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Inhibits PCSK9 Internalization and Restores Low Density
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PCSK9 binds to the low density lipoprotein receptor
(LDLR) and leads to LDLR degradation and inhibition of
plasma LDL cholesterol clearance. Consequently, the role of
PCSK9 in modulating circulating LDL makes it a promising
therapeutic target for treating hypercholesterolemia and cor-
onary heart disease. Although the C-terminal domain of
PCSK9 is not involved in LDLR binding, the location of sev-
eral naturally occurring mutations within this region sug-
gests that it has an important role for PCSK9 function. Using
a phage display library, we identified an anti-PCSK9 Fab
(fragment antigen binding), 1G08, with subnanomolar affin-
ity for PCSKO9. In an assay measuring LDL uptake in HEK293
and HepG2 cells, 1G08 Fab reduced 50% the PCSK9-depen-
dent inhibitory effects on LDL uptake. Importantly, we found
that 1G08 did not affect the PCSK9-LDLR interaction but
inhibited the internalization of PCSK9 in these cells. Further-
more, proteolysis and site-directed mutagenesis studies dem-
onstrated that 1G08 Fab binds a region of 3-strands encom-
passing Arg-549, Arg-580, Arg-582, Glu-607, Lys-609, and
Glu-612 in the PCSK9 C-terminal domain. Consistent with
these results, 1G08 fails to bind PCSK9AC, a truncated form
of PCSK9 lacking the C-terminal domain. Additional studies
revealed thatlack of the C-terminal domain compromised the
ability of PCSKO9 to internalize into cells, and to inhibit LDL
uptake. Together, the present study demonstrate that the
PCSK9 C-terminal domain contribute to its inhibition of
LDLR function mainly through its role in the cellular uptake
of PCSK9 and LDLR complex. 1G08 Fab represents a useful
new tool for delineating the mechanism of PCSK9 uptake and
LDLR degradation.
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Proprotein convertase subtilisin-like/kexin type 9 (PCSK9)*
is a key regulator of plasma low density lipoprotein (LDL) cho-
lesterol and has emerged as a promising target for prevention
and treatment of coronary heart disease. A strong link between
PCSK9, LDL, cholesterol, and coronary heart disease has been
established by multiple laboratories. Human genetic studies
demonstrated remarkable correlations between several non-
sense or missense PCSK9 mutations with plasma LDL choles-
terol levels and the risk of coronary heart disease. Thus, puta-
tive gain- or loss-of-function mutants were found to correlate
with increased or reduced plasma LDL levels and cardiovascu-
lar risk, respectively (1-7). A recent genome-wide association
study further bolstered the importance of PCSK9 by establish-
ing a linkage between a single nucleotide polymorphism at a
locus near PCSK9 with early-onset myocardial infarction (8).

There is extensive evidence that plasma PCSK9 raises LDL cho-
lesterol levels by binding to cell surface LDLR and targeting the
receptor to lysosomes for degradation (9—-13). Accordingly, inhi-
bition of PCSK9 by recombinant LDLR fragments (14—16) or by
mono- or polyclonal antibodies (17, 18) restored LDL cholesterol
uptake in cells. Moreover, either RNAI targeting liver PCSK9 (19)
or intravenous injection of a monoclonal antibody disrupting the
PCSK9-LDLR interaction (17) were found to lower plasma LDL
cholesterol in mice and in non-human primates. Collectively,
these data strongly support PCSK9 as an attractive and viable tar-
get for therapeutic intervention against hypercholesterolemia.

PCSKO9 is formed by an N-terminal prodomain, a subtilisin-like
catalytic domain and a C-terminal cysteine/histidine-rich domain
(CHRD). Recently, PCSK9 has been crystallized in complex with
the epidermal growth factor-like repeat A (EGF-A) domain of the
LDLR at both acidic and neutral pH values (14, 15, 20). Impor-
tantly, the LDLR EGF-A domain binds exclusively to the catalytic

*The abbreviations used are: PCSK9, proprotein convertase subtilisin-like/
kexin type 9; AF, Alexa Fluor; Fab, fragment antigen binding; EGF-A, epi-
dermal growth factor-like repeat A; LDL, low density lipoprotein; LDLR, LDL
receptor; RFU, relative fluorescence units; SEC, size-exclusion chromatog-
raphy; SPR, surface plasmon resonance; TR-FRET, time-resolved fluores-
cence resonance energy transfer; MALDI-TOF, matrix-assisted laser
desorption/ionization-time of flight.
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domain of PCSK9, and makes no contact with either the prodo-
main or the C-terminal domain.

The C-terminal domain of PCSK9 is composed of ~230 resi-
dues with three symmetry-related repeats resembling a resistin
homotrimer. This region contains 9 disulfide bonds (3 in each
repeat) and has been suggested to mediate the colocalization of
PCSK9 with LDLR at the cell surface (21). The C-terminal domain
is not required for PCSK9 binding to LDLR (9, 14), but is involved
in PCSK9-mediated LDLR degradation by a currently unknown
mechanism (9, 21). Indeed, individuals expressing forms of
PCSK9 with mutations in C-terminal domain have been shown
to have either hyper- or hypocholesterolemia, thus strengthen-
ing the idea that this domain plays an important functional role.
Here, we report the identification and characterization of a
human antibody antigen binding fragment (Fab), 1G08, which
binds to the C-terminal domain of PCSK9 and partially inhibits
its effect on LDL uptake in vitro. In addition, we find that 1G08
binding to PCSK9 does not affect the PCSK9-LDLR interaction
but inhibits PCSK9 internalization. Consistent with these
results, PCSK9AC, which lacks the entire C-terminal domain,
fails to bind 1G08 and has a reduced ability internalize and to
inhibit cellular LDL uptake. Taken together, these results dem-
onstrate the PCSK9 C-terminal domain contribute to its inhi-
bition of LDLR function mainly through its role in the cellular
uptake of PCSK9 and LDLR complex.

EXPERIMENTAL PROCEDURES

Expression Plasmids and Protein Purification—Full-length
human PCSK9-V5-His protein was expressed and purified in
stably transfected HEK293 cells as described previously (10).
PCSK9 point mutations were generated by SeqWrite DNA
Technology Service, and the mutant proteins were expressed
and purified similarly to the full-length PCSK9. The truncated
PCSK9AC (GIn-31-Ala-451) proteins with a C-terminal His
tag were expressed and purified in Escherichia coli BL21 cells
(14). The human LDLR ectodomain was purchased from R&D
Systems. Full-length wild-type Annexin A2 (residues Met-1-
Asp-339, bearing an N-terminal His, tag followed by a linker
with a TEV cleavage site), was expressed and readily purified to
homogeneity by Ni affinity chromatography. The N-terminal
tag was removed by overnight incubation with TEV protease.
When studied by analytical size-exclusion chromatography,
the purified Annexin A2 exhibited an elution profile corre-
sponding to that of a monodisperse monomer of ~40 kDa.

Isolation of Anti-PCSK9 Fab 1G08—The human combinato-
rial antibody HuCAL GOLD phage display libraries (22) were
panned against recombinant human PCSK9-V5-His protein
immobilized on Nunc Maxisorp plates. Three rounds of pan-
ning against human PCSK9-V5-His were carried out as
described (22), and the Xbal-EcoRI inserts from the output of
the third round were subcloned into Fab expression vector
pMORPH_x9_MH (23), and individual chloramphenicol-resis-
tant transformant colonies were picked and placed into 96-well
plates for growth and screening for Fab expression.

Cultures of transformant colonies were isopropyl-1-thio-f3-p-
galactopyranoside (IPTG)-induced and grown overnight in
96-well plates for Fab expression. Culture supernatants were
incubated with purified human PCSK9-V5-His protein immo-
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bilized in 96-well Nunc Maxisorp plates, washed with 0.1%
Tween™ 20 in phosphate-buffered saline using a plate washer,
incubated with horseradish peroxidase (HRP)-coupled anti-
Fab antibody, and washed again with phosphate-buffered
saline/Tween™ 20. Bound HRP was detected by addition of
TMP substrate, and A 5, values of wells were read with a plate
reader.

Fabs from ELISA-positive clones were expressed by IPTG-
induction in E. coli TG1F™ cells. Cultures were lysed, the His-
tagged Fabs were purified by nickel-nitrilotriacetic acid chro-
matography (Qiagen) and exchanged into a buffer of 25 mm
HEPES pH 7.3-150 mm NaCl by centrifugal diafiltration. Pro-
teins were analyzed by electrophoresis on Caliper Lab-Chip 90
and by conventional SDS-PAGE and quantified by BCA protein
assay (Pierce). Purified Fab protein was re-assayed by ELISA in
serial dilutions to confirm activity of purified Fab. Fab 1G08 was
identified as ELISA-positive against human PCSKO.

Surface Plasmon Resonance (SPR)—All SPR experiments
were performed using Biacore instruments at 25°C. For
PCSK9-1G08 binding studies, a purified full-length C-termi-
nally biotinylated PCSK9 was noncovalently immobilized on a
streptavidin-coated sensor surface (SA chip, GE Healthcare).
Running buffers contained 150 mm NaCl, 1 mm CaCl,, 0.005%
(v/v) P-20 surfactant, and 25 mm Hepes, pH 7.4. Binding con-
stants were obtained from a series of 1G08-Fab injections. Fol-
lowing injections of 1G08-Fab, sensor chip surfaces were regen-
erated with a 5-s injection of 30 mm NaOH. Data were analyzed
using BIAevaluation software, with reference sensorgrams sub-
tracted from experimental sensorgrams to yield curves repre-
senting specific binding. Steady-state analysis was used to plot
equilibrium binding response (R,,) against analyte concentra-
tion to obtain thermodynamic dissociation constants (Kp,).

For competition studies, the purified full-length LDLR was
covalently immobilized by amine coupling to a carboxymeth-
ylated dextran sensor surface (CM5 chip, GE Healthcare). First,
the purified full-length PCSK9 protein was injected, followed
by injection of the 1G08 Fab during the initial dissociation
phase of the PCSK9-LDLR complex.

LDLR and PCSK9 Interaction Studies by Time-resolved Fluo-
rescence Resonance Energy Transfer (TR-FRET) Assay—TR-
FRET experiments were performed as previously described (10)
using 4 nm Eu®*-labeled LDLR ectodomain and 10 nm Alexa
Fluor 647-labeled PCSK9. Reactions were performed at 20 °Cin
50 ul of buffer containing 10 mm Hepes, pH 7.4, 150 mm NaCl,
0.1 mm CaCl,, and 0.05% (w/v) bovine serum albumin. Disrup-
tion of the PCSK9-LDLR interaction was assessed in titrations
in which putative competitor proteins, typically in concentra-
tion ranges of 0.1 nM to 2.5 uM, were added to the reaction
mixture with incubations for 16 h prior to fluorescence mea-
surements. IC,, values were determined from triplicate experi-
ments by fitting data to a sigmoidal dose-response curve using
nonlinear regression (GraphPad Software Inc.).

1G08 and PCSK9 Binding TR-FRET Assay—1G08 and PCSK9
binding was studied using TR-FRET assay similarly to that
described above. 2—4 nm europium Eu®* -labeled 1G08-IgG and 8
to 16 nm Alexa Fluor 647-labeled PCSK9 were used in 50 ul of
reaction buffer containing 10 mm Hepes, pH 7.4, 150 mm NaCl, 0.1
mMm CaCl,, and 0.05% (w/v) bovine serum albumin at 20 °C. Dis-

JOURNAL OF BIOLOGICAL CHEMISTRY 12883



Antibody against PCKS9 C-terminal Domain

A = 1G08 Fab B o Cells alone mass spectrometer (Voyager-STR,
3000- A o No AF647 PCSK9 25 A 1G08 Fab/IgG alone Applied Biosystems, Inc Framing-
4 No 1G08 Fab 2 Y PCSK9 (5 pg/mi) ham, MA) equipped with a delayed

8 s 2 3 O PCSK9 + 1G08 Fab traction devi d it
8 600, g o PCSK9+1G08 IgG extraction device and a nitrogen
l'-‘_: 5 15 laser (A = 337 nm). A saturated
- . A Js el o solution of sinapinic acid (3,5-di-
E 1000+ o 2 "erais ] 3 methoxy-4-hydroxycinnamic acid,
= 2 51 Aldrich) in 50% acetonitrile and 1%
0 < " trifluoroacetic acid was used to
11 10 9 -8 7 B 5 -9 -8 7 5 5 obtain the MALDI crystals. 500

Log [1G08], M

FIGURE 1. 1G08 binds PCSK9 and inhibits PCSK9 cellular function. A, 1G08-PCSK9 binding TR-FRET assay. A
preformed complex of AF647-labeled PCSK9 (16 nm) and Eu®*-labeled1G08-IgG (4 nm) was combined with
increasing amounts of unlabeled PCSK9 protein at pH 7.4. No treatment control and assay background (No
AF647-PCSK9) are shown as indicated. B, effect of 1G08 Fab or IgG on PCSK9-mediated inhibition of LDL uptake
in HEK293 cells. AF546-LDL uptake were measured in cells incubated with PCSK9 (5 ug/ml) and increasing
concentrations of 1G08 Fab or IgG. 1G08 Fab dose-dependently decreases AF546-labeled LDL uptake. The IC5,

is ~50 nm, maximal inhibition is ~50%.

ruption of the 1G08-PCSK9 binding was assessed in titrations in
which unlabeled recombinant wild-type or mutant PCSK9 pro-
teins, or Annexin A2 were added to the reaction mixture with
incubations for 2—4 h prior to fluorescence measurements typi-
cally in concentration ranges of 0.03—1000 nm.

Isolation of LDL and Labeling of LDL and LDLR and PCSK9—
LDL was isolated from healthy human volunteers as previously
described (10). Labeling of PCSK9 with Alexa Fluor 647, LDL
with Alexa Fluor 546 and LDLR with Eu®*(8044)-DTA (Perkin-
Elmer, Waltham, MA) were performed as previously reported
(24).

LDL Uptake and PCSK9 Uptake—Cellular uptake of Alexa
Fluor 546-labeled LDL or Alexa Fluor647-labeled PCSK9 was
studied in HEK293 cells as described previously (10), with the
exception that Alexa Fluor647-labeled PCSK9 were incubated
with cells in fibronectin plates for 5 h before imaging.

Size-exclusion Chromatography (SEC)—SEC was used to
assess the size of 1G08 Fab, PCSK9, PCSK9AC, and the com-
plex of 1G08 Fab and PCSK9. Equimolar amounts of purified
PCSK9 (0.18 mm, MW 75,979, €,50 = 57,030 M~ ' cm™ ') or
purified PCSK9AC (0.18 mm, MW 45,708, €,5, = 28,270 M~ !
cm ™ ") and 1GO8-Fab (0.18 mm, MW 48,853, €55, = 79,050 M~ '
cm ™ ') were mixed and incubated for 2 h at 4 °C in 40 mm Tris-
HCI buffer, pH 7.5, containing 100 mm NaCl, 5% glycerol, and
20 um CaCl,. Samples were loaded on a Superdex 200 10/30
column (Amersham Biosciences) equilibrated with the buffer
described above. Elution was performed at 4 °C, and the flow
rate was held at 0.50 ml/min. The column was calibrated using
markers of known molecular weights (Bio-Rad).

Proteolysis—PCSK9-1G08-Fab complex in 25 mMm Hepes
pH 7.5, 100 mm NaCl was digested at room temperature with
two different enzymes: trypsin (Promega) and GluC (Roche).
PCSK9 or 1G08-Fab (alone) samples was digested in the same
conditions and used as controls. The PCSK9 to endoprotease
ratio used (w/w) was 1000/1 and 500/1 for trypsin and GluC,
respectively. The cleavage sites on PCSK9 and PCSK9/1G08-
Fab complex at 5, 15, 30, 60, 120, 240, and 360 min digestions
were followed by MALDI-TOF mass spectrometry before and
after dithiothreitol reduction.

MALDI-TOF MS Analysis—MALDI-TOF spectra of posi-
tive ions were acquired in linear mode on a MALDI-TOF
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shots were averaged for each spec-
trum acquired. The spectra were
externally calibrated using des-
Arg'-Bradikinin, Angiotensin I, Glu'-
Fibrinopeptide B, ACTH fragments,
insulin, thioredoxin, and apomyo-
globin according to the mixture
provided with the Sequazyme™ Peptide Mass Standards kit
(Applied Biosystems). The difference between the calculated
average mass and the experimental mass measured (0.05% to
0.1%) was consistent with the accuracy of MALDI-TOF MS in
linear mode.

RESULTS

1G08 Binds PCSK9 and Inhibits Effects of PCSK9 on Cellular
LDL Uptake—Using phage library panning and a PCSK9 bind-
ing ELISA, we identified a human Fab, 1G08, which binds puri-
fied recombinant human PCSK9 with an affinity (K,) of 550 pm
as measured by surface plasmon resonance (SPR). 1G08 IgG
(IgG2) binds PCSK9 with similar affinity. A TR-FRET assay
confirmed the high binding affinity of 1G08 for PCSK9. In this
assay, unlabeled 1G08 Fab was used to compete with Eu®"-
labeled 1GO08 for the binding to Alexa Fluor (AF) 647 labeled
PCSKO9 (Fig. 1A). The apparent inhibition constant (IC,,) was
4.0 £ 0.3nM (mean * S.E.). Itis possible that the IC,, value isan
overestimation, as it is close to the IC;, detection limit of this
assay (~4 nm). 1G08 Fab and IgG do not bind mouse PCSK9
(data not shown).

Next, we assessed whether binding of 1G08 Fab to PCSK9
alters cellular LDL uptake. As reported earlier (10, 24), addition
of purified recombinant human PCSK9 to HEK293 cell culture
medium significantly decreased cellular uptake of AF546-la-
beled LDL. Addition of 1G08 Fab partially blocked (~50 - 60%)
PCSK9 inhibition of LDL uptake in HEK293 cells, with an IC,
of ~50 nm (Fig. 1B). A similar inhibitory effect was also
observed in HepG2 cells with an IC,, of ~150 nm (data not
shown). Of note, 1G08 Fab had no effect on cellular LDL uptake
in the absence of exogenously added PCSKO (Fig. 1B), which is
likely due to the low levels of endogenous PCSK9 secreted by
HEK293 or HepG2 cells (<1 nm). Interestingly, unlike 1G08
Fab, even at the highest concentration tested (1 um), 1G08 IgG2
had very little effect on PCSK9 cellular function (Fig. 1B).

1GO08 Does Not Affect the PCSK9-LDLR Interaction—To test
whether 1G08 Fab inhibits PCSK9 function by altering the
interaction between PCSK9 and the LDLR, we used an in vitro
TR-FRET assay that monitors PCSK9-LDLR binding. In this
assay, unlabeled PCSK9 dose-dependently inhibited PCSK9-
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FIGURE 2. 1G08 does not affect PCSK9 and LDL receptor interaction but inhibits cellular PCSK9 uptake. A, PCSK9-LDLR interaction TR-FRET assay.
Increasing concentrations of unlabeled PCSK9 or 1G08-Fab was titrated into reactions containing a preformed complex of AF647-PCSK9 (10 nm) and Eu®*-
labeled recombinant LDLR (4 nm) at pH 7.4. Data are means = S.D. of triplicates. Unlabeled PCSK9, but not 1G08-Fab, disrupted the complex between
Eu®**-labeled soluble LDLR and wild-type PCSK9. B, Biacore sensorgram showed the binding of 1G08-Fab (5 um) to PCSK9 bound to immobilized LDLR
ectodomain. The sensorgram shows first an increase in RU because of the association of PCSK9 with LDLR and then a second increase due to the association of
1G08 Fab with the PCSK9-LDLR complex. Line bars show application of LDLR, PCSK9, or 1G08 as indicated. In separate SPR experiments, the 1G08 Fab did not
bind to the immobilized LDL receptor. C, 1G08 Fab and IgG impairs PCSK9 internalization. HepG2 cells were incubated (37 °C, 5 h) with 25 nm AF647-labeled
PCSK9 in the presence of 1G08 Fab or IgG at concentration as indicated. The background fluorescence level was measured by incubating cells with AF647-
PCSK9 in the presence of 50-fold unlabeled PCSK9.

A PCSK9 B
=800 1 30 152 452 692
< 60.0 pcskg 8P Pro | [ CHRD |
2 400 PCSKIAC
Q
0 20.0
0.0 50 5.0 10.0 15.0 20.0
Elution volume, ml
D 4000-
c - . A PCSK9AC
: ) a A PCSK9
14.49 . 1G08+PCSKIAC S 3000{ & & i 4as *
~380.0 : o e Control
=2
{0 20001
o
u-
[1'4 n
& 1000
0.0 50 5.0 10.0 15.0 20.0 0_11 10 9 -8 -7 -6

Elution volume, ml

Log [Protein], M

FIGURE 3.1G08 does not bind PCSK9 C-terminal truncation mutant. A, size-exclusion chromatography of PCSK9-1G08-Fab complex (brown-dotted color, 50
wl, 180 um), PCSK9 (black color, 50 wl, 180 um), 1G08-Fab (red color, 50 pl, 180 um). B, schematic illustration of the functional domain organization of full-length
PCSK9 and the C-terminal-truncated PCSK9AC protein. C, size-exclusion chromatography of PCSK9AC-1G08-Fab co-elution (green-dotted color, 50 pl, 180 um),
PCSK9AC (blue color, 50 pl, 180 um), 1G08-Fab (red color, 50 wl, 180 wm). The retention volume (ml) is indicated on top of each peak. D, 1G08-PCSK9 binding
TR-FRET assay showing that unlabeled PCSK9, but not unlabeled PCSK9AC disrupted the preformed 1G08-Fab and PCSK9 complex. Fluorescence level in the
control reaction (no competitor) was also shown. Abbreviations: Pro, inhibitory prodomain; SP, signal peptide. CHRD, cysteine/histidine-rich domain.

LDLR binding; in contrast, 1G08 Fab did not affect PCSK9
binding to the receptor (Fig. 24).

Consistent with these results, SPR studies showed that addi-
tion of 1G08 Fab following PCSK9 to immobilized LDLR fur-
ther increase the response signal, suggesting 1G08 Fab was able
to bind LDLR-bound PCSK9 without disrupting the complex
(Fig. 2B), suggesting that the binding sites of 1G08 and LDLR on
PCSK9 do not overlap.

1GO08 Binding Inhibits PCSK9 Internalization—The binding
of 1G08 Fab to PCSK9 does not affect the PCSK9-LDLR inter-
action, yet, it inhibits PCSK9-mediated inhibition on cellular
LDL uptake. To delineate the underlying mechanisms, we
tested whether 1G08 affects PCSK9 internalization. AF647-la-
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beled PCSK9 uptake was measured by fluorescence imaging in
HEK?293 cells cultured in Dulbecco’s modified Eagle’s medium
containing 10% lipoprotein-deficient serum (10). 1G08 Fab dose-
dependently inhibited the uptake of AF647-PCSK9 in these
cells (Fig. 2C). Consistent with its partially inhibitory effect on
LDL uptake, 1G08 Fab did not completely inhibit AF647-
PCSKO9 internalization even at the highest concentration tested
(2 um). Similarly, 1G08 IgG is also a partial inhibitor of AF-647-
PCSK9 internalization, although with much less efficiency. The
IC,, values of 1G08 Fab and IgG is 22 nM and great than 170 nm,
respectively (Fig. 3). A control Fab that does not bind PCSK9
had no effect on AF647-PCSK9 internalization. These results
indicate that the inhibitory effect of 1G08 on PCSK9 cellular
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function is mediated, at least in part, through attenuation of
cellular PCSK9 uptake.

In Vitro Characterization of the PCSK9-1G08 Fab Complex—
Previous studies have shown that the C-terminal domain of
PCSKO9 plays a role in mediating the colocalization of PCSK9
with LDLR at the cell surface and PCSKO9 trafficking (21). To
further characterize the PCSK9/1G08-Fab interaction, we ini-
tially studied these proteins using SEC. When PCSK9 and
1G08-Fab proteins were loaded onto the column separately
(Fig. 3A, peaks in black and red colors), PCSK9 eluted as a single
peak at retention volume 13.0 ml corresponding to a protein
with an apparent molecular mass (MW) of 76 kDa, which
accounts for one PCSK9 monomer (PCSK9 MW 75,979 Da);
while 1G08-Fab eluted as a single peak at 14.5 ml, which corre-
sponds to 49 kDa, in agreement with the molecular weight
expected for a Fab. When equimolar concentrations of PCSK9
and 1GO08-Fab were applied to a SEC column, a single, near
symmetrical peak was eluted at a retention volume (V) —11.4
ml (Fig. 34, peak in brown color), with no evidence of aggrega-
tion or proteolytic degradation. The retention volume of the
complex peak corresponds to a 130-kDa protein, which closely
matches a heterodimer formed by one PCSK9 molecule and
one 1G08-Fab molecule.

Interestingly, 1G08-Fab did not form a complex with
PCSK9AC (amino acids 31-451), a truncated form of PCSK9
lacking the C-terminal domain but capable to bind LDLR like
full-length PCSK9 (14) (Fig. 3B). When equimolar concentra-
tions of PCSK9AC and 1G08-Fab were loaded into the SEC
column, the resulting elution profile was consistent with that of
the two individual free proteins co-eluting separately. The
retention volume of the co-eluting PCSK9AC and 1G08-Fab is
14.8 ml (Fig. 3C, peak in green color), very close to that of the
individual proteins (15.4-and 14.8 ml, respectively. Fig. 3C, peak
in blue and magenta color). The size-exclusion chromatogra-
phy behavior of the proteins was unaffected by lowering or
increasing the protein concentrations (0.05— 0.5 mm), suggest-
ing that the proteins did not undergo concentration-dependent
aggregation and that there is no appreciable binding of 1G08
and PCSK9AC even in the high um to low mM concentration
range.

In agreement with these results, 1G08 also failed to bind
PCSK9AC in the TR-FRET assay (Fig. 3D). In contrast to unla-
beled full-length PCSK9, which completely blocked the binding
of 1G08-Fab to fluorescent-labeled PCSK9, PCSK9AC had no
effect. Taken together, these results clearly suggest that 1G08-
Fab binds at the C-terminal domain of PCSK9 (Fig. 3D).

Mapping 1G08 Binding Site on PCSK9 C-terminal Domain—
To further define the binding site of 1G08-Fab on PCSK9, we
subjected PCSK9 to proteolysis in the presence or absence of
1GO08-Fab, then followed by mass spectrometry determination
of the PCSK9 residues protected by 1G08 from proteolysis.
PCSK9-1G08 complex was digested with endoproteinase tryp-
sin or GluC (Staphylococcus aureus protease V8), serine pro-
teinases, which selectively cleaves peptide bonds C-terminal
domain to arginine and lysine (R, K) or glutamic acid (E) resi-
dues, respectively. PCSK9 or 1G08 samples were digested sep-
arately under the same conditions and used as controls. The
cleavage sites on PCSK9 and PCSK9-1G08-Fab complex were
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identified by MALDI-TOF mass spectrometry at 5, 15, 30, 60,
120, 240, and 360 min sample digestion. Following proteolysis
with trypsin and DTT reduction, the mass spectrum of PCSK9
revealed a peak at 12785.0 m/z that corresponds to peptide
Gly-583—Arg-705. This peak was absent from the spectrum
derived from the PCSK9-1G08 complex, demonstrating that
1G08 protected PCSKO residue Arg-582 from digestion by tryp-
sin (Fig. 4A). Similarly, 1G08-Fab protected PCSK9 residues
Arg-549, Lys-609, and Glu-607, Glu-612 by trypsin and GluC,
respectively (Fig. 4B). All residues protected by 1G08-Fab are
located in the C-terminal of PCSK9 (highlighted in red in Fig.
4C), in agreement with the SEC study results which indicate
that 1G08 binds PCSKO9 in this region.

Molecular modeling analysis revealed the spatial relations
among the residues involved in the putative 1G08-Fab binding
epitope. Based on structural analyses, Glu-607 interacts with
Lys-609 and Arg-549 interacts with GIn-587 when PCSK9 is
crystallized alone (25) (Fig. 5A); whereas Glu-607 and Lys-609
interact with Arg-680 and Glu-627, respectively, via salt bridges
in PCSK9 when it was co-crystallized with LDLR EGF-A (20)
(Fig. 5B). This suggests that this region is structurally flexible,
and the residues involved may therefore be able to change inter-
action partners from the residues within PCSK9 to those of
1G08-Fab. Mutation of those residues to alanine would be
expected to weaken the inter- and intrasalt bridge interactions
as indicated from the mutation study shown in Table 1.

Mutation Analysis of 1G08 Binding Site on PCSK9 C-termi-
nal Domain—To confirm that residues Arg-549, Arg-582, Glu-
607, Lys-609, and Arg-612 are part of the 1G08 binding epitope,
we made three mutants: R549A, R580A_R582A, and E607A _
K609A_E612N. Both Arg-580 and Arg-582 are located in a
region that is disordered in all the PCSK9 crystal structures
(shown as an orange dashed line in Fig. 4C). Arg-580, being
followed by a proline in the primary sequence of PCSK9, was
not subjected to trypsin cleavage. As a consequence, its acces-
sibility/protection information could not be assessed by trypsin
digestion. Therefore, the R580A/R582A double mutant was
generated even though Arg-580 was not shown to be pro-
tected by 1GO08 in the proteolysis studies. SDS-PAGE analy-
sis of the wild-type PCSK9 and all three PCSK9 mutant pro-
teins suggested that the mutations at these sites did not
affect the overall integrity of the PCSK9 proteins (Fig. 6A4).
Remarkably, in the PCSK9-1G08 TR-FRET assay, the ICy,
values of these three PCSK9 mutants were more than 1000-
fold higher than that of unlabeled wild-type PCSK9 (Fig. 6B
and Table 1), which demonstrate that, indeed, mutations at
these sites impair 1G08-PCSK9 binding. However, these
mutations had only modest impact on the potency of PCSKO:
the IC;, of the wild-type PCSK9 on LDL uptake was 5.5 = 1.6
nM (n = 10); the IC,, of the triple mutant E607A_K609A _
E612N was 5.9 = 0.8 nm (1 = 2); the IC,, values of R549A and
R580A_R582A were 13.1 = 0.8 nM (# = 3) and 16.5 = 0.1 nm
(n = 2), respectively (Fig. 6C). Further, the mutant PCSK9
proteins showed similar cellular uptake potencies as the
wild-type PCSKO9 protein (Fig. 6D). In agreement with these
results, 1G08 Fab did not inhibit the effect of R549A on LDL
uptake (data not shown).
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FIGURE 4. Proteolysis and mass spectrometry study of 1G08 binding site on PCSK9 C-terminal domain. A, 1G08 Fab binding site analysis. Following
limited proteolysis with trypsin (R, K) and dithiothreitol reduction, the mass spectrum of PCSK9 reveals a peak at 12785.0 m/z (circled) that corresponds to
peptide Gly-583—Arg-705, this peak is absent from the spectrum derived from the trypsin-treated PCSK9-1G08-Fab complex, demonstrating that 1G08-Fab
protected PCSK9 residue Arg-582 from digestion by trypsin. B, summary of PCSK9 residues protected by 1G08 Fab binding in proteolysis experiments. C, ribbon
representation of PCSK9 and a summary of the data obtained by the MS analyses. The PCSK9 residues protected by 1G08-Fab after limited proteolysis with
trypsin and GluC are shown in red and are all located in the PCSK9 C-terminal domain. The orange dashed line denotes residues Gly-572 to Pro-585, which form

a disordered loop not resolved in the x-ray structure.

The C-terminal domain of PCSK9 has been reported to
affect the ability of PCSK9 to down-regulate cell surface
LDLR levels, although the mechanism was not well under-
stood (9). We confirmed the role of the PCSK9 C-terminal
domain in the modulation of LDLR levels by assessing the func-
tional activity of the PCSK9AC protein in the LDL uptake assay.
As shown in Fig. 74, the IC,, of PCSK9AC (128.5 = 31.8 nwm,
n = 2) was ~20 fold higher than that of the wild-type PCSK9
(6.9 = 4.2 nm, n = 4) in HepG2 cells, despite the fact that
PCSK9AC and PCSK9 bind the LDLR with similar affinity in
the TR-FRET assay (14). Similar results were also obtained in
HEK?293 cells (data not shown). Consistent with these results,
relative to full-length PCSK9, PCSK9AC was also less potent
inhibitor for AF-647 PCSK9 uptake, the IC,, was also ~10 fold
higher. Together these data point to a critical role of the PCSK9
C-terminal domain for cellular PCSK9 uptake and PCSK9-de-
pendent LDLR degradation.

Effect of Serum and Annexin A2—It is possible that the bind-
ing of 1G08 to PCSKO9 inhibited the action of a serum protein
required for PCSK9 function, as 10% lipoprotein-deficient
serum is present during the reaction. We therefore tested the
effect of 1G0O8 Fab in the absence of serum. As shown in Fig. 84,
1GO08 Fab acted similarly in the absence or presence of serum,

APRIL 23, 2010+VOLUME 285-NUMBER 17

suggesting that a serum accessory protein is not necessary for
its effect.

A recent study has shown that a membrane associated pro-
tein Annexin A2 binds PCSK9 at the C-terminal domain and
impairs PCSK9-mediated LDLR degradation (26). We tested
whether 1G08 and Annexin A2 binds the PCSK9 at the same
site. As shown in Fig. 8B, Annexin A2 does not affect 1G08-
PCSK9 binding, suggesting that the binding sites of Annexin A2
and 1G08 do not overlap.

DISCUSSION

Studies have shown that the PCSK9 C-terminal domain is
not directly involved in PCSK9-LDLR binding (9, 14). Yet,
several gain- (H553R) or loss- (S462P and Q554E) of function
point mutations within the C-terminal domain have been
shown to result in hyper- or hypocholesterolemia, respectively
(1,27-29), which pointing to the functional significance of this
region. The mechanism by which the C-terminal domain mod-
ulates the cellular function of PCSK9 is not well understood.
Here, we report that 1G08, an anti-PCSK9 Fab, binds PCSK9
with a high affinity and impairs the PCSK9-mediated inhibitory
effect on LDL uptake mainly through its inhibition of PCSK9
internalization. These studies demonstrated that 1G0O8 Fab is a
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Arg682

FIGURE 5. Spatial relations among the residues in the putative 1G08-Fab binding epitope. A, interaction points of the mutated residues from the crystal
structure of PCSK9-LDLR complex (PDB D core: 3 bps). Glu-607 and Lys-609 interact with Arg-680 and Glu-627, respectively, via salt bridge. B, interaction points
of the mutated residues from the crystal structure of PCSK9 (PDB ID core: 2p4e). Arg-549 and Lys-609 interact with GIn-587 and GIn-607, respectively. This

region is more ordered in free PCSK9 than in PCSK9-LDLR complex.

TABLE 1
IC5, values of PCSK9 C terminus mutants in 1G08 binding
IC,, for binding to 1G08

Protein name

nm
48+12(n=12)
>>1000 (1 = 2)
>>1000 (n = 2)
>>1000 (n = 2)

wt PCSK9

R549A

R580A_R582A
E607A_K609A_E612N

useful new tool for delineating mechanism of PCSK9 uptake
and LDLR degradation.

Proteolysis and mass spectrometry analysis, coupled with
biochemical and site-directed mutagenesis studies revealed
that 1G08 binds to the C-terminal domain of PCSK9. Impor-
tantly, 1G08 did not affect PCSK9-LDLR binding. Rather, it
partially inhibited PCSK9 internalization. Consistent with
these findings, 1GO08 failed to bind PCSK9AC, a truncated
form of PCSKO9 lacking the C-terminal domain (i.e. after Ala-
451). These results are in good agreement with those from a
recent study which showed that a similar C-terminally trun-
cated PCSK9 variant (amino acids 1-454) was able to inter-
act with LDLR, but was unable to induce LDLR degradation
when overexpressed in hepatoma HuH-7 cells (9). Further,
the present study also demonstrate that relative to full-
length PCSK9, PCSK9AC had greatly reduced ability to
inhibit cellular uptake of fluorescence labeled PCSK9 and
LDL uptake in hepatocytes and in HEK293 cells, even though
its binding affinity for LDLR is unaltered (14). Together,
these results demonstrate that the PCSK9 C-terminal
domain contribute to its inhibition of LDLR function mainly
through its impact on the cellular uptake of PCSK9 and
LDLR complex. Substitution of Arg-549, Arg-580, Arg-582,
Glu-607, Lys-609, and Glu-612 (residues involved in 1G08
binding) with alanines have very little effect in PCSK9 inter-
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nalization; suggesting these residues are outside domains
directly impacting PCSK9 internalization. Further studies
are needed to identify the C-terminal residues involved in
PCSKO9 internalization.

The cysteine/histidine-rich C-terminal domain of PCSK9
consists of a cylindrically shaped domain with quasi 3-fold
internal symmetry. Each of the three subdomains is a sand-
wich made up of six antiparallel B-strands. This domain
resembles the structure of a resistin homotrimer (28) and is
composed of three B-sheet modules each held together by
three internal disulfide bonds, for a total of nine disulfide
bonds within the C-terminal domain (30). Structural studies
have shown that several regions in the PCSK9 C-terminal
domain are structurally flexible suggesting that they may be
involved in binding to a protein other than LDLR (25, 28, 30).
Our studies showed that the 1G08-Fab binding epitope on
PCSKO9 is comprised of three adjacent B-strands containing
Arg-549, Arg-580, Arg-582, Glu-607, Lys-609, and Glu-612
in the C-terminal domain. These residues are close to an
exposed loop **°VHCHQQGH">’, which contains two natu-
ral gain- and loss-of-function mutations H553R and Q554E,
respectively (20, 28). Because of the lack of readily cleavable res-
idues in this region, we were unable to resolve whether this region
was protected by 1G08 Fab in the proteolysis study. It is possible
that this loop may also be part of the 1G08 binding epitope.
Although the residues identified in the PCSK9 C-terminal domain
(Arg-549, Arg-580, Arg-582, Glu-607, Lys-609, and Glu-612) are
crucial for the binding of 1G08 Fab; they do not appear to be
important for PCSK internalization or inhibition of LDL uptake, as
mutation at these sites do not affect cellular uptake of the PCSK9
or inhibition of LDL uptake.

We have determined that the inhibition of 1G08 Fab on
PCSKO9 cellular function does not require any serum soluble
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protein. Another plausible mechanism for 1G08 Fab inhibi-
tion of PCSK9 internalization is by preventing PCSK9 inter-
action with a currently unidentified cell surface molecule

APRIL 23, 2010+VOLUME 285-NUMBER 17

required for cellular uptake of
PCSK9. This hypothesis may
explain the discrepancy between
the IC,, value of wild-type PCSK9
in inhibiting LDL uptake in our
cell-based assay (~60 nm) and the
lower affinity of PCSK9 for LDLR
measured by SPR (K, = 600-800
nM) (10). Binding of PCSK9 to
LDLR and to a cell surface core-
ceptor may allow the formation
of a tighter complex and a more
efficient internalization of the
PCSK9-LDLR complex. In addi-
tion, the need for a tissue-specific
cell surface cofactor for PCSK9
function could also explain the
preferential down-modulation of
liver LDLR by PCSK9 in mice (12).
Consistently, a recent study showed
that a membrane-associated pro-
tein Annexin A2 binds PCSK9
C-terminal domain and impairs
PCSK9-mediated LDLR degrada-
tion (26). The finding that 1G08
Fab and Annexin A2 bind distinc-
tive epitopes suggests that multi-
ple site of modulation exist in the
PCSK9 C-terminal.

Interestingly, relative to 1G08 Fab,
1G08 IgG is less effective for inhibit-
ing PCSK9 uptake and for restoring
cellular LDL uptake. The reason
for this disparity is unclear. It is
conceivable that the smaller Fab is
easier to access its epitope on
the C-terminal domain and pre-
vent the binding of a cell surface
coreceptor. PCSK9 inhibitors are
highly desirable because of their
promise as new LDL-lowering agents.
Recent reports demonstrated that
anti-PCSK9 antibodies targeting the
catalytic domain were able to re-
store LDL uptake in HepG2 cells
overexpressing PCSK9 or treated
with exogenous recombinant PCSK9
protein, and to reduce serum cho-
lesterol levels in mice and in non-
human primates (17, 18). To our
knowledge, this is the first report of
a human antibody antigen binding
fragment against the C-terminal
domain of PCSK9 that partially re-
stores LDL uptake through inhibi-

tion of PCSK9 internalization. The 1G08 antibody antigen
binding fragment will serve as a useful tool for delineating
mechanism of PCSK9 uptake and LDLR degradation; and for
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FIGURE 8. Effect of serum and Annexin A2. A, effect of 1GO8 Fab on
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1G08-PCSK9 interaction assay. Annexin A2, up to a concentration of 19 um
did not affect 1G08-PCSK9 binding.

identifying cofactors, which may bind the C-terminal domain
of PCSK9 and regulate its function. Further, the work pre-
sented herein provides a novel strategy for inhibiting PCSK9
function.
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