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Abstract

The epidermal growth factor-like domain A (EGF-A) of the low-density lipoprotein (LDL)
receptor is a promising lead for therapeutic inhibition of proprotein convertase subtilisin/kexin
type 9 (PCSK9). However, the clinical potential of EGF-A is limited by its sub-optimal affinity
for PCSK9. Here we use phage display to identify EGF-A analogues with extended bioactive
segments that have improved affinity for PCSK9. The most potent analogue, TEX-S2 03,
demonstrated ~130-fold improved affinity over the parent domain, and had a reduced calcium
dependency for efficient PCSK9 binding. Thermodynamic binding analysis suggests the
improved affinity of TEX-S2 03 is enthalpically driven, indicating favorable interactions are
formed between the extended segment of TEX-S2 03 and the PCSK9 surface. The improved
affinity of TEX-S2 03 resulted in increased activity in competition binding assays, and more
efficient restoration of LDL receptor levels with clearance of extracellular LDL cholesterol in
functional cell assays. These results confirm that TEX-S2 03 is a promising therapeutic lead
for treating hypercholesterolemia. Many EGF-like domains are involved in disease-related
protein—protein interactions; therefore, our strategy for engineering EGF-like domains has the

potential to be broadly implemented in EGF-based drug design.
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INTRODUCTION

Cardiovascular disease (CVD) remains one of the largest health burdens around the world.! A
major risk factor of CVD is low-density lipoprotein (LDL) cholesterol (LDL-C), as elevated
LDL-C levels in circulation can lead to chronic diseases such as atherosclerosis.? Statins are
widely prescribed for lowering LDL-C to prevent CVD events; however, efficacy limitations
of statins have stressed the importance of developing new therapies for treating CVD.3 4
Proprotein convertase subtilisin/kexin type 9 (PCSK9) is the major regulator of the LDL
receptor (LDLR) which subsequently affects its ability to efficiently remove LDL-C from
circulation,’”’ and individuals with gain-of-function mutations of PCSK9 have significantly
elevated LDL-C levels and increased risk of atherosclerosis.® This causal connection suggested
that inhibition of PCSK9 will lower LDL-C levels. Subsequent genomic, functional, and
clinical studies have validated PCSK9 as one of the most promising new therapeutic targets for

cholesterol-lowering therapy.*!!

PCSKO9 regulates LDLR levels by binding to the extracellular domain of LDLR at liver cell
surfaces and prevents receptor recycling — an endocytic pathway fundamental to the efficient
removal of LDL-C from the blood.'> ¥ The dominant binding site in the extracellular milieu
occurs between the catalytic domain of PCSK9 and the first epidermal growth factor-like
domain (EGF-A) of LDLR,'* 1 which is a protein microdomain located in the EGF precursor

homology region.

The binding interaction between PCSK9 and EGF-A constitutes a flat and featureless interface

of ~500 A? that has made small molecule intervention highly challenging to date.!>!7

Clinically approved monoclonal antibodies that bind to PCSK9 and prevent LDLR interaction
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have shown good efficacy in lowering LDL-C and reducing the number of CVD events
experienced by hypercholesterolemic patients.!®2! However, their clinical use has been
underwhelming, in part due to their high price which has raised concerns regarding their cost-
effectiveness.?> 2> These drawbacks have stimulated research into identifying alternative

therapeutic modalities for inhibiting PCSK9.24 %

Peptides have great potential as drugs,?® %’

and some have gained attention as promising
modulators of PCSKO9. The ability of peptides to mimic complex protein structures engenders
them with the ability to block protein—protein interactions (PPIs) with high specificity,?® and
their smaller size compared to antibodies allows them to be produced more cheaply. For these
reasons, there has been wide interest in developing peptide-based PCSK9 inhibitors using

multiple platforms, such as high-throughput combinatorial library screening,?®-32

computationally derived peptidomimetics,> 34

or peptide fragments from food-derived
proteins.’>=37 However, peptide leads discovered to date are yet to be clinically available, partly

due to poor pharmaceutical properties such as low affinity, solubility and stability. Therefore,

the discovery of new leads and optimization of current leads is urgently needed.

A promising lead for the development of peptide-based PCSK9 inhibitors is the EGF-A domain
of LDLR. Not only is this domain a natural lead for inhibitor design but it belongs to a structural
family of disulfide-rich domains that have several properties that make them valuable scaffolds
for molecular engineering and therapeutic development. First, their participation in PPIs means
they are well-suited to binding to protein surfaces without prominent structural features that
are typically challenging to target.!” % 3° Second, they are characterized by a conserved

disulfide-rich framework that engenders them with advantageous pharmaceutical properties
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such as improved stability and increased structural rigidity.**-#> Third, the segments between
conserved cysteine residues of EGF-like domains show high levels of variability in terms of
length and amino acid composition. For example, the length of segment 2, which sits between
Cys' and Cys!, ranges from 0 to 14 amino acids, and the length of segment 3, which sits
between Cys!! and Cys'!, ranges from 2 to 16 amino acids.** The sequence diversity of the
segments suggests that EGF-like domains can tolerate modification by inserting foreign
peptide motifs between conserved Cys residues. This concept has been extensively explored
for other disulfide-rich peptide scaffolds such as cyclotides.** In short, EGF-like domains are
highly abundant throughout nature, but their use as scaffolds for peptide drug design is

surprisingly underexplored.

In a 2008 study, an excised EGF-A domain was shown to prevent PCSK9 binding to LDLR
and restore cellular LDLR function.* Subsequent efforts have explored optimizing EGF-A to
improve its affinity and activity; for example, PCSK9 binding residues of EGF-A were
optimized using a combinatorial library screening approach which identified analogues with
improved affinity for PCSK9.4 However, the most potent compounds endured synthesis
difficulties and as a result Fc-fusion constructs were required for activity determination. As an
alternative strategy, we truncated the EGF-A domain by removing the C-terminal region
(consisting of the third disulfide bond and last two segments), resulting in a smaller analogue
(tEGF-A) that was easier to chemically synthesize.*” However, the truncated analogue resulted
in no improvement in affinity for PCSK9 over the full-length domain. Overall, the sub-optimal
properties of these EGF-A analogues highlights the need to investigate alternative approaches

to improve activity.



In this study we show that bioactive segments of the EGF-A analogue, tEGF-A, can be
engineered to optimize its binding interface with PCSK9. We produced and screened phage
display libraries with extended segments to expand the contact interface with PCSKO resulting
in the identification of tEGF-A analogues that have improved affinity for PCSK9 in vitro and
increased efficacy in functional cell-based assays. These results provide new insights and
guidance for designing EGF-A analogues that have the potential to be developed into new

cholesterol-lowering therapeutics.
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RESULTS
Designing extended tEGF-A scaffolds for high throughput screening

Analysis of the tEGF-A:PCSK9 crystal structure (PBD 4NE9) shows that segments 2 and 3 of
tEGF-A are orientated close to the PCSK9 surface and residues from these segments are

important for protein binding (see Figure 1).!6 46 48

Therefore, we hypothesized that these
segments could be the subject of molecular engineering by extending their lengths to identify
optimized segments capable of improved interaction with PCSK9. Two TEX (truncated EGF-
A extension) phage libraries were constructed: TEX-S2 (where the length of segment 2 was

increased from 6 to 14 residues, see Figure 2A) and TEX-S3 (where the length of segment 3

was increased from 3 to 11 residues, see Figure 2B).

segment 2 extension segment 3 extension

Figure 1. A bioactive segment extension approach for improving the affinity of truncated EGF-
A (tEGF-A) by increasing and optimizing the binding interface with PCSK9. Residues from
segments 2 (blue) and 3 (purple) of tEGF-A (orange) contact PCSK9 (PDB 4NE9) and these

segments were re-engineered to increase binding affinity by extending their lengths. The
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PCSK9 surface contacting tEGF-A is highlighted yellow, with the non-utilized surface

accessible to binding highlighted pink.

The TEX libraries were separately subjected to three rounds of panning against human PCSKO.
Since calcium is required for stabilizing the tEGF-A fold and facilitates efficient binding to
PCSK9,* we chemically re-folded the TEX libraries in the presence of calcium prior to each
panning round to improve the likelihood of forming the desired disulfide connectivity.
Furthermore, calcium was included during panning to facilitate binding between the displayed
peptides and PCSK9. To selectively identify PCSK9 inhibitory binders, the bound phage were
eluted with varied concentrations of synthetic tEGF-A. MiSeq next-generation sequencing was
used to analyze output phage from each round (Supplementary Tables S1 and S2).
Interestingly, the output phage from the TEX-S2 library were enriched for sequences with an
additional pair of Cys residues at positions 10 and 11 or 10 and 15 of the extended segment
(Figure 2A). The TEX-S3 library showed enrichment of a -HXHXH— motif in the randomized
segment (Figure 2B). The most enriched sequences from each library that contained unique
segment motifs (three sequences from TEX-S2 and two sequences from TEX-S3, see Figure

2C) were selected for chemical synthesis and binding validation.
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Figure 2. Screening tEGF-A extension (TEX) libraries against PCSK9. (A) TEX-S2 and (B)
TEX-S3 libraries with 8 randomized residues inserted into segment 2 or 3 of tEGF-A,
respectively. The MiSeq next generation sequencing data for the randomized segment motif is
summarized based on the frequency of amino acids occurrence using sequence logos. (C) The
most enriched peptide sequences from each phage displayed library after three rounds of
panning are shown, with the final output library frequency shown in the right-hand column.
The randomized extension motifs are surrounded by a box. X indicates a randomized residue.
All Cys are highlighted in yellow with expected disulfide connectivity, based on the parent
tEGF-A scaffold, indicated with yellow lines. The additional Cys residues of TEX-S2 01 and

TEX-S2 02 were presumed to form an intra-segment disulfide bond.
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Structural effects of segment extension on EGF-fold

Phage derived peptides TEX-S2 01-03 and TEX-S3 01-02 were chemically synthesized
using standard Fmoc SPPS. To form the desired disulfide connectivity, the peptides that
contained four Cys residues were oxidized using orthogonal disulfide bond formation (see
Supplementary Table S3). Due to the additional Cys residues in the extended segments of TEX-
S2 01 and TEX-S2 02, disulfide connectivity was not enforced during synthesis and oxidation
of these peptides was performed in a one-step redox environment that contained calcium to

help form the desired disulfide connectivity (Supplementary Figure S1).

To analyze whether the TEX peptides retained the structural topology of the EGF-fold, 1D 'H
NMR spectra were recorded and compared to tEGF-A. Our previous studies showed that low
temperatures and the presence of calcium are important for stabilizing the tEGF-A
conformation;*”- 48 therefore, spectra were recorded at 283 K with 5 mM CaCl,. As shown in
Figure 3A, all TEX peptides had poorly defined structures compared to tEGF-A, indicated by
the broad peaks and narrow spectral dispersion in the amide signal region. Broad signals often
reflect the presence of slow/intermediate exchange between multiple conformations, which
suggests the TEX peptides are flexible in solution. Interestingly, the additional disulfide bond
in TEX-S2 01 and TEX-S2 02 appeared to have little effect on stabilizing the structure. The
TEX-S3 peptides had slightly sharper peaks; however, they still suffered from poor dispersion
and secondary structure analysis was not viable. The upfield Ho chemical shifts present in the
tEGF-A spectrum that represent the presence of a B-sheet motif were not present for all the

TEX peptides, further indicating TEX peptides are more flexible than their parent peptide.

10



10

11

12

13

14

15

A B
peak dispersion | A‘ indication of TEX-S2_03
I 3-sheet
tEGF-A W MWU 50 mM CaCl,
TEX-S2_01 5mM CaCl, A ’\
0 mM CaCl, A AN M MJ i

TEX-S2_03 10 9 8 7 6 [ppm]

TEX-S3_01 N M, | l h« M “
TEX- NH 'M h l

.S3 02
10 9 8 7 6 [ppm]

TEX-S2_02

O Ca? binding residues
o TEX-S2
=mTEX-S3

D

RMSD (A)
O N b O OO

0 10 20 30 40 50
50 ns Time (ns)

Figure 3. Structural analysis of TEX peptides. (A) 1D 'H NMR spectra for tEGF-A (orange)
and TEX-S2 (blue) and TEX-S3 (purple) peptides. An upfield Ho chemical shift that represents
the presence of a B-sheet is identified on the tEGF-A spectrum. All spectra were recorded at
283 K with 5 mM CaCl. (B) Effects of calcium on the structure of TEX-S2 03 by analyzing
differences in the 1D spectra. Spectra were recorded at 298 K as temperature did not affect
spectra quality (see Supplementary Figure S2). (C) Illustration of the calcium binding residues
on tEGF-A (grey), showing that they are not part of the engineered segments. (D) Cartoon
representations of TEX-S2 03 at 0, 10, 30 and 50 ns time points taken from molecular dynamic
simulations. (E) Root-mean-square deviation (RMSD) (A) for backbone atoms of TEX-S2 03

over the course of the simulations compared to the initial in-silico structure.

We selected TEX-S2 03 for structure characterization in diverse chemical and thermal
conditions since this compound was the most active (see binding data below). Because calcium

is important for stabilizing tEGF-A, we compared the 1D 'H NMR spectra of TEX-S2 03 in

11
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the presence of 0, 5 and 50 mM CaCl,. However, no major differences were observed (Figure
3B), even though TEX-S2 03 inherits the five residues of tEGF-A known to be involved in a
bipyramidal coordination to calcium (Thr and Glu in segment 1; and Asn, Leu, Gly in segment
4),* as shown in Figure 3C. It is possible the increased structural flexibility counteracts the
stabilizing effects of calcium binding. Additional experiments that examined the effects of
temperature, pH and hydrophobicity had little effect on spectral quality (Supplementary Figure
S2). In general, the spectra of TEX-S2 03 were characterized by broad peaks, which are due
to conformational exchange in the slow to intermediate timescale of NMR, suggesting TEX-
S2 03 is flexible in a wide range of solution conditions. In agreement with the NMR analysis,
TEX-S2 03 exchanged between multiple conformations during molecular dynamic (MD)
simulations (Figure 3D and 3E) and provided further evidence that the TEX peptides can be

flexible despite having an EGF-like fold.

High proteolytic stability is often a hallmark of natively folded disulfide-rich peptides.
Therefore, TEX-S2 03 and TEX-S3 01 were monitored for their stability in human serum,
and compared to tEGF-A, to see if the increased flexibility leads to an increased susceptibility
to proteolytic attack. Neither TEX-S2 03 or TEX-S3 01 were markedly degraded after 24 h
incubation with human serum, showing similar stability to tEGF-A (Supplementary Figure S3).
The only notable observation was the emergence of a by-product with a AMW of +1 during
TEX-S2 03 incubation with serum over 24 h, most likely indicating deamidation of an Asn
sidechain. Together, these results suggest that although segment extension of tEGF-A distorted
the EGF-fold and reduced structural rigidity, it did not affect proteolytic stability. Although the
TEX peptides were more flexible than their parent peptide, we hypothesized structural

rigidification might occur upon binding to PCSK9 much like how many peptide ligands change

12
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conformation upon contact with their cognate receptor. Therefore, we proceeded to test the

activity of the TEX peptides.

TEX-S2 peptides have improved affinity for PCSK9

The affinity of the TEX peptides for PCSK9 were determined using surface plasmon resonance
(SPR) and competitive enzyme-linked immunosorbent assay (ELISA) binding experiments.
SPR sensorgrams showing the binding (association, dissociation) of TEX peptides to PCSK9
in the presence of 5 mM CaCl, are presented in Figure 4A. Interestingly, all TEX-S2 peptides
had improved affinities for PCSK9 compared to tEGF-A. Remarkably, the most potent peptide,
TEX-S2 03, had an equilibrium dissociation constant (Kp) of 15 nM, which is ~130-fold lower
than tEGF-A (Kp of 1,965 nM) (Figure 4B). The improved affinity of TEX-S2 03 was due to
a (favorable) ~500-fold slower dissociation rate (kofr) compared to tEGF-A, which offsets the
~5-fold slower association rate (kon) (see Table 1). In comparison, the improved affinities of
TEX-S2 01 (Kp of 511 nM) and TEX-S2 02 (Kp of 280 nM) were solely due to faster kon. The
results for the TEX-S2 peptides were markedly more promising than those for the TEX-S3
peptides (TEX-S3 01 had a Kp of 3,383 nM and TEX-S3 02 showed no affinity for PCSK9

up to 54 uM).

Table 1. Kinetic parameters of TEX peptides binding to PCSK9 determined by SPR ¢

Peptide kon (X 10* M's1) kot (x 1073 57 Ko (uM)
With 5 mM CaCl:

tEGF-A 8.165+2.7 148 £ 20 2.0+0.7
TEX-S2 01 344+23 176 £5 0.51+0.02
TEX-S2 02 71.2+22 188+ 6 0.28 £ 0.08
TEX-S2 03 1.9+0.1 0.3+0.07 0.015+0.003
TEX-S3 01 39+14 111+34 34+£1.0
TEX-S3 02 No binding up to 54 uM

Without CaCl:

tEGF-A No binding up to 54 uM

TEX-S2 01 Not determined

13



10

11

12

13

14

15

16

17

18

19

20

21

22

TEX-S2 02 1.5+0.3 204 +39 13.6+£0.2

TEX-S2 03 0.28 £0.08 22 +£0.07 83+23
TEX-S3 01 No binding up to 54 uM
TEX-S3 02 No binding up to 54 uM

“ kon 1s the association rate constant, kotris the dissociation rate constant, Kp is the equilibrium
dissociation constant (used to compare binding affinity). Values were determined from single
cycle SPR sensorgrams (see Figure 4A) using BIAevaluation software and are the average +

s.d. from at least two independent experiments.

The ability of the TEX peptides to bind to PCSK9 in a calcium-free environment was also
assessed (Figure 4C), as calcium-dependent binding is a hallmark property of the parent

47.48 removal of calcium resulted in tEGF-A

peptide. In agreement with our previous studies,
showing no affinity for PCSKO. In a similar fashion, both TEX-S2 02 and TEX-S2 03 had
~50-fold and ~500-fold lower affinities in the absence of calcium, though binding was not
completely abolished. Both TEX-S2 02 and TEX-S2 03 had slower kon in the calcium-free

environment (see Table 1), suggesting that calcium plays a role in orientating these peptides

for efficient interaction with PCSKO9.

Selected TEX peptides were investigated for their ability to modulate the tEGF-A:PCSK9
interaction using a competition ELISA.3? In agreement with the improved affinity determined
during SPR, ~3-fold and ~10-fold lower concentrations of TEX-S2 02 and TEX-S2 03,
respectively, were required to inhibit the binding of 50% of HA-tagged tEGF-A to PCSK9
(ICs0) compared to tEGF-A (TEX-S2 02 ICso [95% confidence interval] of 2.1 [1.2, 21.3] uM,
TEX-S2 03 ICso of 0.6 [0.4, 1.0] uM, tEGF-A ICso of 6.9 [5.4, 9.1] uM; Figure 4D). TEX-
S3 01 (ICso of 11.7 [8.7, 17.7] uM) showed reduced inhibitory activity compared to tEGF-A,

whereas TEX-S3 02 showed no ability to block the tEGF-A:PCSK9 interaction. The

14
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competition ELISA data suggested extension of segment 2 resulted in more potent peptides

than extension of segment 3, with TEX-S2 03 being the most potent.
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Figure 4. In vitro binding of TEX peptides to PCSK9. (A) Single cycle SPR sensorgrams
showing peptide binding to immobilized PCSK9 in a calcium-present environment. All
peptides were screened at 0.2, 0.7, 2, 6, and 18 uM, except TEX-S2 03 which was screened at
0.02, 0.07, 0.2, 0.7, and 2 uM. (B) Equilibrium dissociation constants, Kp = kofr (dissociation
constant)/kon (association constant), for binding in a calcium-present environment. (C) Kp in a
calcium-free environment. N.B. = no binding up to 54 uM; N.D. = not determined. (D) Dose
response curves showing inhibition of PCSK9 binding to HA-tagged tEGF-A, tEGF-A[HA].
Data shown in panels B and C represent the average + s.d. from at least two independent

experiments. Data shown in panel D is the average + s.d. from three independent experiments.
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To characterize the molecular mechanism of increased TEX-S2 03 binding, we compared the
thermodynamic binding parameters of tEGF-A and TEX-S2 03 for complex formation with
PCSKO9 using isothermal calorimetry (ITC) (Figure 5). TEX-S2 03 showed a more favorable
enthalpic change (more negative AH), whereas the entropy contribution (more positive —TAS)
was more unfavored, compared to tEGF-A, suggesting that the improved affinity of TEX-
S2 03 is enthalpically driven. These differences in thermodynamic parameters suggests that
TEX-S2 03 forms more favorable non-covalent intermolecular interactions with PCSKO9, as
compared to tEGF-A, indicating an increased number of binding contacts.*” In comparison,
TEX-S2 01 showed similar thermodynamic binding parameters to tEGF-A (Supplementary,
Figure S4). Together, the ITC data suggests that the extended segment of TEX-S2 03 is
specifically accountable for the improved enthalpic contribution that drives the more
energetically favored complex formation with PCSK9. Collectively, the in vitro binding assays
indicated that TEX-S2 03 was the most promising peptide identified from the TEX libraries

and showed dramatically improved site-specific binding affinity for PCSKO.
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Figure 5. Thermodynamic binding analysis of tEGF-A and TEX S2 03 binding to PCSKO.
Binding isotherms show the differential power required to maintain system temperature

(dQ/dT) and the integrated heat change per injection (Q). Contributions to the Gibbs free
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energy change (AG) for the peptide:PCSK9 complex formation by the thermodynamic binding

parameters enthalpy (AH) and entropy (—~TAS) are labeled on their respective graphs.

TEX peptides restore LDLR function

The peptide with the highest binding affinity for PCSK9, TEX-S2 03 (from the segment 2
extension library) was compared to tEGF-A for its ability to modulate the levels of LDLR
localized on HepG2 (cultured liver cell) surfaces (Figure 6A). The most potent peptide from
the segment 3 extension library, TEX-S3 01, was also tested for comparison. LDLR levels
decreased in the presence of PCSK9 alone by 47.2 + 1.5% compared to untreated control cells,
and all tested peptides significantly increased LDLR levels when co-incubated with PCSKO.
Specifically, tEGF-A and TEX-S3 01 showed moderate micromolar activity, with incomplete
LDLR restoration (72.8 + 3.1% and 73.7 £ 5.6%, respectively) at 5 uM, and full LDLR
restoration (91.5 = 11.5% and 96.5 £+ 11.5%, respectively) at 50 uM. By comparison, 5 uM of
TEX-S2 03 was sufficient to completely restore surface LDLR levels (95.1 + 1.9%), providing

evidence of its increased potency and efficacy for inhibiting PCSK9 and restoring LDLR

(Figure 6B).
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o 150- - - = 25+
8 =
€= = 2.0
S X @ U=
2 5100 ’—‘ - —‘ >
52 ’—‘ £ 1.5+
o g =
T2 3]
ﬁ 5 50— _ § 1.0
© -
3= £ 05-
2 o - € 0.04
Cs X 150 - DE 2.5+
< =
£ é 2.0+
o -
2 100 ’—‘ Z 15-
o S
E 50— s 1.
=) >
=3 = 0.5+
©
Q k)
a 0= — - © 0.0-
- 2 N @ 005 05 PRI B ST
«° 5\5 05 5 10 50 (O 5\(\ O %“s 05 5 10 50 <P, 02, O
oo ¢ T tEGF-A(M) A M) o e TEX-52_03 (uM) " Texsz_ 03 0O €€ TEX-83_01 (M) '@%*—"%,{56/
PCSK9 (4 pg/mL) PCSK9 (4 ug/mL) PCSK9 (4 pg/mL) s

17



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Figure 6. Restoration of LDLR function by TEX peptides compared to tEGF-A. tEGF-A
(orange) data, TEX-S2 03 (blue) data, and TEX-S3 01 (purple) data are shown in the left,
middle and right panels, respectively. (A) tEGF-A, TEX-S2 03, and TEX-S3 01 induce an
increase of LDLR protein on HepG2 cell surfaces in the presence of PCSKO. (B) The relative
increase in LDLR cell surface levels observed after treatment with 5 pM of tEGF-A, TEX-
S2 03, or TEX-S3 01. (C) The decreased ability to uptake LDL by HepG2 cells induced by
PCSKO9 is prevented by increasing concentrations of tEGF-A, TEX-S2 03, and TEX-S3 01.
(D) The relative increase in LDLR ability to internalize LDL observed after treatment with 5
uM of tEGF-A, TEX-S2 03, or TEX-S3 01. Control represents cells without any treatment.
Results represent the average + s.d. of three independent experiments, each performed in
triplicate. Student t-test statistical analysis was performed; * p < 0.05, ** p < 0.01, *** p <

0.001, **** p <0.0001.

The functional activity of the peptides was further assessed by monitoring their ability to
modulate the capacity of HepG2 cells to uptake extracellular LDL in the presence of PCSK9
(Figure 6C). HepG2 cells incubated with PCSK9 showed a 55.8 £ 7.4% reduction in the uptake
of fluorescent LDL compared to untreated cells, indicating reduced LDLR function. Treatment
with 5 pM tEGF-A and TEX-S3 01 partly restored LDLR function, increasing LDL uptake to
69.6 = 1.0% and 68.2 + 3.1%, respectively. At the same peptide concentration, TEX-S2 03
completely restored LDL uptake (98.9 + 2.3%; Figure 6D) and achieved 76.2 + 3.5% of LDL
uptake at the 10-fold lower concentration of 500 nM. Both TEX peptides were nontoxic to
HepG?2 cells at concentrations up to 50 uM (Supplementary Figure S5). Therefore, we conclude
that the cell-based activity of TEX peptides is mediated by their ability to directly inhibit
PCSKO. Furthermore, these functional assays confirm that the improved affinity of TEX-S2 03

for PCSK9 translates to improved biological activity and restoration of LDLR function.
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DISCUSSION AND CONCLUSION

In this study, we re-engineered a truncated analogue of the EGF-A domain of LDLR to improve
its ability to bind and inhibit PCSK9, promoting the uptake of LDL-C. By extending segments
of tEGF-A involved in PCSK?9 interaction, we designed phage-displayed peptide libraries to
select for peptides with additional binding contacts and an extended interface with PCSK9. The
most enriched sequences from two phage libraries were chemically synthesized and three out
of the five selected peptides showed improved affinity for PCSK9. The most promising lead
identified in this study, TEX-S2 03, has ~130-fold improved affinity for PCSK9 compared to
parent tEGF-A, which led to increased ability to restore LDLR function in human liver cell-

based assays.

The improved affinity of TEX-S2 03 for PCSK9, compared to the other TEX peptides and
tEGF-A, can be directly attributed to the enriched residues incorporated into the extended
segment. As evidenced by SPR (increased binding affinity, reduced kofr) and ITC (favorable
enthalpic change), the stronger TEX-S2 03:PCSK9 interaction indicates segment 2 of TEX-
S2 03 participates in additional binding events with PCSKO9 that results in the overall formation
of a larger binding interface. The extended segment of TEX-S2 03 is rich in aromatic residues
(aa 7-16; SSKYPWEPYW); therefore, the more favorable enthalpic change observed for the

complex formation may be driven by hydrophobic associations with the PCSK9 surface.

Competition binding assays confirmed that TEX-S2 03 bound to the native binding site
occupied by tEGF-A and had improved antagonistic activity. Even though TEX-S2 03 binds
to the same site as tEGF-A, our structural and activity data suggests a more elaborate binding

mechanism is occurring. The flexible nature of TEX-S2 03 indicates that it affects the pre-

19



10

11

12

13

14

15

16

17

18

orientation of the functional residues for efficient binding to PCSK9. Therefore, it is likely that
the engagement of TEX-S2 03 to PCSKD9 is different to that of tEGF-A and requires local
structural reorganization. This is evidenced by the TEX-S2 03:PCSK9 complex formation
encountering a large entropic penalty, which might be due to structural restriction of TEX-
S2 03 upon binding to PCSK9 and the slower kon observed in SPR. This phenomenon is less
evident for tEGF-A as it adopts similar conformations when bound and unbound to PCSK9.4
We propose the new interactions between TEX-S2 03 and PCSK9 help TEX-S2 03 overcome
its entropic penalty. These new binding interactions could expand into a binding pocket on
PCSKO9 outside of the tEGF-A:PCSK?9 interface because TEX-S2 03 retains some affinity for
PCSKD9 in a calcium-free environment. An example of a potential site for expansion is the
cryptic site occupied by the flexible P’ helix of the PCSK9 catalytic domain which has recently
been successfully targeted.’® >° To summarize, the binding mechanism might involve multiple
binding stages; for example, first the extended segment of TEX-S2 03 contacts PCSK9, then
the TEX peptide coordinates calcium on the PCSK9 surface, thereby promoting reorganization
of the peptide into a more active conformation with higher affinity for PCSK9 (Figure 7).
Despite not having validation of the mechanism of action, our results show we have
successfully engineered a truncated EGF peptide from LDLR into a more promising

therapeutic lead for lowering cholesterol.
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Figure 7

Cartoon illustration of proposed TEX-S2 03 binding mechanism to PCSK9 compared to tEGF-
A. In solution, tEGF-A binds calcium which reorganizes the peptide tertiary structure to occupy
the binding site located on PCSK9. On the contrary, the flexible structure of TEX-S2 03 in the
unbound state means the peptide is not initially structured to efficiently interact with PCSK9.
Instead, it appears that TEX-S2 03 weakly contacts PCSK9 (complex initiation) before
calcium coordination takes place. This enables structural reorganization of TEX-S2 03 to form
the most active conformation which forms an increased number of binding interactions with
PCSK9 compared to tEGF-A. Despite the alternative binding mechanism, TEX-S2 03:PCSK9
complex formation is energetically more favored than tEGF-A, as evidenced by the more

negative AG observed during ITC binding experiments (see Figure 5).
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The successful application of the bioactive segment extension approach demonstrated here
highlights its potential to be adopted as a tool for enhancing the affinity of other EGF-like
domains involved in PPIs, including a large proportion that have calcium-independent
mechanisms of action.** An example is the excised fifth EGF domain of thrombomodulin. It
displays  pro-angiogenetic = and  cytoprotective  activities by  inhibiting  the
thrombomodulin:thrombin interaction.’’ > Segment 6 of EGF5 is the major segment
responsible for binding to thrombin and therefore, could be engineered using the bioactive
segment extension approach for binding interface optimization. Overall, our bioactive segment
extension strategy is a valuable addition to the growing repertoire of peptide affinity
optimization approaches that increase the binding interface and lead to improved biological

activity.
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EXPERIMENTAL SECTION
Peptide phage library construction and screening

TEX phage libraries were designed based on the tEGF-A scaffold and produced as previously
described.*> TEX-S2 library contained a randomized 8-mer peptide motif inserted between
Leu319 and Asn321 of segment 2 of tEGF-A and TEX-S3 library contained a randomized 8-
mer peptide motif inserted between Ser326 and His327 of segment 3 of tEGF-A (amino acid
numbering is based on LDLR; UniProt P01130). TEX-S2 and TEX-S3 were sub-cloned into
pComb3X and transformed into XL-1 Blue cells using electroporation. The diversity of TEX-
S2 and TEX-S3 libraries were 7.3 x 10% and 4.4 x 108, respectively. Both DNA libraries were
propagated with VCSM13 helper phage. The propagated phage libraries were chemically re-
folded by reducing with 1 mM TCEP for 1 h at room temperature (RT), precipitated with 20%
PEGS8000 2.5 M NaCl, and resuspended in 30 mL oxidation buffer (0.1 M Tris pH 8.2, 0.2 M
NaCl, 10 mM CaCl,, 2 mM reduced glutathione, 0.2 mM oxidized glutathione) for 24 h at RT.
Both libraries were individually subjected to three panning rounds against biotinylated human
PCSK9 immobilized onto Dynabeads (MyOne Streptavidin T1, Invitrogen). PCSK9 was used
at 100, 50, and 20 nmol for rounds one, two and three, respectively. A competitive elution
strategy was performed by incubating the bound phage with tEGF-A (200 pL for 10 min, tEGF-
A concentrations used for competitive elution are shown in Supplementary Tables S1 and S2).
Pooled output phage from each round were subjected to amplicon sequencing targeting the
variable TEX coding regions using the Illumina MiSeq platform at the Australian Genome
Research Facility. Probability of residues occupying each position of the variable region was

visualized with WebLogo.>
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Peptide synthesis, oxidation, and purification

Peptides were synthesized using standard Fmoc solid-phase peptide synthesis on rink amide
resin at 0.125 mmol scale on a Symphony Multiplex Synthesizer. tEGF-A, TEX-S2 03, TEX-
S3 01 and TEX-S3 02 were synthesized with Cys' and Cys'! side chains protected with
acetamidomethyl (Acm) to allow stepwise disulfide bond formation. The assembled peptides
were deprotected and cleaved from the resin using trifluoroacetic  acid
(TFA):triisopropylsilane:H,O (95:2.5:2.5 v/v) for 3 h at RT before precipitating with cold
diethyl ether. Peptides were purified by reverse-phase high-performance liquid
chromatography (RP-HPLC) on a Shimadzu Prominence system using a 0.5-1% min’! linear

gradient from 0.05% TFA in water (v/v) to 0.05% TFA in 90% acetonitrile (v/v).

TEX-S2 01 and TEX-S2 02 were oxidized using a one-step strategy at 0.2 mg mL! in
oxidation buffer outlined above for 24 h. For the remaining peptides, the first disulfide bond
was formed using oxidation buffer (0.2 mg mL!) for 24 h before acidifying and forming the
second disulfide bond using I> for 30 min at RT. All oxidized peptides were purified by RP-
HPLC. Peptide purities (> 95%) were determined by analytical RP-HPLC and peptide masses
were confirmed by electrospray ionization mass spectrometry (ESI-MS) (Supplementary

Figure S6). A list of peptides synthesized for this study is shown in Supplementary Table S3.

PCSKD9 expression, purification and biotinylation

Full length human PCSK9 was expressed by The University of Queensland Protein Expression
Facility (PEF), and subsequently purified and post-translationally biotinylated as previously
described.* Briefly, crude secreted protein was purified by nickel affinity chromatography and

size exclusion chromatography using a Sephacryl S-200 column (GE Healthcare). PCSK9 was
24
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site-specifically biotinylated at an AviTag conjugated to the C-terminus using standard
protocol with BirA enzyme. Briefly, PCSK9 (5 uM) and BirA (1:100, enzyme to protein molar
ratio) were mixed before Biotin (60 eq.) and ATP (1000 eq.) were added and the reaction was

left for 12 h at room temperature. Biotinylated PCSK9 was purified by SEC as described above.

NMR spectroscopy

The preliminary 1D "H NMR experiments were recorded at 283 K on a Bruker Advance 500
or 600 MHz spectrometer. Peptides were dissolved to 0.5—-1 mM in 550 pL. H>O:D,0 (9:1 v/v)
containing 5 mM CaCly. Further experiments were performed on TEX-S2 03 where the
temperature was monitored at 283, 298, and 308 K, pH was adjusted using TFA and NaOH,
and CaCl, was tested at 0, 5, and 50 mM. NMR spectra were also recorded for TEX-S2 03 in
H>O:acetonitrile-ds (7:3 v/v). All spectra were referenced to 4,4-dimethyl-4-silapentane-1-

sulfonic acid (DSS) at 0 ppm.

Molecular dynamic simulations

An in-silico model of TEX-S2 03 was generated based on the structure of tEGF-A bound to
PCSK9 (PDB 4NE9) using MODELLER.>* Simulations were carried out as previously
described.*® tEGF-A or TEX-S2 03 were solvated in a 50 A3 water box. An equilibrium with
stepwise relaxation was performed at the start of each simulation. All non-hydrogen atoms
were restrained with a force constant of 2 kcal mol! A2 and 5,000 system minimization steps
were conducted using ACEMD v3.2.3% and CHARMM36 force field parameters. System
temperature of 315 K was maintained using a Langevin thermostat with a friction coefficient
of 0.1 ps!, and system pressure of 1 bar was maintained using an isotropic barostat. Long

range-electrostatic interactions were computed using the particle mesh Ewald algorithm at
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every timestep (4 fs), and smoothing was applied between 7.5 and 9 A. Simulation production
runs of 50 ns were conducted, and coordinates were saved every 500 ps. The root-mean-square
deviation (RMSD) of all non-hydrogen backbone atoms were analyzed using Visual Molecular

Dynamics (VMD).>

Human serum stability assay

Human serum (Sigma) was centrifuged at 14,000 g for 10 min to remove the lipid component.
Serum supernatant was incubated at 37 °C for 15 min before incubating with peptides. Stock
solutions of peptides (500 uM in H,O) were added to prepared serum (1:9, v/v) to make a final
volume of 40 uL and incubated at 37 °C for 0, 1, 2, 4, 8, and 24 h. tEGF-A was recovered from
samples by adding 40 pL of 6 M urea (10 min, 4 °C) then 40 pL 20% trichloroacetic acid (w/v)
(10 min, 4 °C) to precipitate serum proteins. TEX-S2 03 and TEX-S3 01 samples were
recovered by adding 80 pL acetonitrile:TFA (97:3 v/v) (10 min, 4 °C). Samples were
centrifuged at 14,000 g for 10 min and 100 pL of supernatant was analyzed using RP-HPLC
using a 1% linear gradient from 0.05% TFA in 10% acetonitrile (v/v) to 0.05% TFA in 50%

acetonitrile (v/v). Peptides were tested in triplicate.

SPR binding analysis

All SPR experiments were performed using a Biacore T200 instrument at 25 °C. Biotinylated
human PCSK9 was captured (~1500 RU) on a streptavidin sensor chip (GE healthcare). Five
serial three-fold dilutions of peptide were flowed over the PCSK9 surface using a single cycle
kinetics model. Peptides were initially tested in a 20 mM HEPES pH 7.4, 100 mM NaCl, 5 mM
CaClz, 0.05% Tween-20 (v/v) running buffer. All peptides were analyzed from low to high

concentration and each concentration was injected for 120 s at a flow rate of 30 uL min™!. All
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peptides were tested at a maximum concentration of 18 uM, except TEX-S2 03 and TEX-
S3 02 which were tested from 2 pM and 54 pM, respectively. For calcium-free binding
experiments, the running buffer was prepared without calcium and all peptides were tested up
to 54 uM. For all experiments, a streptavidin-bound reference channel was subtracted from the
channel with captured PCSK9. Data were analyzed using GE BIAevaluation software using a
1:1 binding model. The Kp values, calculated from the determined kon and kot values using the

equation Kp = kofr / kon, were the average + s.d. of at least two independent experiments.

ELISA competition assay

Competition binding experiments were performed as previously described.?? Briefly, PCSK9
(3 ug mL") was immobilized to Neutravidin-coated 96-well plates (Thermo) and wells were
blocked with 1% bovine serum albumin (BSA) (w/v) in 20 mM HEPES, 100 mM NaCl, 5 mM
CaCly, pH 7.4, 0.05% Tween 20 (v/v) (HBSC-T). Seven four-fold serial dilutions of peptide
competitors were prepared in solution with 1 uM HA-tagged tEGF-A in HBSC-T before
adding to the PCSK9-coated wells for 2 h at 37 °C. tEGF-A, TEX-S3 01, and TEX-S3 02
were tested from 160 pM, TEX-S2 02 was tested from 16 uM, TEX-S2 03 was tested from
40 uM. The wells were washed briefly with HBSC-T then incubated with anti-HA antibody
(1:1000 dilution in 0.1% BSA in HBSC-T (w/v), Thermo) in 0.1 % BSA in HBSC-T (w/v) for
45 min at RT. The wells were washed three times with HBSC-T, then incubated with goat anti-
mouse [gG-HRP antibody (1:2000 dilution in 0.1% BSA in HBSC-T (w/v), Thermo) for 45
min at RT. The wells were washed a further three times with HBSC-T before addition of TMB
substrate solution (Thermo). After 20 min the reaction was quenched with 0.5 M H>SO4 before
measuring the absorbance using a Tecan Infinite M 1000 Pro plate reader. The 1Cso values were

calculated by plotting non-linear regression using the log(inhibitor) vs. response — variable
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slope (four parameters) in GraphPad Prism. ICso values were the average + s.d. of three

independent experiments, and 95% confidence intervals were calculated.

ITC binding

All measurements were performed on a MicroCal 200 iTC instrument. PCSK9 was loaded in
the sample cell at 20 pM and peptides were loaded into the syringe at 200 uM using a running
buffer of 50 mM HEPES pH 7.4, 100 mM NaCl, 5 mM CaCl,. Each titration experiment
consisted of an initial 1 pL injection followed by 13 injections of 3.22 pL with a stirring speed
of 1,000 rpm at 25 °C. Data were fitted to a one-site binding model, and each peptide was tested

in one independent experiment.

Cell culture conditions

The HepG2 cell line was cultured in Dulbecco's modified Eagle's medium (DMEM) high
glucose with stable L-glutamine supplemented with 10% fetal bovine serum (FBS), 100 U mL-
! penicillin, 100 ug mL! streptomycin, and incubated at 37 °C under 5% CO, atmosphere.

HepG2 cells were used for no more than 20 passages after thawing.

LDLR on cell-western

Experiments were performed as previously described.>* HepG2 cells (3.0 x 10* well'!) were
seeded in 96-well plates and the following day, cells were starved overnight in DMEM without
FBS. Cells were treated with either 4 ug mL! PCSK9 or 4 ug mL-! PCSK9 with either tEGF-
A (0.5-50 uM), TEX-S2 03 (0.05-5 uM), TEX-S3_01 (0.5-50 uM), or vehicle (H>0) for 2 h
at 37 °C under 5% CO; atmosphere. Treated HepG2 cells were fixed in 4% paraformaldehyde
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for 20 min at RT. Cells were washed with phosphate buffered saline pH 7.4 (PBS) and the
endogenous peroxides activity was quenched by adding 3% H>O, in PBS for 20 min at RT.
Non-specific sites were blocked with 5% BSA in PBS (w/v) for 1.5 h at RT. LDLR primary
antibody solution (1:3000 in 5% BSA in PBS (w/v), Pierce) was incubated overnight at 4 °C.
Subsequently, the primary antibody solution was discarded and each sample was washed with
PBS. Goat anti-rabbit Ig-HRP secondary antibody solution (1:6000 in 5% BSA in PBS (w/v),
Pierce) was added and incubated 1 h at RT. The secondary antibody solution was washed with
PBS. TMB substrate solution (Pierce) was added and the plate was incubated at RT until the
desired color was developed. The reaction was then stopped with 2 M H>SO4 and the
absorbance at 450 nm was measured using the Synergy H1 fluorescent plate reader (Biotek).
Cells were stained with Janus green stain (Abcam) before 0.5 M HCI was added per well. The
OD at 595 nm was measured using the Synergy H1 fluorescent plate reader. Data are presented
as mean = s.d. of three independent experiments, each performed with three replicates, using
GraphPad Prism. Statistical analyses were carried out by student t-test. P-values < 0.05 were

considered to be significant.

LDL uptake assay

Experiments were performed as previously described.®> HepG2 cells (3.0 x 10* well'!) were
seeded in black 96-well plates and kept in complete growth medium for 2 d before treatment.
The third day, they were treated with either 4 ug/mL PCSK9, or 4 pg/mL PCSK9 with either
tEGF-A (0.5-50 uM), TEX-S2 03 (0.05-5 uM), or TEX-S3 01 (0.05-50 uM), or vehicle
(H20) for 2 h with at 37 °C under 5% CO; atmosphere. At the end of the treatments, the culture
medium was replaced with LDL-DyLight™ 550 working solution (Cayman Chemical

Company). The cells were additionally incubated for 2 h at 37 °C and then the culture medium
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was aspirated and replaced with PBS. The degree of LDL uptake was measured using the
Synergy H1 fluorescent plate reader (excitation and emission wavelengths 540 and 570 nm,
respectively). Data were the average + s.d. of three independent experiments, each performed
with three replicates, using GraphPad Prism. Statistical analyses were carried out by student t-

test. P-values < 0.05 were considered to be significant.

MTT cell toxicity assay

HepG2 cells (3.0 x 10* well ') were treated with tEGF-A (0.5-100 uM), TEX-S2 03 (0.05-50
uM), TEX-S3 01 (0.5-100 uM), or vehicle (H20) in complete growth media for 48 h at 37 °C
under 5% CO> atmosphere. Peptide solutions were aspirated and 0.5 mg/mL 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) filtered solution was added for
2 h at 37 °C under 5% CO; atmosphere. Lysis buffer was added, and the absorbance was
normalized at 570 nm before reading the value at 630 nm on the synergy H1 fluorescence plate
reader. Data were the average + s.d. of three independent experiments, each performed with
three replicates, using GraphPad Prism. Statistical analyses were carried out by student t-test.

P-values < 0.05 were considered to be significant.
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SUPPORTING INFORMATION

Supporting Information Available: This material is available free of charge via the Internet.
MiSeq next generation sequencing data for TEX-S2 and TEX-S3; 1D 'H NMR spectra for
TEX-S2 03; ITC binding isotherms; cell viability assays; HPLC chromatograms and ESI-MS

spectra of peptides.
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