
assay, we tested whether some LDL binding would still be able to occur at high non-physiological
concentrations. Competition binding assays similar to those in Chapter 2 were performed with
purified recombinant wild-type or S127R-PCSK9 as unlabeled LDL-binding competitors. It was
found that similar to the full A31-52 deletion, the S127R mutation prevented effective competition
even at the highest concentrations tested (Figure 8C). This indicates that the serine at position 127
is highly critical to the LDL interaction, and may be implicated in the protein-protein binding site

with apoB.

3.3 Discussion

That all 3 of these natural mutations are both defective in LDL-binding and associated with

hypercholesterolemia supports the theory that non-LDL bound PCSK9 would be in a conformation

41



that has a higher LDLR affinity relative to LDL-bound PCSK9, as explained in Chapter 2. The three
natural mutation sites studied appear to show differing importance in requirement for LDL binding,
with S127 being the most necessary, and L108 being the least. The S127 and D129 residues are well
conserved across species!8’, while the L108 is only well conserved among primates!8s. Currently
the mechanism of action of these GOF mutations has still not been elucidated. However, our
findings allow us to speculate that subjects born with these polymorphisms in PCSK9 would be
lacking a form of negative regulation of their PCSK9, i.e. LDL binding, leading to long-term elevated
levels of hypercholesterolemia. Indeed, all 3 of these mutants have shown increased affinity for

LDLR in vitro or increased degradation of the LDLR in cell culture in various past studies5682.186-188,

The surface exposed nature of this gain-of-function mutation-site clustering region (henceforth
referred to as the “GOF area”) makes it a candidate for a protein-protein interaction with a
lipoprotein particle. Our results indicate that the presence of the native residues is what preserves
LDL binding rather than non-specific charge preservation of the area. Thus, these residues may be
involved in an interaction that requires those side chains to form important salt bridges. The
electronegative nature of the head groups of both serine (S127) and aspartate (D129) would fit this
idea. The aliphatic nature of the leucine at position 108 does not allow salt bridge formation, but it
may play a role in hydrophobic interactions with the apoB binding partner. This hydrophobic
interaction may be dependent on the size and shape of the leucine side chain, as a similarly
aliphatic and non-polar alanine (L108A) failed to rescue LDL binding. It is interesting to note here
that in published structures of PCSK9 bound to full length LDLR, the PCSK9 1108 residue makes
hydrophobic contact with the L626 of the LDLR (-propeller domain!¢’, forming a secondary
interface with the LDLR. In fact, all three of these mutation sites are found at this interface with the
LDLR B-propeller?¢?. Thus, in addition to the N-terminal region studied in Chapter 2, the GOF area

also holds dual importance in both LDL and LDLR binding, although it was also found in the same
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study that the L108-L626 interaction only marginally contributes to the overall affinity of PCSK9 for

LDLR.

Theories to explain the FH-associated phenotypes of these variants have been put forward in
previous studies. Investigations of apoB kinetics in ADH subjects with the S127R-PCSK9
polymorphism show an increase in apoB100 production, related to an overproduction of VLDL, IDL
and LDL, where conversion of VLDL to IDL and LDL was also decreased!®. Similar apoB
overproduction was seen in rat hepatoma cells!90. By what mechanism the S127R mutation would
be increasing apoB production or affecting VLDL conversion is not clear, but a host of potentially
relevant intracellular interactions have turned up in various studies. Most interestingly, yeast two-
hybrid assays find PCSK9 interacting with apoB itself intracellularly in hepatocytesé2. It has been
suggested that PCSK9 is somehow involved in posttranslational degradation of apoB within the
secretory pathway, and the S127R variant differentially affects this process!9l. The LDLR has been
implicated in lowering VLDL secretion by increasing pre-secretory degradation of apoB192, and
there is evidence that PCSK9 interacts with and mediates LDLR degradation intracellularly93.
Together, these could suggest that intracellular PCSK9-mediated LDLR degradation
counterbalances LDLR-mediated apoB pre-secretory degradation. Thus, the increased LDLR
degrading activity of S127R-PCSK956.187.194 could more strongly prevent pre-secretory apoB
degradation. There has been data linking PCSK9 and the S127R variant to ubiquitination
pathways19, and VLDL assembly is also known to be regulated by apoB ubiquitination%. Another
intracellular factor that links PCSK9 and apoB is the sorting receptor sortilin, overexpression of
which increases hepatic secretion of both PCSK9197 and apoB lipoproteins98199. Increased cell-
surface LDLR degradation by S127R may also lower liver triglyceride uptake in the form of apoE-
containing chylomicron- and VLDL-remnants, resulting in production of cholesteryl ester-enriched
VLDLs that are more resistant to conversion in the circulation. It has also been postulated that

cholesterol coming into the cell packaged in remnant lipoproteins is more potent than LDL-C at
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suppression of SREBP processing in the liver; thus decreased remnant uptake could result in
increased lipogenesis and an indirect metabolic effect on VLDL productionz00201, Whichever the
case, it is likely that a combination of mechanisms lead to S127R-associated hypercholesterolemia:
increased lipoprotein production as well as increased LDLR degradation amplified by a lack of

negative PCSKO regulation by LDL binding.

As mentioned above, the L108 residue interacts with L626 in the LDLR [-propeller domainté?.
Abifadel et al have postulated that the hypercholesterolemic phenotype of L108R is due to the
introduction of the positive charge, proposing that an arginine at 108 would form a new
electrostatic interaction with the LDLR glutamic acid at 605 instead of LDLR-L626, thus tightening
the LDLR-binding and creating a gain-of function for PCSK9186. Qur in vitro results where L108A
does not rescue LDL-PCSK9 binding indicates that the arginine in L108R would not be the driver of
the loss-of LDL binding. Similarly, a mutagenesis study found through modeling that the S127R
mutation in PCSK9 could make a salt bridge with the D129 residue!%4, but our finding that S127A
does not rescue LDL binding excludes that salt bridge from being the reason that S127R would lack

LDL-binding.

Finally, we present an integrated model that combines our findings from this chapter and Chapter 2
to demonstrate how PCSK9 may be interacting with lipoprotein particles in Figure 9. An
intramolecular interaction between the C-terminal domain and the newly modeled N-terminal helix
might, in addition to allosterically lowering affinity of the catalytic domain for the LDLR, act to
position the GOF area in a way that facilitates apoB binding or lowers affinity of the GOF area for

the LDLR B-propeller domain.

3.4 Materials and Methods

See Chapter 2, Section 2.4: Mutagenesis of PCSK9, LDL isolation, PCSK9 conditioned media, In vitro

PCSK9-LDL binding assay, Western Blotting, Competition binding assay.
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LDL 7y

Figure 9: A model for PCSK9 association with LDL. The full-length PCSK9 structure as modeled using Rosetta
software'” is depicted in purple, green and dark orange to denote the 3 domains as labelled, as well as the
prodomain N-terminal region in grey. The relative size of an approximately 22 nm diameter LDL particle is
shown as a light orange sphere at bottom. PCSK9 is depicted as approaching the LDL in an orientation that
would maximize proximity of all the regions of PCSK9 found to affect LDL-binding in our mutagenesis studies to
the LDL surface. Residues of importance in both the prodomain and catalytic domain have been labelled. Note
the relative positions of the two broad areas of interest in our investigations: the putative intramolecular
interaction of the C-terminal domain with the N-terminal of the prodomain (left, yellow residue labels) and the
cluster of familial hypercholesterolemia-associated polymorphism sites (right, purple residue labels).

45



Chapter 4: PCSK9 associates with triglyceride-rich lipoproteins in a
remodeling-sensitive manner

4.1 Introduction

While multiple studies have characterized the PCSK9-LDL interaction, whether PCSK9 can bind to
apoB-containing lipoproteins other than LDL has not yet been extensively studied. VLDL, which
exclusively contains apoB100 in humans, is catabolized and remodeled in the circulation by
lipoprotein lipase and CETP to form the short-lived intermediate-density lipoprotein (IDL) and
finally to LDL. Intestinal derived chylomicrons contain apoB48, and are metabolized mainly by
lipolysis to chylomicron remnant particles. Both VLDL and chylomicron remnant particles,
collectively termed TG-rich lipoprotein (TRL) remnants, acquire the LDLR ligand apoE, thus hepatic
LDLR participates along with other cell surface receptors in plasma TRL clearance. It is unclear
whether PCSK9 can bind to these TRL remnants. In the past we observed that plasma PCSK9 did not
associate with VLDL in fasted normolipidemic human samples, and recombinant PCSK9 did not
bind isolated VLDL158, This suggests that PCSK9 is responsive to the intravascular VLDL—IDL—LDL
conversion. However other studies observed low levels of PCSK9 association with VLDL in mice?62.
We hypothesize that PCSK9 may bind to an epitope on apoB that is relatively unavailable on VLDL
but becomes readily available on TRL remnants and LDL upon remodeling in the circulation, thus
limiting PCSK9’s ability to mediate LDLR degradation in the late postprandial stage. This would
suggest that PCSK9 could bind to intermediate density lipoproteins (IDL), the intermediate in the
catabolism of VLDL to LDL. Data presented in this chapter will provide evidence that PCSK9 does
indeed bind IDL with similar affinity to LDL. These results are supported by findings in human
hypertriglyceridemic plasma samples containing lipoprotein profiles shifted toward larger TRL

populations.

46



4.2 Results

Lipoproteins isolated from human plasma by the sequential sodium bromide density-gradient
ultracentrifugation method180 are stripped of PCSK9, likely due to conditions of prolonged high-salt
and centrifugal force (Figure 10A). Thus, lipoprotein fractions prepared in this manner can be used
in binding assays free from interference from endogenous bound PCSK9. To determine which
classes of apoB100-containing lipoproteins PCSK9 binds to, gel shift assays were performed by
incubating infrared-dye labelled PCSK9 with isolated fractions of human LDL, IDL or VLDL
normalized for their apoB content (measured by a commercial apoB ELISA). Reactions were
incubated at 37°C and then resolved on an agarose gel. PCSK9 with lower mobility and overlapping
with apoB migration indicated that PCSK9 was able to associate strongly with both LDL and IDL. A
weak overlap of PCSK9 and apoB was also observed with VLDL, but the vast majority of PCSK9 was
in an unbound form following incubation with VLDL (Figure 10B). In vitro PCSK9 association with
IDL was also tested using density gradient ultracentrifugation assays. Infrared dye labelled PCSK9
was again incubated with isolated VLDL, IDL or LDL and the binding reactions subjected to density
gradient ultracentrifugation, resulting in differential floatation of the different lipoproteins. The
gradients were fractionated (Figure 11A), and the fractions analyzed for labelled PCSK9 using SDS-
PAGE, and for cholesterol content using enzymatic, colorimetric plate assay to track overlap of
PCSK9 and lipoprotein distribution within the gradients (Appendix C, Figure C3). We observed that
PCSK9 indeed shows a notable ability to associate with what is likely a small, dense sub-fraction of

IDL (Figure 11B), while association with VLDL was very minimal.
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Figure 10: PCSK9 associates strongly with both IDL and LDL. (A) Lipoproteins isolated from
human plasma by sodium bromide density-gradient ultracentrifugation are stripped of PCSK9.
Equivalent volumes of fasted plasma or isolated lipoproteins were immuniprecipitated with anti-
PCSK9 polyclonal antibody. Samples were resolved by SDS-PAGE and immunoblotted for PCSK9.
(B) Gel shift assay of PCSK9 with isolated lipoproteins. Incubations were carried out for 1 h at
37°C containing combinations of lipoprotein (normalized for apoB content) and Dylight800-
labeled wild-type PCSK9. Reaction mixtures were resolved in 0.7% agarose gels and transferred
to nitrocellulose. ApoB100 was detected by immunoblotting using a Dylight680-labeled
secondary antibody. Blots were scanned using the LI-COR Odyssey infrared imaging system
using dual channel detection of dye-labeled proteins.
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Figure 11: PCSK9 associates with IDL in vitro. (A) Schematic of fractionation. Less dense TG-
rich lipoproteins float to the top while LDL floats lower. Gradients were fractionated from
top to bottom. (B) In-vitro binding reactions of infrared dye labelled PCSK9 (800-PCSK9)
with isolated human VLDL, IDL or LDL were centrifuged in iodixanol density gradients similar
to Figure 3B. Portions of each fraction were subjected to SDS-PAGE and gels visualized on a
LI-COR Odyssey system. The free unbound PCSK9 is not shown due to interference from
high concentrations of Optiprep at the bottom of the tubes. Results shown are for one
experiment representative of 3 independent experiments.
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To more quantitatively assess the IDL interaction relative to the LDL interaction, competition
binding analysis was performed. Infrared-dye labelled PCSK9 was incubated with either IDL or LDL
(amounts normalized for apoB) in the presence of increasing concentrations of unlabeled
recombinant PCSK9 as competitor. Lipoprotein-bound and unbound labelled PCSK9 was assessed
by resolving on agarose gels and the bound bands were quantified and fit to a one-site binding
curve using non-linear regression. The inhibition constants (K;) obtained from both the LDL and
IDL curves (LDL Ki = 152.4 + 97.3 nM; IDL Ki = 99.4 + 99.4 nM) were not statistically different

from each other (Figure 12).

Hyper-triglyceridemic patients exhibit plasma lipoprotein profiles with higher proportions and
concentrations of TRLs in the VLDL and IDL category due either to increased production from the
liver and intestine or through decreased peripheral catabolism?202. Since PCSK9 associated with IDL
in-vitro, we wanted to observe whether PCSK9 was also able to associate with more TG-rich
lipoproteins in plasma. Fasted plasma samples from 4 hyper-triglyceridemic patients with plasma
triglycerides in the 95% percentile range were subjected to density ultracentrifugation and
fractionated similar to the in vitro experiments. Fractions were analyzed for endogenous PCSK9
content using ELISA and for cholesterol and triglyceride content using enzymatic, colorimetric
assay. It was found that, relative to normolipidemic plasma, the lipoprotein-bound PCSK9 in the
hyper-triglyceridemic subjects consistently showed a shift toward a more triglyceride-rich
lipoprotein population, as assessed by a change in PCSK9-containing fractions (Figure 13). This
result is reflective of the in vitro IDL binding experiments and supports that PCSK9 can also bind to

TRL remnants in human plasma.
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Figure 12: PCSK9 associates with IDL and LDL with similar affinity. In vitro
competition curves where 21nM infrared dye labelled wild-type PCSK9 was incubated
with 0.2 pg/ul of LDL-apoB or IDL-apoB in the presence of 450-fold excess unlabelled
wild-type PCSK9. Lipoprotein-bound and free PCSK9 were resolved by electrophoresis
on 0.7% agarose gels. Gels were visualized on a LI-COR Odyssey system. Bound
labeled PCSK9 was quantified and fit to a one-site binding curve on Prism5 software
using non-linear regression. Data shown is one representative experiment of 3
independent experiments.
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Figure 13: Lipoprotein-bound PCSK9 shifts to a more triglyceride-rich
lipoprotein population in hypertriglyceridemic plasma. Fasted normolipidemic
or hypertriglyceridemic plasma were incubated at 37 °C for 15 minutes before
being subjected to density gradient ultracentrifugation. Resulting density
gradients were fractionated from lowest to highest density. PCSK9 content of
each fraction was assessed by ELISA, while cholesterol and triglyceride content of
each fraction was measured by colorimetric, enzymatic plate assay.
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If PCSKO9 is responsive to changes in plasma LDL concentrations, there should be proportionally
more PCSK9 bound to LDL in subjects with hypercholesterolemia, which typically is due to
increased LDL-C. Therefore, we hypothesized that PCSK9 distribution may be influenced by the
concentration of circulating LDL particles. To test this hypothesis, we studied plasma samples from
hypercholesterolemic (n=41; LDL-C > 4.9 mM) subjects compared to normolipidemic controls
(n=40; LDL-C < 3 mM). Total PCSK9 concentrations in the plasma were measured by ELISA. The
control group had a mean plasma PCSK9 of 295.1 + 15.1 ng/mL, while the hypercholesterolemic
group had a mean plasma PCSK9 of 335.0 + 17.3 ng/mL (Figure 14A). This trend toward higher
PCSK9 levels in hypercholesterolemia agrees with previous studies that find PCSK9 levels to be
elevated in hypercholesterolemia®2203, although our difference did not become statistically
significant. These plasma samples were then resolved by density gradient centrifugation and the
PCSK9 in the LDL-containing fractions and in the non-LDL fractions again quantified by ELISA. We
found that the proportion of LDL-bound PCSK9 increased modestly from 26% in the
normolipidemic group to 29% in the hypercholesterolemic group (p=0.04, Figure 14B). We also
conducted a sub-analysis of 10 individuals from each group, 10 with the lowest LDL-C in the control
group and 10 with the highest LDL-C in the hypercholesterolemic group. This time the plasma
PCSK9 concentration went from 286.3 + 32.5 ng/mL in the control group to 352.0 + 49.3 ng/mL in
the hypercholesterolemic group (Figure 14C), although this difference still did not reach statistical
significance. The difference between the proportion of LDL-bound PCSK9 also became more
apparent, going from 21.6% in the control group to 30.8% in the hypercholesterolemic group

(p=0.003, Figure 14D).

4.3 Discussion

The differential association of PCSK9 observed in vitro with VLDL, IDL and LDL suggest that the

ability of PCSK9 to associate with apoB100-containing lipoproteins is dependent on the remodeling
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Figure 14: More PCSK9 is LDL-bound in hypercholesterolemic subjects. (A) Fasted normolipidemic
(n=41) or hypercholesterolemic (n=41) plasma was measured for PCSK9 concentration by ELISA. (B)
The same plasma samples as in (A) were incubated at 37 °C for 15 minutes before being subjected to
density gradient ultracentrifugation. A light-density fraction containing the apoB100-lipoproteins
was collected and PCSK9 content measured by ELISA. (C) and (D) are the results of a subanalysis of
the data set in (A) and (B) where plasma PCSK9 and LDL-PCSK9 are compared between the 10
individuals with the lowest LDL-C in the control group with the 10 highest LDL-C in the
hypercholesterolemia group.
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status of the lipoprotein. PCSK9 seems able to associate strongly and comparably with both IDL and
LDL, while only very weakly, if at all, with VLDL. These results raise two immediate questions -
What could mediate the differential recognition of lipoproteins by PCSK9? What could be the

functional significance of this in circulation?

To answer the first question it must be considered what is different between the lipoprotein classes
structurally and chemically. These differences include size and shape, lipid content, and differences
in both protein content and conformation. Although heterogeneity exists in each class of
lipoprotein, it can be broadly said that the diameter of VLDL > IDL > LDL20%4 Thus, surface
curvature and surface lipid packing may play a role in PCSK9 affinity for the lipoprotein particle,
particularly if any lipid interactions are involved. Particle size may also affect surface electrostatics:
core lipids have been seen to extrude to the surface in smaller HDL particles205, although similar
investigations have not been done with apoB100 lipoproteins. Lipid content and composition also
varies between the lipoprotein classes, progressing from more triglyceride-rich VLDL to more
cholesterol-rich LDL, in addition to variations in individual lipid species296.207, Biophysical studies
have manipulated the ability of apolipoproteins to bind lipoprotein mimetic particles by changing
core lipid content from triglyceride-rich to cholesteryl ester-rich and modulating surface free

cholesterol content119,208,

Protein factors that could differentiate PCSK9 binding could involve features of the apoB100
moiety, or even presence or absence of other protein factors, such as other apolipoproteins. The
conformation and surface exposure of apoB changes throughout the lipoprotein remodeling
process, as discussed in the introductory chapter (see Section 1.5). Thus it may be that the PCSK9
binding epitope on apoB only becomes available after remodeling of VLDL in circulation has
progressed to a certain stage in the IDL / LDL spectrum. We did not find the affinity of PCSK9 for
IDL and LDL to be significantly different (Figure 12), suggesting that a difference in epitope

exposure rather than a difference in epitope conformation is the reason for differential association.
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Additionally, it is possible that other apolipoproteins present on the particles can act as
determinants of PCSK9 binding. VLDL and IDL particles contain ApoE and apoClI, II and III'4. By the
time the particle has been converted to LDL, these apolipoproteins have been lost and apoB100
remains as the only apolipoprotein. Proteins associated with lipoprotein surfaces can displace each
other209.210, It is possible that somewhere along the conversion process, the loss of one of these

apolipoproteins allows PCSK9 binding.

A relevant parallel for lipoprotein-remodeling dependent binding is the interaction of LDLR with
apoB100 only in the later stages of VLDL remodeling, i.e. in the late IDL - LDL stages. The more
triglyceride-rich VLDL particles do not have the epitope for the LDLR binding repeats available until
lipolysis leads to a conformational change of the apoB100 C-terminus?3. ApoE, the alternate LDLR
ligand, is present on chylomicron and VLDL remnants, but is absent on LDL particles. Thus,
mechanisms regulating lipoprotein metabolism in circulation exist that depend on the stage of

lipoprotein conversion to exert regulatory influence on clearance.

The functional significance of conversion-dependent association of PCSK9 with LDL may similarly
be in regulating LDL clearance. It is unknown whether the LDLR binding site and the PCSK9 binding
site on apoB100 would overlap or lead to competitive binding. However, circulating LDL particles
typically outnumber circulating PCSK9 molecules by a 200:1 ratio; thus even if competitive binding
were the case, this would be unlikely for PCSK9 to exert a direct regulatory effect on LDL levels4.
The reverse is more likely, where lipoprotein interaction regulates PCSK9 activity based on changes
in the circulating lipoprotein population. Keeping in mind evidence that lipoprotein binding inhibits
PCSK9158, we propose that lipoprotein conversion-sensing plays a role in negative regulation of
PCSK9 activity: it may promote PCSK9-mediated degradation of LDLR when the circulating

lipoprotein population is more VLDL-like, while suppressing PCSK9 activity when the lipoprotein
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Figure 15: A model for the regulation of PCSK9 activity by lipoprotein binding. When the
population of circulating lipoproteins is mostly made up of very low-density lipoproteins
(VLDL), less PCSK9 is in the lipoprotein-bound inactive state, leading to LDL receptor down-
regulation and slow lipoprotein clearance from blood. However when the VLDLs are
remodeled to intermediate, then low density lipoproteins (IDL, LDL), PCSK9 is able to bind
more lipoproteins. Thus more PCSK9 is sequestered in an inactive pool, leading to up-
regulated LDL receptor protein and efficient lipoprotein clearance by the liver. Four broad
aspects of lipoprotein remodeling may govern PCSK9 affinity: (1) lipoprotein size and shape (2)
lipid content and composition (3) the apolipoprotein population found on the particle (4)
apoB100 conformation or surface exposure.
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population is more LDL-like (Figure 15). For example, post-prandially, when most circulating
lipoproteins are triglyceride-rich, less PCSK9 may be sequestered in a lipoprotein-bound, inactive
state, leading to the down-regulation of LDLRs, which in turn inhibits clearance of the TG-rich
lipoproteins from the circulation and extends their excursion time. Once these lipoproteins have
been remodeled in the circulation through the action of lipoprotein lipase, more PCSK9 binds
lipoproteins and enters the inactive pool. This in turn upregulates LDLR expression, enhancing
clearance of IDL and LDL from circulation. This theory is supported by the observation that PCSK9
inhibition lowers IDL and LDL production rates, indicating increased VLDL remnant clearance?211.
An evolutionary role for this mechanism may be envisioned during times of food scarcity, when it
may have been advantageous to extend the circulation time of TG-rich lipoproteins to maximize
distribution of energy-rich fatty acids to peripheral tissues before clearing the lipoproteins away
through the liver. Plasma PCSK9 levels do positively correlate with fasting plasma triglyceride
levels95102212213 and TRL concentrations?!4215, Qur data in human hypertriglyceridemic plasma
(PCSK9 shifted to TRL association, Figure 13) and hypercholesterolemic plasma (increase in
proportion of LDL-associated PCSK9, Figure 14) show that the distribution of lipoprotein-bound
PCSKO9 is sensitive to changes in plasma lipoprotein profiles in circulation. In other words, the
affinity of the PCSK9-lipoprotein interaction is such that it allows PCSK9 to respond to changes in
plasma IDL/LDL-cholesterol levels. If the affinity was too weak, we would expect that changes in

PCSKO distribution would not be observed.

If the above model is true, it may be asked why hyperlipidemic subjects are not protected from the
actions of PCSK9 - their increased concentrations of lipoprotein remnants should sequester more
of their PCSK9 in the non-active pool. Lagace posits that this may be explained by the above
mechanism being disrupted by a modern diet and constant feeding®%. Circulating PCSK9 is higher
postprandially103216, thus constant and easy access to food would lead to chronically elevated

PCSK9 levels. PCSK9 levels are also found to be higher in hypercholesterolemia in literature,
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although the difference between the two groups in our cohort did not become statistically
significant. It is difficult to explain why we do not see the expected significant difference in PCSK9
levels. Most of the samples in our hypercholesterolemic group came from individuals with elevated
LDL-C, but not yet considered diseased and not on lipid-lowering medication. Thus, they may not

exhibit the elevated PCSK9 to the same extent as the previous studies have found.

The interaction with IDL observed in these studies indicate that the downregulation of PCSK9
activity begins in the IDL phase of lipoprotein conversion. Studies in which correlations are found
between plasma PCSK9 levels and plasma TRL concentrations also find in sub-analyses that this
correlation is specifically with the IDL component of lipoproteins?!5, concluding that PCSK9
influences triglyceride levels via effects on IDL metabolism. Indeed, kinetics studies on lipoprotein
metabolism report that treatment with PCSK9 inhibitors Alirocumab?!? and Evolocumab?i!
increased the fractional clearance rate of VLDL and IDL in addition to increased LDL clearance,
contributing to a lower LDL production rate. These effects are likely through PCSK9 effects on the

LDLR.

The utility of PCSK9 prolonging the excursion of TRLs in a remodeling-dependent manner may not
be limited to fatty acid distribution during starvation; it may even play a role in delivering extra
cholesterol to tissues generating steroid hormones, such as the adrenals. In addition, lipoproteins
function in innate immune responses to infection, sequestering pathogen-derived toxins such as
lipopolysaccharides (LPS). LPS administration increases VLDL and LDL levels?18. In serum, LPS
binds to VLDL and LDL and becomes inactivated219220, PCSK9 has already been linked to innate
immunity and sepsis outcomes, where it has been observed to interfere with pathogenic lipid
clearance in human cells and in mice in an LDLR-dependent manner2?2t222, PCSK9-mediated control
of the population of lipoprotein subclasses in circulation could influence these immune-related
functions, e.g. by changing the LPS carrying capacity of the circulating lipoprotein population, or

controlling uptake of toxin-carrying lipoproteins into the liver or other tissues.
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4.4 Materials and Methods

Lipoprotein isolation

See Chapter 2, section 2.4 - “Lipoprotein isolation” for full procedure. VLDL (d < 1.006 g/mL), IDL
(d = 1.006-1.019 g/mL), LDL (d = 1.019-1.065 g/mL) were isolated. Total protein concentrations
in lipoprotein preparations were determined using a modified Lowry assay!8!, while apoB

concentration was determined using a human apoB ELISA specific for apoB100 (Mabtech).

Gel shift of PCSK9 with VLDL, IDL and LDL
3.3 ng/Bl of Dylight800 labelled wild-type PCSK9 were incubated with 0.15 pg/El LDL in 30 pl

reactions in low-salt HBSC buffer (25 mM HEPES-KOH, pH 7.4, 75 mM NaCl, 2m M CaCl2) with 1%
(w/v) bovine serum albumin for blocking. Binding was allowed to occur at 37°C for 1 hour, after
which 18 pl of 4X Ficoll loading dye (10% (w/v) Ficoll400, 0.02% (w/v) bromophenol blue, 90 mM
Tris, pH 8.0, 80 mM Borate, 2 mM Calcium lactate) was added to each reaction. 20 pl of each was
resolved on a 0.7% agarose gel as described above. Proteins were transferred onto nitrocellulose
membranes using a 1 hour upward capillary transfer, and proteins then visualized. Labelled PCSK9
was visualized directly using a LI-COR Odyssey infrared imaging system (LI-COR Biosciences),

while apoB was detected by immunoblotting before being detected on the LI-COR scanner.

In vitro ultracentrifugation of PCSK9 with VLDL, IDL and LDL
1 Bg of Dylight800 labelled wild-type PCSK9 was incubated with 0.15 pg/ul apoB of VLDL, IDL or

LDL, in 0.5 mL reactions with 1% Ovalbumin for blocking, in HBSC (HEPES Buffered Saline-Calcium
buffer: 25 mM M HEPES-KOH, pH 7.4, 150 mM NaCl, 2 mM CaCl,). Binding was allowed to occur at
37°C for 1 hour. Lipoproteins and associated PCSK9 were then resolved by Optiprep (iodixanol)
gradient ultracentrifugation similar to a modified version of a previously described protocol?s2.
Briefly, a 7% Optiprep sample solution was prepared by diluting 0.45 mL of each binding reaction
with 0.35 mL of 60% Optiprep and 2.2 mL of buffer (25 mM HEPES, pH 7.4) in a 3.3 mL Beckman

Optiseal tube. The sample was overlayed with 0.3 mL 25mM HEPES, pH 7.4. Tubes were centrifuged
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in a TLN100 rotor (Beckman Coulter) at 100,000 rpm for 2 hours at 4°C. The gradients were
fractionated from top to bottom into 300 Bl fractions on a Gilson FC-204 fraction collector, using
Fluorinert FC-40 (Sigma) injected into the bottom of the tube to push tube contents up into the
fractionator without disturbing the gradient. 20 Bl samples of each fraction were resolved on 8%
acrylamide by SDS-PAGE and Dylight800 labelled PCSK9 visualized directly in the gel using a LI-
COR Odyssey infrared imaging system (LI-COR Biosciences). Cholesterol and triglyceride content of
each fraction was measured using the colorimetric, enzymatic plate assay reagents provided in the

Cholesterol E kit and the LabAssay Triglyceride kit (Wako Diagnostics).

Human plasma density gradient ultracentrifugation

0.4 mL of plasma was incubated at 37°C for 15 mins, then diluted in 0.35mL 60% Optiprep and 2.4
mL 25 mM HEPES, pH 7.4 (final 7% Optiprep) in a 3.3mL Beckman Optiseal tube and overlayed
with 0.3 mL 25 mM HEPES, pH 7.4. Centrifugation and fractionation of gradients were then carried
out similar to above. PCSK9 content of each faction was measured by an in-house PCSK9 ELISA
using the antibodies 13D3, which recognizes an epitope in the catalytic domain, and 15A6, which
recognizes an epitope in the C-terminal, domain as coating to capture PCSK915. Cholesterol and
triglyceride content of each fraction was measured using the colorimetric, enzymatic plate assay

reagents provided in the Cholesterol E kit and the LabAssay Triglyceride kit (Wako Diagnostics).

Competition binding assay

Binding reactions containing 0.2 @g/El of LDL-apoB or IDL-apoB, and 20 nM DyLight800-labelled
wild-type PCSK9 competed with increasing amounts (upto a 450-fold nM excess) of purified
unlabelled wild-type PCSK9 were incubated at 37°C for 1 hour in HBSC (HEPES Buffered Saline-
Calcium buffer: 25 mM HEPES-KOH, pH 7.4, 150 mM NaCl, 2 mM CaCl2) and 1% BSA before being
resolved on a 0.7% agarose gel (electrode buffer: 90 mM Tris, pH 8.0, 80 mM Borate, 2 mM Calcium
lactate) at 40 V for 2 hours. Labelled PCSK9 was then visualized directly in the gel using a LI-COR

Odyssey infrared imaging system (LI-COR Biosciences). Intensity data was fit to a sigmoidal one-
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site binding curve using Graphpad Prism 5 software to obtain the inhibitor constant (K;) for each
lipoprotein.

Western Blotting

Proteins from agarose gels were transferred to nitrocellulose membranes (BioRad) using upward
capillary transfer. Membranes were then immunoblotted for apoB using the primary mouse
antibody 1D1. Secondary infrared dye (IRDye800)-labeled antibodies were used for detection on a

LI-COR Odyssey infrared imaging system (LI-COR Biosciences).

PCSK9 ELISA

In-house ELISA. PCSK9 was captured using a mixture of two mouse antihuman monoclonal
antibodies: 13D3, which recognizes the catalytic domain, and 15A6, which recognizes the carboxyl
terminus of PCSK915. Each antibody was diluted in coating buffer (20 mM NaPO4 (pH 7.5), 100 mM
NaCl) to a final concentration of 10 pg/mL and attached to Nunc Maxisorp plates overnight at 4°C.
Wells were washed three times with PBS containing 0.08% Tween 20 (pH 7.4) (PBST), blocked
with 0.5% BSA for 1-2 hours, and then washed again three times with PBST. Density gradient
fractions samples were diluted 1:5 and 100 Bl added to each well. At the end of the incubation, the
wells were washed three times in PBST. The biotinylated in-house polyclonal antibody 1697, raised
against full-length PCSK9, was used as detection antibody (10 Bg/mL), followed by horseradish
peroxidase-conjugated avidin and then 100 I per well of Thermo Scientific Pierce 1-Step Ultra TMB

ELISA Substrate. Reactions were stopped with 1 M sulfuric acid and absorbances read at 450 nm.

Circulex human PCSK9 ELISA. Commercial kit available from MBL International. Plasma samples

were thawed at room temperature and used at a 1:100 dilution (100 &1 / well).
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Chapter 5: Tools for future in vivo studies: preliminary tests

5.1 Introduction

The next natural step to follow our in vitro work in the previous chapters is to make observations in
vivo on whether LDL-binding would negatively regulate PCSK9-mediated LDLR degradation in the
circulation. In the future, we hope to be able to utilize animal models to study both the long-term
(“knock-in models of non-LDL binding PCSK9) and short-term (acute PCSK9 injection or infusion)
effects of PCSK9-lipoprotein association in vivo (more details in Chapter 6). While mice have very
different natural lipoprotein profiles from humans, genetically engineered mouse models would be
a convenient starting point for such studies. Described in this chapter are some preliminary tests
that were carried out towards validating tools that would be suitable for these studies. An
important feature of these experiments will need to be the use of functional variants of PCSK9 that
lack LDL binding but can still mediate normal degradation of LDLR as controls. These controls will
allow correct interpretation of LDL-mediated effects vs. LDLR-mediated effects on PCSK9. Since
such non-LDL binding human PCSK9 variants have already been characterized for normal LDLR
binding in our lab, we decided to test the ability of our purified recombinant human PCSK9 to bind
endogenous lipoproteins in mouse plasma. If the hPCSK9 can associate with the lipoproteins in
mouse plasma similar to what we see in human plasma, then our purified recombinant hPCSK9 may

be used in future acute injection studies. The results of these tests are presented in the chapter.

Non-LDL binding mouse PCSK9 variants will still need to be characterized for long-term knock-in
model creations, and even ideally for injection or infusion in acute studies. Since mice are the most
common and available study tool of choice, it would also be interesting to characterize parallels in
structure-function features between human and mouse PCSK9. This chapter will present

mutagenesis and in-vivo LDL-binding results that will explore this as well.
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5.2 Results

In order to test binding of our purified recombinant human PCSK9 with endogenous mouse
lipoproteins, plasma from 9 week-old female mice, either chow-fed wild-type or 4-weeks western
diet-fed apoE-/-, was incubated with infrared dye-labelled recombinant human PCSK9, and then
subjected to density gradient centrifugation. Gradients were fractionated from lightest to heaviest
densities and presence of PCSK9 in each fraction detected by SDS-PAGE and in-gel IR-dye detection
on a Licor scanner. A modestly higher amount of PCSK9 was present in lighter-density fractions for
apoE-/-plasma than for wild type, indicating increased floatation of PCSK9 into fractions with more
triglyceride-rich lipoproteins (Figure 16A). The PCSK9 distribution somewhat mirrored the

cholesterol distribution in the gradient, which in turn is indicative of the lipoprotein distribution.

Similar incubations of hyperlipidemic apoE-/- plasma were carried out with non-labelled
recombinant human wild-type or A44P-mutant PCSK9, which was previously found to be defective
for human LDL binding, but normally mediated LDLR degradation (unpublished, see Appendix C,
Figure C1 and Figure C4). After density gradient ultracentrifugation and fractionation, human
PCSK9 present in fractions was detected by an in-house human-specific ELISA. More wild-type
PCSK9 than A44P-PCSK9 was present in lighter fractions, indicating specificity in the floatation of
PCSK9 with the increased lipoprotein containing fractions (Figure 16B). The pattern of wild-type
PCSK9 flotation again mirrored the floatation pattern of cholesterol in the gradient, measured to

monitor lipoprotein distribution.

The above results seem to indicate that in hyperlipidemic apoE-/- plasma, some association of

hPCSK9 can occur. Thus in hypercholesterolemic plasma where PCSK9-LDL association would be
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Figure 16: Test for recombinant human PCSK9 associating with mouse lipoproteins. (A) Plasma
from chow fed wild-type C57 mice or from western-diet fed apoE-/- mice was incubated with IR-
dye labelled purified recombinant human PCSK9, then subjected to density gradient
centrifugation. Gradient fractions analyzed for PCSK9 content using SDS-PAGE and detection on a
Licor scanner, while fractions were analyzed for cholesterol content by enzymatic colorimetric
plate assay. (B) Western diet-fed apoE-/- mouse plasma was incubated with either purified
recombinant wild-type PCSK9 or LDL-non-binding A44P-PCSK9, and then subjected to density
gradient centrifugation. Gradient fractions analyzed for PCSK9 content by ELISA, and for
cholesterol content by enzymatic colorimetric plate assay.
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high, it would be expected that differences may be observed in the rate of acute LDLR-mediated
clearance of PCSK9 due to LDL binding. Specifically, since we hypothesize from Chapter 2 that LDL-
bound PCSK9 would have a lower affinity for LDLR, we would expect lower LDLR-mediated acute
PCSKO9 clearance from blood. Circulating PCSK9 has a fast LDLR-dependent clearance phase with a
half-life of ~5 minutes, and previous studies have shown >90% removal of a 4 Bg injection of
purified human PCSK9 into mouse circulation!6. However, in a small pilot test where we retro-
orbitally injected one mouse each (either 4 weeks western diet-fed apoF-/- or chow-fed wild-type
C57BL/6), with 4 Fg exogenous purified wild-type or A44P-hPCSK9, we observed no difference in
their acute clearance from circulation over a 20 minute time-course either between wild-type or

mutant PCSK9, or between normo- or hyperlipidemic plasma (Figure 17).

Equivalents of non-LDL binding mutations in humans were also created in mouse PCSK9 by site-
directed mutagenesis. These were tested for binding to isolated human LDL in vitro. Previously, our
lab had tested the binding of purified recombinant wild-type mouse PCSK9 to human LDL in vitro
(unpublished, presented previously in Master’s thesis) and found that it bound comparably to wild-
type human PCSK9. Thus, the mouse-PCSK9 - human LDL interaction may be used as a valid in vitro
assay of relative LDL binding. The mutations made in mouse PCSK9 (mA47P, mL44P, mS130R and
mD132G; suffix “m” for mouse) were chosen based on the observed regional requirements of
human PCSK9 binding to LDL, i.e., the N-terminal region from Chapter 2 and the “GOF region” from
Chapter 3. Thus, mA47P, the sequence equivalent of human A44P, and mL44P, the sequence
equivalent of human L41P, both non-LDL binding mutants (unpublished, presented previously in
Master’s thesis), would represent helix-disrupting proline residues in the N-terminal disordered
region of the prodomain. Similarly, mS130R and mD132G would be the equivalents of human
S127R and D129G, both natural variants associated with severe hypercholesterolemia in human
subjects. These mutant constructs were expressed in HEK293 cells and the conditioned media used

in in vitro density gradient centrifugation LDL-binding assays. It was found that similar to the
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Figure 17: Pilot test of mice injected with exogenous PCSK9 to observe lipoprotein-
mediated differences in acute PCSK9 clearance. One mouse each was injected with
4ug purified recombinant human wild-type or A44P-PCSK9 as indicated in the
schematic above. Blood samples were collected at indicated time-points after injection
(injection = 0 minutes) by submandibular lancet punctures, and PCSK9 in the plasma
detected by ELISA. WD = Western Diet.
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Figure 18: Mutations in mouse PCSK9 which parallel mutations in human PCSK9 also
cause loss of LDL binding. (A) Crystal structure of human PCSK9 where prodomain is pink,
catalytic domain is green, and C-terminal domain is blue. Greyed areas indicate regions of
importance in human LDL binding where the parallel mutations in mouse PCSK9 would also
be located. (B) In-vitro binding reactions of wild-type or mutant mouse PCSK9 + isolated
human LDL were centrifuged in iodixanol gradients to separate LDL-bound and non-bound
PCSK9. PCSK9 in the LDL-containing fraction was detected by western blotting.
Quantification shown in graph, where the mean of n=3 with standard error is plotted.
***p<0.001 by one way ANOVA followed by Dunnet’s post test.
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equivalent human mutants, these mutations in mouse PCSK9 abolished LDL binding, although the
mA47P did not lose LDL binding as fully as the others, which again parallels results in human

PCSK9 (Figure 18).

5.3 Discussion

The experiments in this chapter set out to evaluate a model system to study the PCSK9-LDL
interaction in vivo. This system consisted of injecting human PCSK9 into hyperlipidemic apof£-/-
mice. We chose this system for initial tests because we already have in our lab characterized non-
LDL binding human PCSK9 point mutants for their LDLR binding and degradation, and can thus use
them as important negative controls. Also, apoF-/- mice are commonly used as models for
hypercholesterolemia and atherosclerosis. Hypercholesterolemia is easily induced in these mice
when fed an atherogenic diet, leading to large increases in plasma cholesterol, increases in VLDL

and LDL, and decreases in HDL?223,

However, the above hPCSK9-apoF-/- mouse system is not exactly ideal for several reasons. The
biochemistry of hPCSK9 interacting with mouse lipoproteins is not characterized, although both
PCSK9 and apoB100 do share high sequence similarity between mouse and human. It is also not
known if PCSK9 binds to apoB48. Mice secrete both apoB48 and apoB100 in liver, in contrast to
humans, where apoB editing to B48 is limited to the intestine?24. Such metabolic discrepancies
would need to be addressed with transgenic mouse models that have liver-specific apoB100
expression or are apobec-1 knock-outs. Additionally, apoE-/- mice on an atherogenic diet
experience greatest increases in the VLDL fraction of their lipoproteins, with lower increases in
their IDL and LDL fractions?23. As seen in Chapter 4, PCSK9 association mainly occurs with IDL and
LDL, not with VLDL. Thus, a VLDL-enriched circulating lipoprotein population is not ideal to
observe LDL-mediated PCSK9 regulation. In using this mouse model, it was hoped that the induced

increases in IDL and LDL would be sufficient to mediate physiologically relevant PCSK9-lipoprotein
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interaction. While our initial results in vitro suggested that this may be the case (Figure 16), these

results were not borne out on a small scale in vivo (Figure 17).

The negative results of the pilot injection experiment underscore the importance of considering
several factors in study design. As already discussed, this was not overall an ideal study system, and
the hPCSK9-LDL interaction may not have been robust or prevalent enough to mediate observable
differences in PCSK9 clearance. Although the human PCSK9 interaction with the mouse LDLR has
also not been characterized, previous studies have observed normal clearance of exogenously
administered human PCSK9 from mouse circulation!s16, As well, a time-point between 5 and 20
minutes may have allowed better resolution of small differences in clearance before reaching the
end of the fast clearance phase. Overall, this was a very preliminary experiment done on a very
small scale to indicate whether it was possible to use this system for our purposes, and the

indication obtained was that it is not.

Thus, the move to a more ideal study system should be made for future studies. Transgenic mouse
models that express both human CETP and human apoB100 would most closely mimic human
lipoprotein profiles?25 and ensure comparable interactions with exogenously administered human
PCSK9. Additionally, for long term studies where life-long effects of non-LDL binding PCSK9 would
be observed in transgenic mice, non-LDL binding mutants in mPCSK9 must be made. To this end,
we tested the LDL binding capacity of several mPCSK9 mutants that represent equivalent non-LDL
binding mutants in human PCSK9. Not surprisingly, these mouse PCSK9 mutants mirror the human
PCSK9 versions in their capacity to bind LDL (Figure 18). This serves as evidence for parallels in the
structure-function features of mouse and human PCSK9, supporting the use of mouse models for
the study of PCSK9 physiology. More specifically, it indicates that regions important to hPCSK9-LDL
binding function similarly in mPCSK9, i.e. the helix-forming N-terminal from Chapter 2 and the
“GOF region” from Chapter 3 play roles in mouse PCSK9 binding to LDL as well. This makes for

interesting speculation on the physiological and evolutionary role of PCSK9 in animals such as mice,
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which do not naturally carry much of their blood cholesterol in LDL, and would thus probably lack
any significant LDL-mediated feedback regulation of PCSK9 activity. The PCSK9 function suggested
in Chapter 4, where PCSK9 down-regulates LDLRs to extend TRL excursion and maximize

peripheral fatty acid distribution, may still hold in these animals.

More importantly, these non-LDL binding mouse PCSK9 mutants can now be further characterized
for their LDLR binding and degradation in hepatic mouse cell lines, for future use as negative

controls in in vivo studies.

5.4 Materials and Methods

Density gradient ultracentrifugation of mouse plasma

Plasma from wild-type C57BL/6 or apoF-/- mice was previously collected by cardiac puncture and
stored at -80 °C. This plasma was thawed at room temperature, then 0.4 mL incubated with 1 BEg
purified recombinant human PCSK9 (1 &l of purified protein spiked directly into the plasma) at
37°C for 1 hour. The incubations were then diluted then diluted in 0.35 mL of 60% Optiprep and 2.4
mL of 25 mM HEPES, pH 7.4 (final 7% Optiprep) in a 3.3 mL Beckman Optiseal tube and overlayed
with 0.3 mL 25 mM HEPES, pH 7.4. Tubes were centrifuged in a TLN100 rotor (Beckman Coulter) at
100,000 rpm for 2 hours at 4°C. The gradients were fractionated from top to bottom into 300
fractions on a Gilson FC-204 fraction collector, using Fluorinert FC-40 (Sigma) injected into the
bottom of the tube to gently push tube contents up into the fractionator without disturbing the
gradient. Cholesterol content of each fraction was measured using the colorimetric, enzymatic plate
assay reagents provided in the Cholesterol E kit and the LabAssay Triglyceride kit (Wako
Diagnostics). PCSK9 content in fraction was determined either by ELISA of by SDS-PAGE, where 23
of each fraction was resolved on an acrylamide gel and Dylight 800-labeled PCSK9 was detected

directly in the gel on a Licor scanner and quantified using Odyssey software.
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PCSK9 injections in mice

Female wild-type C57BL/6 mice (Charles River) were fed chow diets or apoE-/- mice were fed a
western diet (Envigo TD.88137, Teklad) for 4 weeks prior to the experiment. At 12 weeks age, the
mice anaesthetized under isofluorane and were then retro-orbitally injected?26 with either 100 Bl
phosphate buffered saline or 4 Bg purified recombinant human PCSK9-FLAG protein, either wild-
type or A44P mutant, diluted in final 100 Bl phosphate buffered saline. Mice were then allowed to
regain consciousness and the method of submandibular bleeding using lancet punctures??? was
used to collect blood into Microvette CB 300 El K2 EDTA tubes (Sarstedt) at 1, 5 and 20 minute
time-points after injection at 0 minutes. Collected blood samples were kept on ice until the end of
the time-course, at which point they were centrifuged at 4°C at 3500 x g for 20 minutes to obtain
cleared plasma. Plasma was collected and stored at -80 °C until thawed for human PCSK9 detection

by ELISA.

PCSK9 ELISA

See “In-house ELISA”in Chapter 4, Section 4.4.

In vitro PCSK9-LDL binding assay
See “In vitro PCSK9-LDL binding assay” in Chapter 2, Section 2.4.
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Chapter 6: Conclusions and Future Study Directions

This dissertation set out to shed light on two broad aspects of the PCSK9 interaction with
lipoproteins: the structural details of the physical interaction, and the functional effects that this
interaction may have on PCSK9 in the circulation. Elucidation of the exact PCSK9-LDL binding site
and the full regulating mechanism that it triggers still require further studies. However, from the

current studies, some interesting information can be extracted on the following topics:

6.1 An allosteric mechanism for the regulation of PCSK9 by LDL

Chapter 2 describes the discovery that PCSK9 can undergo an environment-dependent structural
shift in its N-terminus, and discusses how this may trigger global structural shifts in the PCSK9
protein that alter its affinity for the LDLR EGF-A domain. Evidence in cell culture suggests that LDL
binding keeps PCSK9 in an inactive state!s8. Thus the idea that an inducible conformation change in
the prodomain could mimic the inhibitory effects on PCSK9 presents the possibility of a new target
on PCSK9 to design cholesterol-lowering drugs. Elucidation of the structure-function role of LDL-
binding will provide us with more knowledge of the different active or inactive states of PCSK9, and
which target to design small molecules against to favor an inhibited conformation of PCSK9. Future
structural studies using techniques such as nuclear magnetic resonance (NMR) and X-ray
crystallography are needed to definitively observe these alternate conformations. Desirable
experiments to perform would be NMR of the entire disordered region or the entire prodomain of
PCSK9 in the presence and absence of micelles or LDL. It would be ideal to obtain complete X-ray
crystal structures of PCSK9 in the presence of lipoproteins or lipid mimetics, to compare with
existing structures of PCSK9 crystallized in aqueous conditions and bound to the LDLR EGF-A

domain56.58.59,
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6.2 The protein-protein binding interface between PCSK9 and apoB

While much attention in this dissertation focuses on the PCSK9 prodomain N-terminal and how it
modulates LDL-binding, no evidence to date confirms that that is the site of physical binding
between PCSK9 and the apoB moiety on lipoproteins. Chapter 3 investigated an alternate candidate
for an apoB binding site, referred to herein as the “GOF region”, also located on the prodomain and
implicated in hereditary hypercholesterolemia. This site proved to be highly sensitive to mutations
of any kind, either charge-disrupting or changing the side-chain size, indicating that the native
residues in that area fulfill some critical role in LDL-binding. The GOF region is located on a loop
within a section of the PCSK9 prodomain which is not normally present in other PCs due to the
second cleavage event that occurs in the maturation process of most PCs. It is due to this region that
PCSKO retains its prodomain in its mature form. It is interesting that this section is preserved on

PCSK9 alone. Its importance in LDL binding adds a further functional significance to it.

However, there is still no proof to definitively show the GOF region is the site of interaction with
apoB. Such proof will need to come from cross-linking experiments followed by mass-spectrometry
to identify the sequence of amino acids that interact on each protein. These experiments have been
difficult to perform given the difficult nature of the apoB100 protein in terms of its very large size
and high hydrophobicity. Attempts at these experiments in our own lab have encountered
problems with obtaining specific PCSK9-apoB cross-linking in comparison to non-LDL binding
controls and minimizing apoB cross-linking within itself. Another approach may be to generate
PCSK9 engineered to contain unnatural amino acids that form covalent bonds to other proteins in

proximity under triggering conditions such as exposure to UV light.

Elucidation of the binding site will provide additional information as to which conformation or
exposure level of apoB on different classes of lipoproteins lead to sequestering PCSK9 in

lipoprotein-bound pools. Additionally, it will further inform development of new PCSK9 inhibitors.
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6.3 PCSK9-lipid interactions

We showed in Chapter 2 that lipidic environments modulate the structural change in the PCSK9 N-
terminal domain. However, we were not able to obtain a clear answer as to whether PCSK9 binds to
lipid structures or is merely induced to conformationally change in proximity to lipids. Future
studies may wish to examine this, as well as whether different lipid species or ratios, free
cholesterol content or surface curvature affects PCSK9-lipoprotein interactions. Several methods
exist to study lipid-protein binding, including lipid affinity bead pulldown228229, lipid overlay
assays239, liposome binding assays?31232 and surface plasmon resonance. SPR would be especially
suitable for obtaining quantitative binding affinity data using immobilized liposomes or micelles.
Liposome binding assays employing simple pelleting of the liposomes by centrifugation, along with
bound proteins232, are the simplest and quickest way of assessing lipid association. However, our
work using this technique did encounter problems assessing specificity of the interaction, as
discussed in Section 2.3. Thus, it may be desirable to try different methods. Another interesting
approach may be to assess PCSK9-lipoprotein binding with lipoproteins treated with Methyl-3-
cyclodextrins233 to deplete cholesterol content, or lipoproteins treated with lipoprotein lipase to

modulate core triglyceride content.

6.4 A negative feedback loop to regulate PCSK9 activity in circulation

As demonstrated in Chapter 4, PCSK9 can bind not only to LDL but also to more TG-rich
lipoproteins in the IDL range, while binding to VLDL is barely detectable. This remodeling-
dependent association of PCSK9 with lipoproteins affects lipoprotein-bound pools of PCSK9 in the
circulation, and may act as a negative feedback mechanism that limited PCSK9 activity only in late
postprandial stages in an evolutionary setting of low-nutrient periods of starvation. This feedback
control of PCSK9 activity could even serve to monitor lipolysis or lipid transfer of apoB100-
containing lipoproteins. However, in humans, modern dietary conditions potentially create a
situation where plasma LDL levels are determined more by hepatic clearance than by generation
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from dietary input. In this case, PCSK9 function promotes an expanded LDL pool size that
contributes to coronary heart disease in the expanded lifespan of modern humans. The
physiological significance of the PCSK9-lipoprotein interaction could be investigated in future
studies by comparing lipoprotein-bound PCSK9 distribution in fasted vs. postprandial plasma
samples, and in long-term animal models. Understanding how lipoproteins regulate and modulate
PCSKO9 activity in circulation will hold implications both for PCSK9-inhibiting drug design as well as
for personalized medicine - individuals with differing PCSK9 activities due to differing lipoprotein

profiles may benefit from more tailored therapeutic prescriptions for hypercholesterolemia.

6.5 In vivo studies of the PCSK9-lipoprotein interaction

No studies have been done in vivo to specifically study the physiological effects of the PCSK9
interaction with LDL. Thus, important future studies to undertake are the evaluation of acute and
long term effects of the PCSK9-LDL interaction on PCSK9 clearance and hepatic LDLR expression,
most probably in mice. Specifically, injection or infusion studies delivering an acute bolus of PCSK9
into hypercholesterolemic circulation would allow measurement of the rate of PCSK9 clearance as
well as the extent of hepatic LDLR degradation in the presence of elevated LDL in the short term.
These studies must be controlled with non-LDL binding PCSK9 which remains functional in terms
of LDLR degradation, to separate the effects of the LDLR interaction on PCSK9. As well, the creation
of genetically modified “knock-in” mice endogenously expressing such non-LDL binding PCSK9
would allow the study of life-long effects of the absence of PCSK9 regulation by circulating
lipoproteins. Various parameters in these animals could be measured to assess the long-term
physiological consequences of non-LDL regulated PCSK9, such as circulating PCSK9 and lipoprotein
levels, hepatic LDLR, and histological comparisons of atherosclerotic development on chow vs.
atherogenic diet. Our preliminary tests using apoF-/- mice in Chapter 4 indicate that choice of

mouse model should be taken into careful consideration, to maximize the human
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representativeness of the lipoprotein profile. As well, the biochemistry of human PCSK9 interacting

with mouse lipoproteins must be taken into further account.

While evaluating different mouse models for use in these studies, it may be investigated whether
mice are the best animal model to use at all. Two important aspects to consider are: (1) whether
the lipoprotein profiles and metabolism of that model are comparable to humans, and (2) whether
PCSK9 sequence, structure and function shows significant homology to humans in that model. Past
knock-down and knock-out studies in zebrafish and mice suggest that PCSK9 may function
differently in mammals vs. non-mammalsz34. Mice are the most common animal model used to
study mammalian biology. However, the lipoprotein profiles of mice differ fundamentally from
humans. Mice produce apoB48-lipoproteins from both liver and intestine, in contrast to humans
where apoB editing to produce B48 is restricted to the intestine224. Mice also lack CETP, thus they
normally have HDL as the predominant circulating lipoprotein235, in contrast to humans that
predominantly have LDL. Primate models such as African green monkeys and rhesus monkeys have
the most human-representative lipoprotein profiles236. However, more appropriate for preliminary
pre-clinical studies would be small animals such as hamster or rabbit on high cholesterol diet,
which show significant proportions of LDL in their circulating lipoproteins236. Hamsters are
considered useful hypercholesterolemia models because they have CETP activity, the majority of
their LDL-C is cleared through the LDLR, and apoB48 is produced from the intestine, while the liver
produces B100237. More recently there have been suggestions that hamsters are not good at
developing atherosclerotic lesions237, however, for preliminary PCSK9-LDL interaction studies, the
development of an appropriately atherogenic lipoprotein profile should be sufficient. Rabbits are
considered appropriate hypercholesterolemia models for reasons similar to hamsters238. Rabbits
also have specifically apoB100-producing livers239. Transgenic rabbit models expressing human
apoB100 exist?40. Guinea pigs are also a good candidate, as they carry the majority of their

cholesterol in LDL and have CETP and LP activity, resulting in lipoprotein delipidation cascades
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similar to humans?41. Pigs are another animal model used for atherosclerotic research. However,
these would be larger animal models and may be more useful in lesion-observing studies where
anatomical similarities to humans in terms of size and vasculature may be more important. A
summary of sequence similarity between PCSK9 and apoB100 of these species of interest is

presented in Table 1.

Table 1: Sequence identity matching of human PCSK9 and apoB100 protein sequences to various
species

PCSK9 ApoB
Uniprot 1D RUEERERNEI UnipratID e entiy
Rhesus Monkey A8T666 96.4 G7N9H7 85.1
Pig 13LGB2 79.7 FISCV9 76.6
Rat P59996 77.3 FIM6Z1 69.2
Mouse Q80W65 77.0 E9Q414 69.7
Guinea pig G3GTKS 74.9 HOV4A3 70.4
Chinese hamster HOVTV9 75.9 G3GZQO0 68.1

6.6 Conclusion

The PCSK9-LDL interaction is still a relatively unexplored aspect of lipoprotein biology. It holds
great potential for development of hypercholesterolemia therapeutics. It may also hold the key to
answering basic questions about PCSK9 biology, such as why SREBP2-mediated up-regulation of
both LDLR and PCSK9 appears to make a futile cycle of LDLR production and degradation, and

whether there is more to the picture. Thus, this area calls for further study and understanding.

This thesis has provided new molecular detail on the PCSK9-LDL interaction, providing evidence
through gain-of-function mutation studies that it is inhibitory and sensitive to lipoprotein
remodeling in the post-prandial period, suggesting an evolutionary role. While this mechanism
may be dysregulated in a modern diet, further understanding of the mechanism whereby LDL

inhibits PCSK9 activity could lead to novel small molecule therapeutic approaches.
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Appendix A - Mutagenesis Primers

Table A1: Sequences of forward (F) and reverse (R) primers used to mutate C-terminally FLAG-
tagged wild-type human PCSK9. Bold, underlined letters indicate mutated base pairs, | indicates

deletion site.

Mutant Primer Sequence (5’ 3’)
A33-40 F:  GCGGGCGCCCGTGCGCAGGAG|CTGGTGCTAGCCTTGCGT
R:  ACGCAAGGCTAGCACCAG|CTCCTGCGCACGGGCGCCCGL
Gly-Ser F:  GGACGAGGACGGCGACTACGAGGAGGGTGGGAGTGGCGGGAGTTCCGAGGAGGACGGCCTGGCC
41-45 R: CTCCTCGTAGTCGCCGTCCTCGTCCTCCTGCGCACGGGCGCCCGCG
A44P F:  GGAGCTGGTGCTACCCTTGCGTTCCGAGG
R: CCTCGGAACGCAAGGGTAGCACCAGCTCC
R46L F:  GGTGCTAGCCTTGCITTCCGAGGAGGACGG
R: CCGTCCTCCTCGGAAAGCAAGGCTAGCACC
R496W F:  GAGTGGGAAGCGGTGGGGCGAGCGCATG
R:  CATGCGCTCGCCCCACCGCTTCCCACTC
R469W F:  CTCGGGGCCTACATGGATGGCCACAGCCATC
R:  GATGGCTGTGGCCATCCATGTAGGCCCCGAG
F515L F:  CCACAACGCTTTAGGGGGTGAGGGTG
R: CACCCTCACCCCCTAAAGCGTTGTGG
S127A F:  CCTGGTGAAGATGGCTGGCGACCTGCTG
R:  CAGCAGGTCGCCAGCCATCTTCACCAGG
S127R F:  GGTGAAGATGAGAGGCGACCTGCTG
R: CAGCAGGTCGCCTCTCATCTTCACC
L108A F:  CGCCGGGGATACGCCACCAAGATCCTG
R: CAGGATCTTGGTGGCGTATCCCCGGCG
L108R F: CCGCCGGGGATACCGCACCAAGATCCTGC
R: GCAGGATCTTGGTGCGGTATCCCCGGCGG
D129G F:  GAAGATGAGTGGCGGCCTGCTGGAGCTGG
R: CCAGCTCCAGCAGGCCGCCACTCATCTTC
mL44P F:  GATTATGAAGAGCCGATGCTCGCCCTCC
R:  GGAGGGCGAGCATCGGCTCTTCATAATC
mA47P F:  GAAGAGCTGATGCTCCCACTCCCGTCCCAGG
R:  CCTGGGACGGGAGTIGGGAGCATCAGCTCTTC
mS130R F: CTTGGTGAAGATGCGTAGTGACCTGTTGGG
R: CCCAACAGGTCACTACGCATCTTCACCAAG
mD132G F: GAAGATGAGCAGTGGCCTGTTGGGCCTGG
R:

CCCAACAGGCCACTGCTCATCTTCACC
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Appendix B - Patient Characteristics

Table B1: Patient characteristics of hypertriglyceridemic study subjects.

. Total cholesterol P las mat HDL-C
Patient VL) Triglyceride (mmol/L)
(mmo (mmol/L)
1 6.4 16.5 0.78
2 6.1 8.2 1.44
3 6.7 4.8 1.18

HDL-C, high density lipoprotein cholesterol

Table B2: Patient characteristics of hypercholesterolemic study cohort.

Total
n Triglyceride LDL-C  HDL-C
Group (Male/Female) Age BMI c?;llflit;{‘)’l (mmolL) (mmol/L) (mmol/L)
Control 42 Mean: 69 26.5 44 1.1 2.4 1.5
(LDL<3 mM, TG<2.3mM) (12/30) (Range): (40-90) (18.6-36.0) (3.4-5.9) (0.5-2.1) (1.7-3.0) (0.8-3.0)
Hypercholesterole mia 42 Mean: 69 27.1 7.3% 1.6* 5.2% 1.4

(LDL>4.9mM, TG<2.3mM) (10/32)  (Range): (30-90) (20.0-35.9) (6.6-8.5) (0.6-3.4) (4.9-6.0) (0.8-2.4)

BMI - Body Mass Index; LDL-C - low-density lipoprotein cholesterol; HDL-C - high density lipoprotein cholesterol;
* - Statistically significant difference from control group, p<0.05.
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Appendix C - Supplementary data

The work presented in this PhD thesis is an expansion on an MSc thesis previously written by the
candidate (available at http://dx.doi.org/10.20381/ruor-4155). As such, some data presented in
the MSc thesis (but as yet unpublished) is referred to in the text of this thesis. These data are
included in this appendix as Figures C1, C2 and C4, while Figure C3 is supporting data for Figure 11

on page 50 of this thesis.
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Figure C1: Introduction of helix-disrupting proline residues into PCSK9 prodomain N-
terminal cause loss of LDL-binding. (A) Representative immunoblot (of n=3 experiments)
of LDL and non-LDL (heavy) fractions of in vitro PCSK9-LDL binding reactions performed
similar to experiments in Figure 3C. Probed for FLAG to detect recombinant C-terminally
FLAG-tagged PCSK9. (B) Agarose gel shift assay of Dylight800-labelled wild-type or A44P-
PCSK9 with LDL. 4pg/mL labelled PCSK9 was incubated with 500pg/mL LDL at 37°C for 1
hr. LDL-bound and unbound PCSK9 was resolved on 0.7% agarose. Fluorescently labelled
proteins were directly visualized in the agarose on a LI-COR system.
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Figure C2: R46L PCSK9 competes for LDL binding with similar affinity to WT PCSK9 in agarose
gel shift assay. 10.8nM IR-dye labelled PCSK9 was incubated with 500ug/mL LDL, in the
presence of up to 500-fold excess unlabelled PCSK9, either wild-type or R46L. Bound and free
complexes were resolved by electrophoresis on 0.7% agarose gels. Gels were visualized on a
LI-COR Odyssey system. Bound labeled PCSK9 was quantified and fit to a one-site binding
curve on Prism5 software using non-linear regression. Gel scan (A) is from one experiment
representative of n=3. Mean data + SEM for n=3 experiments is plotted in (B) for non-linear
regression analysis. Mean inhibitor constant (Ki) values obtained for WT = 360.1+100.7 nM,
for R46L = 357.9+96.7 nM. Difference between K's is not statistically significant according to
student’s t test.
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Figure C3: Cholesterol content of density ultracentrifugation fractions. Cholesterol
content of the density ultracentrifugation fractions from Figure 11 (page 50) was
measured as an indication of lipoprotein floatation within the density gradients. Fractions
were obtained from the top to the bottom of the gradient (light to heavy density)
covering the range of densities for each lipoprotein class. Portions of each fraction were
subjected to a commercial colorimetric enzymatic plate assay to measure the cholesterol
content.
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Figure C4: PCSK9 containing helix-disrupting proline mutaions in the N-terminal region can undergo
cellular uptake and mediate LDLR degradation similar to wild-type PCSK9. (A) Cellular uptake of PCSK9-
FLAG in HEK293 cells. HEK293 cells transfected (or not) with human LDLR were treated with 10ug/ml
wild-type or mutant PCSK9-FLAG from conditioned medium for 2 hours at 37°C. Cells were lysed and
proteins resolved by SDS-PAGE and detected by immunoblotting. Actin acts as loading control. Plotted
means of n=3 with SEM, relative to wild-type. (B) Cell-surface LDLR degradation by exogenous PCSK9.
HEPG2 cells induced to upregulate LDLR expression by pravastatin treatment were treated with purified
exogenous wild-type or A44P-PCSK9-FLAG for 4 hours at 37°C. Cells-surface proteins were then
biotinylated and isolated by pulldown with Neutravidin agarose beads, then resolved by SDS-PAGE and
detected by western blot. Plotted means of n=3 with SEM, relative to no treatment (n/a). All lanes
significantly different from no treatment (p<0.05) according to Dunnets post-test after one-way ANOVA.
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