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Abstract

Proprotein convertase subtilisin/kexin 9 (PCSKO9)
is a key regulator of lipid metabolism by degrading
liver LDL receptors. Structural studies have provided
molecular details of PCSK9 function. However, the
N-terminal acidic stretch of the PCSK9 prodomain
(Q31-T60) has eluded structural investigation, since
it is in a disordered state. The interest in this region
is intensified by the presence of human missense
mutations associated with low and high LDL-c levels
(E32K, D35Y, and R46L, respectively), as well as two
posttranslationally modified sites, sulfated Y38 and
phosphorylated S47. Herein we show that a segment
within this region undergoes disorder-to-order transi-
tion. Experiments with acidic stretch-derived peptides
demonstrated that the folding is centered at the
segment Y38-L45, which adopts an a-helix as
determined by NMR analysis of free peptides and by
X-ray crystallography of peptides in complex with
antibody 6E2 (Ab6E2). In the FabBE2-peptide
complexes, the structured region features a central
2 1/4-turn a-helix and encompasses up to 2/3 of the
length of the acidic stretch, including the missense
mutations and posttranslationally modified sites.
Experiments with helix-breaking proline substitutions
in peptides and in PCSK9 protein indicated that
AbBE2 specifically recognizes the helical conforma-
tion of the acidic stretch. Therefore, the observed
quantitative binding of Ab6E2 to native PCSK9 from
various cell lines suggests that the disorder-to-order
transition is a true feature of PCSK9 and not limited to
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Legend: LDL cholesterol (yellow spheres) are cleared
from the blood by liver LDLRs, which in turn are
regulated by circulating PCSK9 (orange ribbon
model). The N-terminal region of PCSK9 harbors
several missense mutations associated with high
or low LDL levels, but has so far eluded structural
studies, since it is intrinsically disordered. In this issue,
Ultsch et al. report that upon interaction with a Fab
ligand, this region becomes structured, featuring a
central helix (highlighted with an orange glow). This
suggests that the mutations may exert their biological
functions within the context of an ordered confor-
mational state. The amino acids depicted with side
chains are the three missense mutations and the two
posttranslational modification sites. Artistic illustration
by Allison Bruce (A. K. Bruce Design).
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peptides. Because the helix provides a constrained spatial orientation of the missense mutations and the
posttranslationally modified residues, it is probable that their biological functions take place in the context of an

ordered conformational state.

Introduction

The proprotein convertase subtilisin/kexin type 9
(PCSK9) [1] is a serine protease and a member of the
small family of human proprotein convertases [1,2].
The identification of gain- and loss-of-function muta-
tions [3—6] associated with increased and decreased
plasma LDL cholesterol (LDL-c) levels, respectively,
established PCSK9 as an important regulator of lipid
metabolism.

PCSKO9 is produced as a pro-protein mainly in the
liver and undergoes autocatalytic cleavage between
the C-terminal residue (Q152) of the prodomain
and the N-terminal residue (S153) of the catalytic
domain. This processing step takes place in the
endoplasmic reticulum and is a prerequisite for
secretion into the blood stream [1]. Typically,
proprotein convertases further degrade the prodo-
main to liberate enzyme activity of the catalytic
domain. In contrast, the prodomain of PCSK9 is not
further degraded but remains tightly bound to the
active site of the catalytic domain. Instead of being an
active enzyme, the mature PCSK9 now becomes a
ligand for the low-density lipoprotein receptor
(LDLR). This interaction is mediated by the PCSK9
catalytic domain, which binds to the epidermal
growth factor-homology domain-A [EGF(A)] of
LDLR in a calcium-dependent manner [7]. The EGF
(A) binding site is away from the catalytic site and has
a flat, slightly convex surface and includes part of the
P’-helix that is formed upon auto-cleavage [8] (Suppl.
Fig. S1A). An additional, albeit minor, interaction
occurs between the prodomain of PCSK9 and the
B-propeller region of LDLR [9] (Suppl. Fig. S1A). The
binding interaction between PCSK9 and LDLR on the
cell surface is regulated by heparan sulfate proteo-
glycans and in extrahepatic tissues by Annexin A2
[10-13]. After endocytosis, the entire PCSK9-LDLR
complex is then directed to lysosomes for degrada-
tion, resulting in reduced LDLR levels. The C-
terminal domain plays a critical role in this latter
process, as it is indispensable for PCSK9 cellular
uptake and for providing additional interactions with
the LDLR to strengthen the overall affinity in the low
pH endosomal compartment [9,14-18] (see Suppl.
Fig. S1B for a summary of PCSK9 domain functions).
Within only 12 years after the discovery of PCSK9
[2], the FDA approved two therapeutic anti-PCSK9
antibodies for clinical use. Large clinical outcomes
studies in high-risk cardiovascular patient popula-
tions showed that these new therapeutics provided

© 2018 Elsevier Ltd. All rights reserved.

strong LDL-c lowering and they reduced adverse
cardiovascular events [19] and, most importantly,
overall mortality (ODYSSEY OUTCOMES, http://
www.acc.org/latest-in-cardiology/clinical-trials/2018/
03/09/08/02/0dyssey-outcomes).

There are 16 PCSK9 crystal structures deposited in
the Protein Data Bank (www.rcsb.org; as of July 2018),
which used recombinant PCSK9 with an intact
prodomain for crystallization (PDB accession codes
2P4E, 3SQO0, 4NE9, 5VL7, 5VLA, 5VLH, 5VLL, 5VLP,
2PMW, 3H42, 3P5B, 3P5C, 4NMX, 5VLK, 2QTW,
4K8R). They comprise apo-structures of full length and
of C-terminally truncated PCSK9 and of complexes of
PCSKQ9 with antibody Fabs and with peptidic inhibitors.
Despite the different PCSK9 forms used and the
different space groups, all structures share the
common feature in that there is no recognizable
electron density for the N-terminal region of the
PCSK9 prodomain encompassing residues Q31—
T60. This strongly suggests that this segment is in a
disordered state. The Q31-T60 region is also called
the “acidic stretch” due to the high number of aspartic
acid and glutamic acid residues (four and eight
residues, respectively). The PCSK9 acidic stretch
displays the hallmarks of intrinsically disordered
regions (IDRs) of proteins [20,21]. This includes an
enrichment of the disorder-promoting charged resi-
dues E and D, which constitute 25% of the amino acids
in this segment, the presence of other disorder-
promoting residues (Q, R, S, P), and the paucity of
order-promoting residues (Y, L, V, H, T) [20,22],
resulting in a net negative charge and low overall
hydrophobicity. IDRs, such as the PCSK9 acidic
stretch, constitute a large fraction of the proteome of
any organism [20,21]. IDRs are frequently subject to
posttranslational modifications (PTMs) that increase
functionality [20,21,23,24]. In addition, they can harbor
functional elements called molecular recognition
features (MoRFs), which are short segments within
disordered regions that undergo disorder-to-order
transition upon ligand binding. These IDR features
provide functional versatility in the interaction and
recruitment of proteins [20,21]. A classic example is
p53 [20,21], which displays a disordered N-terminal
transactivation domain. A short segment within this
region adopts an a-helical conformation upon interac-
tion with its binding partner MDM2 [25-27]. Similarly,
the family of the pro-apoptotic BH3-only proteins is
intrinsically disordered, but their ligand-binding BH3
domains transition into an a-helix to interact with Bcl-2
family members [28,29]. This raises the possibility that,
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under particular circumstances, the disordered acidic
stretch of PCSK9 may also transition to an ordered
state.

Consistent with the paradigm that IDRs are
frequently subjected to PTMs [20,21,23,24], the
disordered acidic stretch of PCSK9 contains two
PTM sites, that is, sulfation of Y38 and phosphory-
lation of S47. Additional PTMs are glycosylation of
N533 [2] and phosphorylation of the residue S688
[30,31], which is located in a region of disorder at
the C-terminus, as suggested by the lack of electron
density after R682 or H683 in all PDB-deposited
crystal structures of PCSK9. The Y38 residue under-
goes O-sulfation mediated by the enzyme sulfo-
transferase [32,33]. Interestingly, it was shown that
the nearby gain-of-function mutation D35Y can also
be O-sulfated [34]. The second PTM site is S47,
which undergoes phosphorylation [30,31] mediated
by the Golgi casein kinase FAM20C [31], and the
S47-phosphorylated PCSK9 was detected in human
plasma [30]. The S47 phosphorylation appears to
protect the acidic stretch from proteolysis [30]. Both
the Y38 and S47 residues are conserved among
numerous mammalian species, suggesting that
modifications of these residues may also occur in
other organisms. However, it remains unknown if
and how the posttranslationally modified Y38 and
S47 regulate PCSK9 function in vivo.

Importantly, the acidic stretch harbors several
missense mutations in the human population. The
loss-of-function mutation R46L is associated with
decreased LDL-c levels [6,35,36]. In vitro studies
with the PCSK9-R46L mutant protein did not
provide a clear explanation why this mutation lowers
plasma LDL-c, since intracellular processing, secre-
tion and LDLR function are relatively unaffected
[37-40]. It was proposed that the mutation may
eliminate the cleavage at the R46-S47 bond by an
arginine-specific proteases such as the proprotein
convertase PC7 [37]. Carriers of another missense
mutation, D35Y, have highly elevated LDL-c plasma
levels [34], but in vitro studies with this recombinantly
expressed variant did not demonstrate any pheno-
typic changes, as its secretion, processing, and
LDLR binding and degradation were similar to the
wild-type protein [34]. The E32K variant [41] is
located right next to the N-terminal Q31 residue.
E32K carriers have higher LDL-c levels and onset
of myocardial infarction occurs at a younger age
compared to non-carriers [42]. This mutation seems
to increase PCSK9 secretion and worsens the
clinical phenotype of patients carrying additional
LDLR mutations [43,44]. Additional genetic variants
in the acidic stretch region have been identified
(A53V, E54A, and E57K) but were not found to be
independently associated with changes in LDL-c
levels [3,6,41].

There is strong evidence that the acidic stretch is
involved in binding interactions. A recent study has

implicated the acidic stretch in PCSK9 binding to
LDL particles, which seems to regulate the activity
of PCSK9 towards LDLR [45]. Furthermore, the
deletion of the acidic stretch creates a hyperactive
PCSK9 displaying enhanced cellular uptake, in-
creased potency of LDLR degradation, and stronger
binding to LDLR [8,37,46]. This indicates that the
acidic stretch has auto-inhibitory activity and func-
tions as a negative regulator of PCSK9. The auto-
inhibitory activity is not mediated by specific struc-
tural motifs. The acidic stretch could be shortened by
a few residues, and up to six glutamic or aspartic
acid residues could be charge-neutralized without
changes in the auto-inhibitory activity, indicating that
activity only depends on a minimal length and a
minimal net charge [46]. Remarkably, the auto-
inhibitory function is even independent of the amino
acid sequence, since the entire stretch could be
functionally substituted by an acidic, intrinsically
disordered segment [47] of an unrelated protein
[37]. The lack of any specific structural requirements
for auto-inhibition (other than minimal length and
charge) makes it difficult to explain why missense
mutations having only a single amino acid change in
the acidic stretch can profoundly increase or
decrease plasma LDL-c levels. However, we note
that concerning the R46L mutant, Benjannet et al.
[37] mentioned a mechanism that could be associ-
ated with auto-inhibitory activity, in that the mutant's
resistance to proteolysis may prevent the generation
of the hyperactive PCSK9A46 form.

In this study, we provide evidence that a segment
within the acidic stretch can undergo disorder-to-
order transition. Solution NMR experiments with
peptides spanning the acidic stretch region demon-
strated a propensity to adopt an a-helix. This helical
conformation is stabilized by binding to antibody 6E2
(AbBE2), as demonstrated by crystal structures of
Fab6E2—peptide complexes. This antibody, which
specifically recognizes the helical conformation,
bound to both acidic stretch-derived peptides and
to intact PCSK9, suggesting that the disorder-to-
order transition is a physiological property of PCSK9.
Our finding that the three naturally occurring muta-
tions and PTM sites locate to the structured region
raises the possibility that these modified residues
may elicit their specific functions in the context of a
well-ordered helical segment.

Results

Antibody 6E2 (Ab6E2) binds to the acidic stretch
of the PCSK9 prodomain

The antibody clone 6E2 was obtained by standard
hybridoma technology after immunization of PCSK9
knock-out mice with recombinant human PCSK9
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Fig. 1. AbBE2 binds to the acidic stretch of the PCSK9
prodomain. (a) Ab6E2 detects the prodomain of recombi-
nant PCSK9 (rec.PCSK9) and of native PCSK9 secreted
by HepG2, IM-95m, and H2073 cell lines (left panel), but
not the catalytic/C-terminal domain (Cat-CT), which was
detected by the anti-catalytic domain antibody (anti-Cat
Ab; right panel). Rec.PCSK9 lacking the acidic stretch
region (PCSK9A53) is no longer recognized by Ab6E2.
(b) Ab6E2 immobilized to a protein A sensor chip bound to
rec.PCSK9 (concentration range, 1 nM-250 nM) with a Kp
of 10.5 + 1.2 nM, but did not show any detectable binding
to PCSK9A53 up to 250 nM (inset). All figures are
representative of at least three independent experiments.

Table 1. Binding affinities of peptides determined by SPR

(rec.PCSK9) as described [48]. The mouse IgG was
reformatted into a human/mouse chimeric antibody
AbBE2 by grafting the mouse variable domains onto
the human constant region of the herceptin antibody
(IgG1) for expression in CHO cells. Immunoblotting
experiments showed that Ab6E2 specifically detect-
ed the 16-kDa prodomain of rec.PCSK9, but not the
60-kDa band comprising the catalytic and C-terminal
domain, which was detected by an anti-catalytic domain
antibody (Fig. 1a). In addition, we analyzed AbBE2
reactivity with native PCSK9 of the cancer cell lines
HepG2 (hepatoma), IM-95m (gastric adenocarcinoma),
and H2073 (lung adenocarcinoma). Immunoblotting of
conditioned media demonstrated that Ab6E2 specifi-
cally recognized the prodomain of PCSK9 secreted
by the three cell lines (Fig. 1a). Furthermore, exper-
iments with the N-terminally truncated PCSK9, in which
the acidic stretch residues Q31-A53 were deleted
(PCSK9A53), indicated that the AbBE2 binding site
is located within the acidic stretch region. First, Ab6E2
did not detect the prodomain band of PCSK9A53
in immunoblotting experiments (Fig. 1a). Second,
surface plasmon resonance (SPR) experiments dem-
onstrated that Ab6E2 bound to PCSK9 with a Kp of
10.5 = 1.2 nM, but did not interact with PCSK9A53
(Fig. 1b, inset).

To investigate whether the region deleted in
PCSK9A53 (Q31-A53) contains the main antibody
epitope, we synthesized a peptide corresponding to
this sequence, except that the N-terminal Q31 was
omitted. This peptide (Pep1) bound to Ab6E2 with
a Kp value of 3.8 uM (Table 1), confirming that the
antibody epitope lies within the acidic stretch. Pep1
also contains two residues subject to PTM, Y38 and
S47. Therefore, peptides were synthesized contain-
ing either sulfo-Y38 (sY38; Pep2) or phospho-S47
(pS47;Pep3) or both modifications (sY38:pS47;
Pep4). Remarkably, Pep2 with the sY38 modification

Peptide Sequence Changes Kb (UM)
Pep1 32EDEDGDYEELVLALRSEEDGLA®® Wild-type 3.8000

Pep2 S2EDEDGDSYEELVLALRSEEDGLA®® sY38 0.0019?

Pep3 S2EDEDGDYEELVLALRpSEEDGLAS® pS47 5.0000

Pep4 32EDEDGDsYEELVLALRpSEEDGLAS® sY38:p547 0.0013

Pep5 S2EDEDGDAEELVLALRSEEDGLA®® Y38A No binding
Pep6 32KDEDGDYEELVLALRSEEDGLA®® E32K Not determined
Pep7 S2EDEDGDYEELVLALLSEEDGLAS® R46L No binding
Peps S DEDGDYEELMLALPSQEDGLAS® Mouse No binding
Pep9 32EDEYGDYEELVLALRSEEDGLA %2 D35Y Not determined
Pep10 S2EDEDGDYEELVPPLRSEEDGLA®® L43P:A44P No binding
Pep11 S2EDEDGDYEELVPALRSEEDGLAS® L43P No binding
Pepi2 S2EDEDGDYEELVLPLRSEEDGLA®® A44P No binding

Kp values were obtained by global fitting a simple 1:1 kinetic model to superimposable duplicate single cycle kinetic curves each

containing five serial-tripling dose response segments.
No binding: no signal detected at 20 uM peptide concentration.

Underlined and bold: changes in respect to the wild-type sequence of Pep1.
@ Obtained from a separate replicate assay run due to interference from air spike.
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had an approximately 2000-fold increased affinity to
AbBE2 (Kp = 1.9 nM) (Table 1). In contrast, the S47
phosphorylation did not influence the binding affinity,
either alone (Pep3) or in combination with the sY38
change (Pep4). The importance of the Y38 residue
for binding to Ab6E2 was confirmed in SPR experi-
ments with the Y38A mutant peptide (Pep5), which
showed no measurable binding (Table 1).

The strong binding affinities of the acidic stretch-
derived peptides suggested that they are good
conformational mimics of this epitope region as
presented in the PCSK9 protein. The interest in the
conformational state of this region is heightened
by the fact that, besides the two PTM sites, it also
harbors missense mutations. In addition, we were
curious to understand the structural basis for the
strong increase in binding affinity elicited by the
sulfation of the Y38 residue. Therefore, we deter-
mined the peptide conformations by use of X-ray
crystallography and NMR.

Crystal structures reveal an a-helical conformation
of the acidic stretch-derived peptides

The structures of the complexes of Fab6E2—
Pep1 (wild-type), Fab6E2—Pep4 (sY38:pS47), and
Fab6E2-Pep6 (E32K) were determined at 2.25,
2.20, and 2.10 A resolution, respectively (see X-ray
metrics in Suppl. Table S1). Overall, these com-
plexes are remarkably similar (Fig. 2a—c). The most
striking feature in all structures is a well-ordered 2 1/
4-turn a-helix formed by the 9-amino-acid central
portions of the peptides (3’ DYEELVLAL*?). We first
compare the structures of the wild-type Pep1 with
Pep4, which contains the modified residue sY38 and
pS47. Pep6 only differs from Pep1 by the length of
the structured region and will be discussed later. The
helical region of Pep1 and Pep4 shows H-bonds
characteristic of a-helices from the carbonyl oxygen
of G36 to the amide nitrogen of R46, and this
core segment contacts Fab6E2 in almost identical
ways (Fig. 2d, e). For both peptides, the N-terminal
residues E32—-D33—-E34 are not observed in electron
density and are considered disordered. Residues
preceding and following the helical core are less
well ordered than the helix but still present similar
conformations to Fab6E2, including pS47 of the
modified peptide (Pep4), which was modeled using
two conformations of the side chain. Peptide resi-
dues D50-G51-L52—A53 are missing from both
structures, and E49 is missing from the structure with
Pep1, due to disorder. The buried solvent-accessible
surface of Pep4 (~680 A?) is marginally larger than
that of Pep1 (~610 A2) mainly due to the presence
of sY38 and pS47 and discounting a small effect of
the extra amino acid built in the Pep4 structure (E49)
(Fig. 2d, e). Although the complementarity determin-
ing region (CDR) loops CDR-L1 (16 residues) and
the CDR-H2 (12 residues) are relatively long [49],

contacts within 4 A of the central a-helix of the
peptides (D37-L45) are restricted to residues from
the CDR-H1, CDR-H3, and CDR-L2 (Fig. 2f, g). The
Fab6E2 segment that differs the most between the
two complexes is CDR-L1, where N28 Ca atoms,
at the tip of the loop, are separated by 2.1 A after
superposition. The difference is associated with
phosphorylation of S47 and coordination of a Zn®*
ion in the Fab6E2—Pep4 complex, which are absent
in the Fab6E2—-Pep1 complex as discussed below.

For both peptides, the main structural contacts
with Fab6E2 consist of van der Waals (L41, V42,
L45) and H-bonding interactions (Y38/sY38, E39,
R46, S47, E48) originating from residues of one face
of the a-helix and of three residues following the helix
(R46, S47, E48) (Fig. 3a, b). The most important
contacts are made by Y38/sY38, L45 and R46. The
side chains of the Y38 (Pep1) and of sY38 (Pep4)
are well-resolved (electron density map in Suppl.
Fig. S2) and insert into a deep pocket formed by
the loops of CDR-H1 and CDR-H3 with which
they engage in numerous H-bonding interactions
(Fig. 3c, d), explaining why the alanine replacement
(Pep5) completely abolished antibody binding.
These extensive interactions made by the sulfate
group are consistent with the observed affinity
improvement by the sY38-modified Pep2 and Pep4
(Table 1). Moreover, the structures clearly show that
the affinity improvement by the sY38-modified
peptides is not caused by any conformational
changes but is due to the extensive interactions
made by the sulfate group with a preformed pocket
within the antibody paratope. This raises the
question why this pocket is preformed in the
AbBE2 to allow for preferential binding to the sulfated
Y38 over the non-modified form. We suspect that the
recombinant PCSK9 used for immunizing PCSK9 '~
mice may have contained some low amounts of
sY38, which may have been highly immunogenic,
but this remains speculative.

Structural analysis of the effect of phosphorylation
of S47 is complicated by apparent disorder for the
pS47 side chain and the presence in the crystalli-
zation medium of about 100 mM Zn?* ions, one of
which is coordinated by pS47. In our results, the
pS47 side chain provides one additional H-bond
versus Pep1's S47, the relevance of which is difficult
to assess (Fig. 3e, f). This structured peptide region
also contains two residues, D35 and R46, of which
missense mutations have been reported to result
in increased (D35Y) and decreased (R46L) LDL-c
levels [6,34,35]. Residue D35 precedes the a-helix
and does not contact Fab6E2 (Fig. 3a, b), whereas
R46, located immediately C-terminal to the helix,
is a key contact residue with Fab6E2 forming
a salt bridge to CDR-H2 residue E95 and an
H-bond to the main chain oxygen of CDR-H1 K31
(Fig. 3e, ). Consistent with this, replacing R46 with
a leucine residue (Pep7) as found in the natural
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Fig. 2. Acidic stretch-derived peptides adopt an a-helical conformation in complex with Fab6E2. Fab6E2
complexes with Pep1 (wild-type), Pep4 (sY38:pS47) and Pep6 (E32K) from X-ray crystallography show substantial
similarity despite different sulfation and phosphorylation status. (a—c) Overview shows Fab6E2 as surfaces (heavy
chain in dark gray, light chain in light gray), with stylized peptides (a: Pep1 in cyan; b: Pep4 in green; c: Pep6 in tan).
Purple spheres represent Zn?* ions, and the orange sphere with Pep1 and Pep6 represents a chloride ion. The
structured regions for Pep1 and Pep4 start with the N-terminal D35 and end with the C-terminal E48 in Pep1 and with
E49 in Pep4. For Pep6, the structured region starts with K32 and ends with D50. (d and e) A closer view with yellow
color added to the Fab surface for residues within 4 A of the peptide. (f and g) Viewing down onto the antigen
recognition site (paratope) with side chains within 4 A of Pep1 (f) or Pep4 (g) included for Fab6E2. Three peptide
amino acids preceding D35 are disordered and D35 has no distance to Fab6E2 less than 4 A. The helical segment of
both peptides has 4 A contacts only with CDR-H1, CDR-H3, and CDR-L2. Five (Pep1) or 4 (Pep4) C-terminal amino
acids are absent due to disorder.
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Fig. 3. Polar interactions between Fab6E2 and peptide sites subject to PTMs (Y38 and S47) and missense mutation
(R46). (a and b) Fab surface colored according to approximate net electrostatic potential (blue, positive; red, negative). Net
positive charge seems to dominate, complementing the “acidic stretch” net negative charge (orange sphere: chloride ion).
(c and d) Polar interactions in the sulfo-tyrosine specificity pocket. The sY38 of Pep4 (d) is directed into a small pocket
formed by CDR-H3 where main chain H-atoms provide H-bonds to the sulfate group. The Y38 of Pep1 (c) adopts a slightly
shifted side-chain position, the rest of the specificity pocket occupied by an apparent monoatomic entity with a number of
electrons consistent with our assignment as chloride ion (orange sphere). A net positive partial charge supplied by the
(unchanged) CDR-H3 main chain plus a halogen bond interaction with the Y38 hydroxyl seem to account for the presence
of chloride. (e and f) Polar interactions at the peptides' C-terminal ends include a salt-bridge between R46 and heavy-
chain E95. The phosphorylation of S47 leads to at least one additional H-bond with the Fab6E2 light chain, to N28 (f), in
addition to the one with light-chain Y32 seen for Pep1 without modification of the serine (e). The relevance of interactions
involving the Zn?* ions (purple spheres) can be questioned since non-physiologically high concentrations were part of the
crystallization medium.

variant R46L, resulted in complete loss of Ab6E2 additional structured residues not observed in Pep1
binding (Table 1). and Pep4, where they were disordered. These are

Pep6 contained the gain-of-function mutation  the three N-terminal amino acids (residues 32-34)
E32K at its N-terminus. Its crystal structure revealed including the missense mutation E32K, as well as and
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the C-terminal residue D50 (Fig. 4), all of which are
well resolved in the electron density map (1 sigma
2mF, — F.). The N-terminal K32 and the C-terminal
D50 are in contact with symmetry-related molecules
in the crystal lattice, which may explain why they
and the residues D33 and D34 are ordered in the
structure. In addition, the aliphatic portion of the K32
side chain engages in van der Waals contacts to the
Fab CDR-H1. The buried solvent-accessible sur-
face of Pep6 is ~ 884 A?and larger than that of Pep1
(~610 A%) and Pep4 (~680 A?%), mainly due to
the additional contributions from K32 (110 A), D33
(66 A2), and E34 (67 A?) interactions with a basic
patch formed by Fab6E2 CDR-H1 (Fig. 4). The
structured region of Pep6 comprises the three
residues subject to missense mutations (E32K,
D35Y and R46L) and the two PTM sites, encom-
passing a length of 19 residues (K32—D50), which
is about 2/3 of length of the entire acidic stretch
(residues 31-60). Other than the extended length of
the structured region, Pep6 is identical to the
structures of Pep1 and Pep4, including the centrally
positioned a-helix (Fig. 4).

The mouse PCSK9 sequence (*°DYEELMLAL
PSQ°®") corresponding to the structured region of
the human sequence (*’DYEELVLALRSE®) has
two important changes (murine M45 instead of
human V42 and murine P49 instead of human
R46), which likely preclude Ab6E2 binding. Indeed,
SPR binding experiments showed that Ab6E2 bound
neither to the mouse acidic stretch peptide Pep8
(Table 1) nor to the intact mouse PCSK9 (data not
shown).

Fig. 4. Crystal structure of Pep6 (E32K
mutation) in complex with Fab6E2. The
Pep1 (wild-type, cyan) is superimposed
on Pep6 (tan) of the Fab6E2:Pep6
complex with the Fab surface colored
according to approximate net electrostatic
potential (blue positive, red negative). The
structured residues (K32-D33-E34 and
D50) that were disordered in the Pep1
and Pep4 complexes are indicated and
underlined. Purple sphere represents a
Zn?* ion, and the orange sphere repre-
sents a chloride ion.

NMR studies indicate a propensity of the acidic
stretch-derived peptide to adopt an a-helical
conformation in solution

The chemical shift values of backbone atoms
(Ca, C', Ha) in proteins and peptides have been
shown to correlate with the presence of elements
of secondary structure. In particular, for Ha reso-
nances, residues experiencing an upfield shift (i.e.,
smaller chemical shift value relative to the random
coil value) are usually found in a-helical conforma-
tions, whereas a downfield shift (i.e., larger chemical
shift value compared to the random coil value) is
indicative of B-strand conformations [50].

The results with wild-type Pep1 showed that all of
the amino acids in the region (**EELVL*?) display
chemical shift values smaller than the random coil
values, indicating a propensity to adopt an a-helical
conformation (Fig. 5a). It is important to point out
that the extent of the observed deviations is smaller
than what is typically observed for stable helical
conformations (i.e., 0.15 to 0.6 ppm). This can be
explained considering that the chemical shift values,
like all NMR parameters, are population-weighted
averages over all conformations in solution. There-
fore, the smaller deviations observed for Pep1
reflect the average among all possible conforma-
tions including a small population in an a-helical
conformation.

The nuclear Overhauser effect (NOE) is another
NMR parameter that provides important structural
information. Due to resonances overlap for Pep1, it
was not possible to observe the complete pattern of
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Fig. 5. NMR analysis of Pep1 (wild-type) and Pep10 (L43P:A44P) in solution. Differences between the Ha resonances
(60ps) and the typical random coil values (&) for the corresponding amino acid type are reported as Ad (= dops — Orc) and
are shown in panel a for Pep1 (wild-type) and in panel b for Pep10 (L43P:A44P). (c) Sequential and medium-range NOEs
observed for Pep1in PBS (pH 6.9) at 298 K. The thickness of the bars is proportional to the intensities of the NOE signals.
Dashed lines and stars indicate correlations that could not be observed or unambiguously assigned due to resonance
overlap.

NOEs characteristic of an a-helical structure. How-
ever, some weak medium-range NOE contacts,
don (i, +3) and dug(;, i3), Were detected between a
few amino acids spanning the region (*® YEELVLAL*)
(Fig. 5¢), suggesting that only a small population of
the peptide tends to adopt an a-helical conforma-

the chemical shift results. Virtually identical results
were obtained with peptides having the missense
mutations D35Y (Pep9) and R46L (Pep7) (Suppl.
Fig. S3). These two residues are situated beyond
the limits of the helical segment, and as expected,
the mutations did not affect the propensity to adopt

tion in this region of the sequence, consistent with  a helical conformation.

| MoRF |
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| NMR - helical |
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Fig. 6. Region of disorder-to-order transition in the acidic stretch of PCSK9. The IDR Q31-T60 contains gain- and loss-
of-function mutations (E32K, D35Y, and R46L, respectively) and two PTM sites, sulfated Y38 (= sY) and phosphorylated
S47 (= pS). The boxes indicate the structured and helical regions detected by X-ray and NMR, as well as the
computationally predicted helix (PSIPRED) and the MoRF. The gray shaded boxes show structured segments only found
in the crystal structure with Pep6 (E32K mutation). The peptides used for structural studies comprised residues 32-53
(boxed).
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The region with a-helical propensity detected by
NMR is a close match to the a-helical segment
observed in the crystal structures (¥’ DYEELVLAL*%)
(Fig. 6). In further agreement, the secondary struc-
ture prediction program PSIPRED (http://bioinf.cs.
ucl.ac.uk/psipred/) [51,52] assigns a helical region
within the acidic stretch that corresponds to our
experimentally determined a-helical sequence (Fig. 6).
Therefore, the herein identified structured segment
within the disordered acidic stretch conforms to
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the proposed concept of MoRFs, which are short
segments within a disordered region that undergo
structural folding to interact with a binding partner
[21,27,53]. Indeed, MoRFpred (http://biomine.cs.
vcu.edu/servers/MoRFpred/), a computational
MoRF prediction tool [53], identified the acidic stretch
segment E39-S47 as a MoRF (Fig. 6), closely
matching the structured region identified by NMR
and crystallography.

Evidence that the acidic stretch of the PCSK9
protein can adopt an a-helical conformation

It was important to experimentally demonstrate that
the a-helical conformation is not limited to peptides,
but that it also occurs in PCSK9 protein. We con-
sidered that Ab6E2 may specifically recognize the
helical conformation rather than an extended non-
helical conformation of the acidic stretch region. The
crystal structures predict that an extended conforma-
tion of the peptides would be unable to bind to Ab6E2,
due to the loss of the helix-dependent positioning of
the key contact residues. Therefore, the disruption of
the helix by introduction of helix-breaking proline
residues should result in a loss of binding. Guided by

Fig. 7. The acidic stretch a-helix, detected by Ab6E2,
is formed in native PCSK9 protein but is not required
for auto-inhibitory activity. (a) SDS-PAGE (non-reducing
conditions) and Coomassie® staining of CHO-expressed
and purified proline mutants and wild-type PCSK9, all
having an intact prodomain (Cat-CT = catalytic/C-terminal
domain of PCSKD9). (b) Biolayer interferometry of Ab6E2
binding to wild-type PCSK9 and proline mutants. Ab6E2
was immobilized on an anti-higG Fc sensor on an Octet
Red384 biolayer interferometry system and washed in
buffer to establish a baseline before adding the PCSK9
proteins. Binding kinetics show that none of the three
mutants (PCSK9-L43P, PCSK9-A44P, PCSK9-L43P:
A44P) had any detectable binding at a concentration of
250 nM, which gave saturation binding to wild-type
PCSK9. (c) Immunoprecipitation of secreted native
PCSK9 from HepG2, IM-95m, and H2073 cell lines and
of rec.PCSK9 using Ab6E2 and the control antibody Ab33,
which recognizes the EGF(A)-binding region of PCSK9.
Antibodies were immobilized on magnetic beads and
incubated with concentrated cell culture media, and bound
PCSK9 was eluted. Recovered PCSK9 in the elution
fraction (Elution) and in the flow-through (FT) was detected
with the polyclonal anti-Cat Ab (as in Fig. 1a), showing
that native PCSK9 was efficiently bound by both antibod-
ies. Rec.PCSK9 and human IgG (hlgG) were used as
experimental controls. Results are representative of three
independent experiments. (d) PCSK9-mediated degrada-
tion of surface LDLR on HepG2 cells. HepG2 cells were
incubated for 4 h with increasing concentrations of wild-
type PCSK9 (WT), the double proline mutant PCSK9—
L43P:A44P, and the acidic stretch deletion mutant
PCSK9A53 and LDLR surface levels were determined
by FACS using anti-LDLR antibody. The results are the
average of three independent experiments + SD.
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the structures, we chose L43 and A44 for mutagen-
esis experiments because these residues are
surface-exposed and not involved in direct Ab6E2
interactions. To ascertain that the introduced proline
changes indeed abolished the helical conformation,
we examined Pep10 (L43P:A44P) by solution NMR.
The mutations caused major chemical shifts ap-
proaching values of random coil in the region 39—43,
which is the core of the a-helical region in the wild-
type peptide, whereas little or no effects were
observed for residues 32-37 and 45-53 located
outside this region (Fig. 5b). Moreover, no medium-
range NOEs characteristic of an a-helix were
observed, indicating that the introduction of two
proline residues in Pep10 obliterated any propensity
to form an a-helical structure. SPR binding exper-
iments clearly demonstrated that this peptide, as
well as peptides with individual proline mutations,
Pep11 (L43P) and Pep12 (A44P), had no detectable
binding to Ab6E2 (Table 1).

The corresponding proline mutants were then
introduced into the PCSK9 protein (PCSK9-L43P,
PCSK9-A44P, and PCSK9-L43P:A44P), which
were expressed in CHO cells and purified. The
prodomain was not degraded during the purification
process but remained fully intact in all mutants
(Fig. 7a). Biolayer interferometry experiments dem-
onstrated that at a concentration of 250 nM, at which
the binding of wild-type PCSK9 to Ab6E2 was
saturated, the PCSK9 mutants did not produce any
detectable binding signal (Fig. 7b), indicating that the
formation of a proper a-helix is required for the
binding interaction. Therefore, the specific recogni-
tion of the helical conformation makes AbBE2 an
excellent probe to investigate the prevalence of this
acidic stretch helix in native PCSK9 forms. For this,
we performed pull-down experiments using condi-
tioned media from HepG2, IM-95m, and H2073 cells
as well as rec.PCSK9 expressed in CHO cells.
Figure 7c shows that Ab6E2 and the positive control
antibody Ab33, which binds to the EGF(A)-binding
region of the catalytic domain [54], were able to pull
down native PCSK9 as well as rec.PCSK9 in a
quantitative fashion. The Ab6E2 was able to capture
the majority of the PCSK9 protein, as indicated
by the depletion of PCSK9 in the flow-through
samples. The results suggested that the formation
of the helical conformation is a general property of
PCSK9, independent of its cellular origin.

Moreover, if the a-helical conformation is important
for the auto-inhibitory function of the acidic stretch,
then the helix-abolishing proline mutations should
lead to increased LDLR degradation in HepG2
cells. PCSK9A53, which represents the hyperactive
PCSK9 form, was significantly more potent in down-
regulating surface LDLR levels compared to the
wild-type PCSK9 (Fig. 7d), consistent with published
data [37,46]. However, the double proline mutant
PCSK9-L43P:A44P did not show improved potency

(Fig. 7d), suggesting that the a-helix is not critical for
this particular function.

Discussion

The interest in the PCSK9 acidic stretch, which so
far has eluded structural characterization, is height-
ened by the presence of missense mutations and
PTM sites. The herein presented findings demon-
strate that a segment within the unstructured acidic
stretch is able to undergo disorder-to-order transi-
tion, which is consistent with computational second-
ary structure predictions. Structural studies with
acidic stretch-derived peptides demonstrated that
the Y38-L45 segment had the propensity to adopt
an a-helix, which is further stabilized upon binding
to the ligand Fab6E2. The observed helical structure
is not limited to peptides, but is a true property of
the acidic stretch in the PCSK9 protein, as indicated
by studies with helix-breaking PCSK9 mutants. An
immediate consequence of helix formation is that the
linear sequence containing the missense mutations
and PTM sites becomes ordered and compressed.
In addition, the helical structure spatially orients
the missense mutations and PTM residues, which
seem primed to interact with a protein ligand(s) in a
conformation-specific manner.

According to the classification system of IDRs, the
PCSKO9 acidic stretch is an a-MoRF, which is a short
interaction-prone segment within a disordered re-
gion that adopts a helical conformation upon inter-
action with a binding partner [20,55]. In agreement
with the general features of a-MoRFs exemplified
by the family of BH3-only proteins [29], the helical
segment within the acidic stretch is enriched in
hydrophobic residues, which form the FabBE2
binding interface. Furthermore, akin to the PCSK9
acidic stretch, the N-terminal region of the transcrip-
tional activator C/EBP-homologous protein (CHOP)
is disordered and highly acidic with a 20% content
of glutamic acid residues [56]. NMR studies showed
that this region also undergoes ordering of two
segments that have a-helical propensity and are
enriched in hydrophobic residues believed to be
critical for macromolecular recognition during tran-
scriptional activation [56]. Thus, it is possible that
the structure-prone region of the PCSK9 acidic
stretch including the a-helix may also interact with
a physiological binding partner. In this respect, the
surrogate binding partner Ab6E2 may mimic some
aspects of a physiological ligand, since the sulfation
of the Y38 residue affords a remarkably strong
binding affinity to Fab6E2 (Kp 1.9 nM). Tyrosine
sulfation is a known modifier of protein—protein
interactions as exemplified by the chemokine recep-
tor family [57]. For instance, the N-terminus of the
well-studied chemokine receptor CCR5 harbors
several tyrosine sulfation sites, which are critical for
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the high-affinity binding to chemokine ligands and to
the CD4/gp140 complex [57—60]. Akin to the PCSK9
acidic stretch, the tyrosine-sulfated N-terminal seg-
ment of CCR5 is disordered with a propensity to form
an a-helix, which is stabilized upon binding to the
protein partner [60,61]. In analogy, it is conceivable
that the PCSK9 a-helix presents the sY38 residue to
engage in interactions with a physiological ligand.
The transition of the PCSK9 acidic stretch seg-
ment Y38-L45 into an a-helix is not required for the
auto-inhibitory function, since the helix-breaking
PCSK9 mutant (L43P:A44P) maintained auto-
inhibitory activity in a cellular assay. Our conclusion
that helix formation is dispensable for auto-inhibition
is in agreement with a previous study showing that
the excision of the segment L41-L45, which is part
of the helical segment, did not affect the auto-
inhibitory activity [46]. This suggests that the helical
state may be relevant for functions other than auto-
inhibition, perhaps related to the biology of the
missense mutations and the PTMs. Therefore,
the acidic stretch may have different functions that
are associated with the disordered and the ordered
states. Auto-inhibition does not require any specific
structural and sequence features [37,46] since the
entire acidic stretch could be functionally replaced
by an unrelated disordered segment of similar
length and negative charge [37]. This strongly
suggests that auto-inhibition is mediated by the
disordered state of the negatively charged acidic
stretch. The extended conformation of the acidic
stretch (~ 114 A) would be able to reach functionally
important sites on PCSK9 in-cis and interfere with
PCSK9 activity to explain its auto-inhibitory function
in LDLR binding assays and in cellular LDLR
degradation assays [8,37,46]. These are the prodo-
main contact site with the LDLR-B-propeller domain,
the C-terminal domain of PCSK9, and the EGF(A)
binding site on the PCSK9 catalytic domain
(Fig. S1A). However, the most attractive site within
binding distance of the disordered acidic stretch is
a positively charged patch on the prodomain [10]
(Fig. S1A). Its interaction with negatively charged
heparan sulfate proteoglycans on the cell surface
enhances PCSK9 binding to LDLR and LDLR
degradation [10]. Therefore, occupancy of this
basic interaction patch by the acidic stretch would
afford auto-inhibition by preventing the binding of
PCSKQ to the cell surface heparan sulfate proteo-
glycans. However, this hypothesis is tempered by
the findings by Ly et al. [11], showing that the cell
surface proteoglycan glypican-3 is a negative rather
than a positive regulator of PCSK9 binding to LDLR.
On the other hand, the ordering of the acidic
stretch segment comprising a central a-helix may
provide specific molecular interactions with putative
binding partner(s), extracellular or intracellular, and
the missense mutations or PTMs may either facilitate
or impair such interaction to modify PCSK9 function.

It is conceivable that this ordered state could play a
role in the interaction of PCSK9 with LDL particles,
since this interaction depends on the presence of
the acidic stretch region [45]. The exact nature of
the binding partner on LDL particles has not been
elucidated, but it was suggested that either the major
structural protein ApoB100 or another protein carried
by LDL particles, rather than lipids, may constitute
the PCSKO9 ligand [45]. It remains to be seen whether
this interaction is dependent on the helical confor-
mation of the acidic stretch and how missense
mutations or PTMs would influence the binding.

The herein reported identification of a helix-prone
segment within the acidic stretch and its binding to a
surrogate Fab ligand does not prove the existence of
specific physiological binding partner(s). However, it
presents an intriguing framework for future studies
aiming to elucidate the molecular mechanisms
associated with the function of missense mutations
and PTMs located in the acidic stretch region.

Materials and Methods

Structure determination of Fab6E2—peptide
complexes

The chimeric Fab6E2 was expressed in Escherichia
coli, and frozen cell paste was thawed in lysis buffer
containing PBS/2.5 mM EDTA and 1 mM PMSF.
Cells were homogenized with the use of a Tissuemi-
zer (30 s), and the resulting slurry was passed through
a microfluidizer (Microfluidics) twice. Insoluble matter
was pelleted by centrifugation. Clarified lysate was
loaded onto a Protein G column (catalog no. 17-0618-
05; GE Healthcare) at 5 ml/min. The column was then
washed with lysis buffer before eluting Fab6E2 with
elution buffer (0.58% acetic acid). Eluted Fab6E2
fractions were loaded onto a 5-ml prepacked SPHP
column (GE Healthcare, catalog no. 17-1152-01),
which had been pre-equilibrated with buffer A [20 mM
Mes (pH 5.5)]. After washing with buffer A, bound
Fab6E2 was eluted with buffer B [20 mM Mes
(pH 5.5), 0.5 M NaCl] using a gradient from 0% to
100% buffer B in 20 column volumes. The fractions
containing Fab6E2 were analyzed by SDS-PAGE,
pooled and desalted using PD10 G25 M Tris-buffered
saline, and then concentrated to 10 mg/ml. The
complexes of Fab6E2 with unmodified Pep1 (wild-
type) with modified Pep4 (sY38, pS47) and Pep6
(E32K) were formed by combining Fab and peptide
in a 2-fold molar excess of peptide and incubation on
ice for 1 h. After screening for crystallization condi-
tions by vapor diffusion using commercially available
kits in sitting drops, optimized crystals were grown in
hanging drops. The unmodified and modified peptide
complex crystals arose from a 1:1 mixture of protein/
peptide stock with 15% PEG8K, 0.2 M zinc acetate,



Helical Segment in the IDR of the PCSK9 Prodomain

897

and 0.1 M sodium cacodylate (pH 6.5). After immer-
sion in reservoir made 35% in meso-erythritol, a
crystal was preserved for data collection by sudden
immersion into liquid nitrogen.

Diffraction data for the Pep1 complex extending to
2.25 A were collected at ALS beamline 5.0.2 and
processed using HKL2000 [62] in an orthorhombic
lattice. The structure of a one-complex asymmetric
unit was solved using molecular replacement in
two steps. A series of rotation function calculations
applied a set of Fabs in which the elbow angle
was crudely incremented in 5° steps across 100°. A
well-discriminated model having been identified by
a maximum RFZ value, an automatic homology-
building pipeline using Modeller [63], and PDB entry
1QYG was used to provide a sequence-corrected
version of the preferred Fab. This model served as
search probe for a full molecular replacement search
after deletion of CDR residues, a clear solution
resulting in space group P2,2,2. Some limited model
building (Coot [64]) and refinement (Refmac5 [65])
provide electron density maps with strong indica-
tions of the PCSK9 peptide. Prominent positive
features in mF, — F; maps were fitted as zinc ions or
in one case as chloride ion. The chloride ion position
was also tested as a water and as a sulfate ion. In
these tests, mF, — F; map features indicated water
assigned too few elections and the sulfate ion too
many electrons. A prominent appendage to the side
chain of heavy-chain H58 (Kabat numbering) led
to the assignment of this amino acid as phospho-
histidine. Mass spectrometric analysis of the purified
Fab6E2 was consistent with an unmodified H58.
Thus, we suspect that phospho-H58 was formed in
the crystallization medium (samples from crystals
were not successfully ionized in mass analysis
experiments). A residual mF, — F, feature adjacent
to the light-chain N-terminal aspartic acid bears more
electrons than an alanine residue (based on test
refinement and map inspection) and may also reflect
a phosphorylation event, but such a feature is not
included in the structure. Final refinements employed
BUSTER [66] and phenix.refine [67].

Diffraction data for the Pep4 complex with Fab6E2
extending to 2.20 A were collected at APS beamline
22-ID using 1.0000 A X-rays and reduced in a lattice
isomorphous with that from the Pep1 complex. The
structure of Fab6E2 with Pep4 was solved by
molecular replacement using the previously deter-
mined Fab6E2 structure, without peptide. The initial
electron density maps provided strong evidence for
a peptide with extra density for Y38 and S47 side
chains. Simulated annealing refinement and model
building and refinement led to the incorporation of
zinc ions, sulfo-tyrosine at peptide residue 38, a
(two-fold) disordered phospho-serine for peptide
residue 47, and a disorder model for heavy-chain
residue H58 that included phosphorylation at each of
the side-chain nitrogen atoms. Simulated annealing

omit maps were applied to the study of the phospho-
serine and phospho-histidine residues but without
leading to an improved model. Some zinc ion
positions were tested with cacodylate ions, but the
final model considers these sites to be zinc ions.
Final refinements employed phenix.refine [67].
Metrics from data reduction and refinement are in
Suppl. Table S1.

The most significant features in a difference electron
density map with coefficients mF,(modified) - F,
(unmodified) phased using the unmodified Pep1
structure were as follows: SO3; group on Y38,
combination of sulfate and zinc ions near light-chain
residues N155 and H189, a Zn®" near pS47, a
negative feature near the light-chain N-terminal D1,
the PO5 of pS47, a collection of features consistent
with a shift of CDR-L3 away from CDR-H2, and a
collection of features consistent with a shift of CDR-L1
away from the modified version of the peptide.

Diffraction data for the Pep6 complex with Fab6E2
extending to 2.10 A were collected at APS beamline
24-IDC using 1.0000 A X-rays and reduced in a
lattice isomorphous with the Pep1 complex. The
structure of Fab6E2 with Pep6 was solved by
molecular replacement using the previously deter-
mined Fab6E2 structure, without peptide. The initial
electron density maps provided strong evidence for
a peptide with extra density for K32, D33, and E34
side chains. Simulated annealing refinement and
model building and refinement led to the incorpora-
tion of zinc ions and one chloride ion and a disorder
model for heavy-chain residue H58 that included
phosphorylation at each of the side-chain nitrogen
atoms. Simulated annealing omit maps were applied
to the study the addition of the N-terminal acetyl
group as well as two C-terminal residues Glu49
and Asp50 to an improved model. Final refinements
employed BUSTER [66] and phenix.refine [67]
Metrics from data reduction and refinement are in
Suppl. Table S1.

Proteins, antibodies, and peptides

The human PCSK9 mutants PCSK9-L43P,
PCSK9-A44P, and PCSK9-L43P:A44P and the
deletion mutant PCSK9A53 (deletion of Q31-A53)
were constructed based on wild-type PCSK9 having a
C-terminal His8-tag [54], using site-directed mutagen-
esis. DNA encoding for mouse PCSK9 (M1-Q694)
with C-terminal His8-tag and with EcoRIl (5') and
Xbal (3") endonuclease cleavage sites was generated
by PCR using mouse PCSK9 cDNA (GenBank
BC038085) as a template. The PCR fragment
encoding mouse PCSK9 was treated with endonu-
clease EcoRl and Xbal and inserted into a mammalian
expression vector (pRK5) with a cytomegalovirus
promoter using standard molecular biology tech-
niques. The sequence was verified by DNA sequenc-
ing. The wild-type human PCSK9 [54] (= PCSK9),
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PCSK9 mutants and mouse PCSK9 were expressed
by transient transfection of Chinese hamster ovary
(CHO) cells and purified from conditioned media by
affinity chromatography using a nickel—nitrilotriacetic
acid—agarose column (Qiagen) followed by gel
filtration on a Sephacryl S-200 column (GE Health-
care) as described [54]. Peptides were synthesized by
CPC Scientific or by the peptide synthesis group at
Genentech, and all N-termini were acetylated and all
C—termini were amidated.

Anti-PCSK9 antibody Ab6E2 was identified by
immunizing PCSK9 ™~ mice with recombinant human
PCSKO9 as described for the antibodies 3D5 and 7G7
[48]. Total RNA was extracted from hybridoma
cells producing Ab6E2 mouse monoclonal antibody
(RNeasy Mini Kit; Qiagen). Using SMARTer RACE
cDNA Amplification Kit (Clontech), the RNA was first
reverse transcribed, followed by first-strand cDNA
synthesis and 5° RACE PCR amplification of the
variable light (VL) and variable heavy (VH) domains
with gene-specific primers. The identified VL and VH
domains were inserted into a pBR322-derived E. coli
expression vector with human kappa CL and CH1
domains. This chimeric Fab6E2 was expressed in
E. coli using shake flask cultures. The expression
plasmid was transformed into 64B4 E. coliexpression
strain, and colonies were inoculated into Luria—
Bertani supplemented with 50 pg/ml carbenicillin
and grown at 30 °C with shaking for 16 h. The culture
was then diluted 100-fold into 50 ml of complete C.R.
A.P. medium supplemented with 50 pg/ml carbenicil-
lin in a baffled, vented flask. The culture was grown
at 30 °C with shaking at 200 rpm for 24 h, after which
the cell pellet was collected and frozen for subsequent
Fab6E2 purification (see above under “Structure
determination of Fab6E2—peptide complexes”). To
generate chimeric mouse/human IgG1, the VL and
VH domains were subcloned into pRK mammalian
expression vectors encoding the human kappa and
y1 constant domain, respectively [68]. This chimeric
full-length antibody, designated as AbBE2, was
transiently expressed in CHO cells and purified on a
protein A column.

NMR spectroscopy

NMR experiments were carried out on a Bruker
DRX-600 equipped with a triple-resonance cryo-
probe. Samples for NMR studies were prepared by
dissolving the PCSK9 peptides (Pep1, Pep7, Pep9,
and Pep10) in PBS (10% D,O or 100% D,O) at
pH 6.9 to a final concentration of 0.8-1.5 mM. All
NMR spectra were collected at 298 K and internally
referenced to DSS (4,4-dimethyl-4-silapentane-1-
sulfonic acid). Complete assignment of the proton
resonances was achieved using a combination of 2D
TOCSY, 2D DQFCOSY, and 2D NOESY experi-
ments. The mixing times for the TOCSY and NOESY
spectra were 90 and 200 ms, respectively. The NMR

data were processed using the NMRPipe/NMRDraw
package [69] and analyzed with NMRView [70].

Cell surface LDLR assay with HepG2 cells

The potencies of PCSK9, PCSK9A53, and
PCSK9-L43P:A44P on LDLR degradation in HepG2
cells were measured as described [48] by using
serially diluted PCSK9 proteins and a 4-h incubation
period. The results presented are the average + SD
of three independently performed experiments.

SPR for Ab6E2 binding to PCSK9, PCSK9A53,
and mouse PCSK9

AbBE2 was immobilized on a protein A sensor chip
(GE Healthcare), and binding kinetics of PCSKO,
PCSK9A53, and mouse PCSK9 (1-250 nM) in HBS-
EP buffer (GE Healthcare) were measured on a
Biacore S200 instrument. The data were well
described by a 1:1 binding model. The determined
kinetic constants were the averages of three
independent experiments. The Kp values, calculated
from the determined k., and k. values, were the
average + SD of three independent experiments.

SPR for peptide binding to Ab6E2

Affinity constants were measured using a Biacore
T100 at 20 °C. Briefly, recombinant protein A/G
(Thermo Scientific, no. 21186) was amine-coupled
onto a CM5 sensor chip according to manufacturer's
instructions to a density of approximately 3000 RU.
The assay buffer contained 50 mM Hepes, 150 mM
NaCl, 0.005% Tween 20, 0.1 mg/ml ovalbumin, and
4.0% DMSO (pH 7.2). Ab6E2 (100 nM) was injected
over channel 2 to a capacity of >3000 RU, and
channel 1 remained uncoated with target in order
to provide a reference response. Five serial dilutions
in triplicate of each peptide were prepared in assay
buffer starting at 20 pM, except for Pep2 and Pep4,
which were prepared from a 100-nM starting solu-
tion. Peptides were injected at a rate of 50 pl/min for
30 s (or 100 s for Pep2 and Pep4) from low-to-high
concentration using a five-step single cycle kinetics
format. After a variable dissociation period (i.e., 2 min
for weak binders and 10 min for strong binders),
bound Ab6E2—peptide complexes were removed
by injecting 10 mM glycine at pH 1.5 for 30 s. This
sequence of seven injections was composed of a
single cycle that was repeated for each peptide as
duplicates, which were essentially superimposable
and were fit to a simple 1:1 binding interaction model
to obtain a single affinity value for each peptide, as
presented in Table 1. Affinity for Pep2 was similarly
determined but from a separate assay run employing
the same methodology because of interference
from air spikes. Blank curve sets were obtained by
running samples that did not contain peptide using
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the same procedure. The data were double refer-
enced, and duplicate curves were globally fitted with
a 1:1 binding interaction model using Biaevaluation
version 2.0.4.

Biolayer interferometry for binding of PCSK9
proline mutants to Ab6E2

All experiments were carried out on an Octet
Red384 system (Pall ForteBio). Ab6E2 was immo-
bilized on an anti-hlgG Fc sensor (Pall ForteBio),
and association and dissociation kinetics were
measured for PCSK9, PCSK9-L43A, PCSK9-
A44A, and PCSK9-L43P:A44P (all at 250 nM) in
50 mM Tris (pH 7.5), 300 mM NaCl, 2 mM CaCls,
1 mg/ml BSA, and 0.1% Tween-20. Kinetic data
curves were generated by Octet software Version
9.0 (Pall ForteBio).

Protein immunoblotting

Secreted PCSK9 in conditioned media was
detected by use of direct immunoblotting and
compared with rec.PCSK9 and PCSK9A53. Media
and proteins were diluted in PBS, resolved by SDS-
PAGE using Novex Wedge Well 4%—20% Tris—
glycine gel, and transferred to nitrocellulose mem-
branes by dry transfer (iBind; Thermo Fisher
Scientific) according to the manufacturer's protocol.
PCSK9 was detected using the following antibodies:
AbBE2 followed by secondary antibody goat anti-
human-IgG HRP (Thermo Fisher Scientific) and
anti-Cat antibody (a rabbit polyclonal antibody that
recognizes the N-terminal region, i.e., the P'-helix,
of the PCSK9 catalytic domain [54]) followed
by secondary antibody anti-rabbit IgG HRP (GE
Healthcare). Secondary antibodies were detected
using enhanced chemiluminescence (ECL Plus;
General Electric Healthcare).

Cell culture

The HepG2, NCI-H2073, and the IM-95m cell lines
were purchased from American Type Culture Col-
lection (Manassas, VA) and the JCRB Cell Bank
(Osaka, Japan), respectively. The cells were cul-
tured in 50:50 F-12/DMEM media (Corning) supple-
mented with 10% ultra-low IgG FCS (Gibco) and
10 mM Hepes (pH 7.4) in T175 tissue culture flasks
(Thermo Fisher Scientific). All cell lines were
cultured at 37 °C in 5% CO, humidity to >80%
confluence. Cells were washed three times with
20 ml PBS, and the media was replaced with
50:50 F-12/DMEM and 10 mM Hepes (pH 7.4).
Conditioned media containing secreted PCSK9
was collected after 3 days of culture and concen-
trated 100-fold using Amicon Ultra-15 (Millipore
Sigma, Darmstadt) with a 30-kDa cutoff.

Immunoprecipitation

Immunoprecipitation was performed using anti-
bodies Ab6E2, Ab33 (a monoclonal antibody that
binds to the PCSK9 catalytic domain [54]; positive
control), and higG (negative control; anti-HGFA
Ab75 [71]) immobilized onto magnetic Protein G
Dynabeads (Thermo Fisher Scientific) according to
the manufacturer's protocol. Concentrated media
and rec.PCSK9 were diluted in PBS containing 0.1%
Tween-20 (PBST). A portion of the diluted samples
was taken (“input”), and the remainder was incubat-
ed with immobilized antibodies for 30 min at 4 °C.
The flow through was collected, and the beads were
washed three times with PBST. Captured PCSK9
was eluted by incubation in PBST containing 0.1%
SDS and 50 pM TCEP for 10 min at 95 °C. The
input, flow through, and eluate were analyzed on
Novex Wedge Well 10%—20% Tris—glycine gel
(Thermo Fisher Scientific) and transferred to nitro-
cellulose membranes, and PCSK9 was detected
using anti-Cat antibody followed by anti-rabbit 1gG
HRP (GE Healthcare). Secondary antibodies were
detected as described above.
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