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PCSK9, a target for the treatment of dyslipidemia, enhances
the degradation of the LDL receptor (LDLR) in endosomes/
lysosomes, up-regulating LDL-cholesterol levels. Whereas the
targeting and degradation of the PCSK9-LDLR complex are
under scrutiny, the roles of the N- and C-terminal domains of
PCSK9 are unknown. Although autocatalytic zymogen pro-
cessing of PCSK9 occurs at Gln1522, here we show that human
PCSK9 can be further cleaved in its N-terminal prosegment at
Arg462 by an endogenous enzyme of insect High Five cells
and by a cellular mammalian protease, yielding an �4-fold
enhanced activity. Removal of the prosegment acidic stretch
resulted in �3-fold higher binding to LDLR in vitro, in >4-
fold increased activity on cellular LDLR, and faster cellular
internalization in endosome/lysosome-like compartments.
Finally, swapping the acidic stretch of PCSK9 with a similar
one found in the glycosylphosphatidylinositol-anchored hepa-
rin-binding protein 1 does not impair PCSK9 autoprocessing,
secretion, or activity and confirmed that the acidic stretch acts
as an inhibitor of PCSK9 function. We also show that upon
short exposure to pH values 6.5 to 5.5, an �2.5-fold increase in
PCSK9 activity on total and cell surface LDLR occurs, and
PCSK9 undergoes a second cleavage at Arg248, generating a
two-chain PCSK9-�N248. At pH values below 5.5, PCSK9 dis-
sociates from its prosegment and loses its activity. This pH-de-
pendent activation of PCSK9 represents a novel pathway to
further activate PCSK9 in acidic endosomes. These data en-
hance our understanding of the functional role of the acidic
prosegment and on the effect of pH in the regulation of PCSK9
activity.

Complications resulting from cardiovascular disorders are
the main cause of death worldwide. High levels of circulating

low density lipoprotein-cholesterol represent a major risk
factor that leads to coronary heart disease associated with
increased death and morbidity worldwide (1). LDL is con-
stantly cleared by internalization into cells by the LDL recep-
tor (LDLR),4 which binds and internalizes LDL via its unique
apolipoprotein B (apoB) protein. Mutations in LDLR or APOB
genes are major causes for the frequent autosomal dominant
genetic disorder known as familial hypercholesterolemia (2,
3). More recently, the PCSK9 gene (4), which is highly ex-
pressed in liver and small intestine (5), was identified as the
third locus associated with familial hypercholesterolemia (6).
PCSK9 binds the LDLR and triggers its intracellular degrada-
tion in acidic endosomes/lysosomes, resulting in increased
circulating LDL-cholesterol (7–10).
Following its autocatalytic cleavage, PCSK9 is secreted as a

stable noncovalent complex with its 122-amino acid (aa 31–
152) N-terminal prosegment (5, 7). This cleavage results in a
conformational change (11), which favors the binding of
PCSK9 to the EGFA domain of the LDLR (12), with much
increased affinity at acidic pH values (11).
Overexpression studies in liver suggested that PCSK9 tar-

gets the LDLR (9, 13, 14) toward degradation in late endo-
somes/lysosomes (7–10). The extracellular pathway is defined
by the ability of extracellular PCSK9 to target the LDLR for
destruction. A recent study presented a clinically relevant
monoclonal antibody (mAb) that inhibits PCSK9 interaction
with LDLR at the cell surface and results in an �80% reduc-
tion of LDL-cholesterol that lasted for 2-weeks in cynomolgus
monkey (15). However, we recently presented evidence for
the presence of both intracellular and extracellular pathways
of PCSK9-induced LDLR degradation (16).
The crystal structure of PCSK9 revealed three separate do-

mains as follows: the prosegment (aa 31–152) and catalytic
domain (aa 153–404) in tight complex, and the spatially sepa-
rated hinge region (aa 405–454) (17) and Cys-His rich do-
main (CHRD; aa 455–692) (11, 18, 19). In all reported crystal
structures, aa 31–60 of the prosegment and portions of the
CHRD were unresolved, indicating their unstructured nature.
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Biochemical (20) and co-crystal structure (12) studies re-
vealed that aa 153–156 and 367–381 directly interact with the
EGFA domain of the LDLR. The most severe mutation,
D374Y associated with hypercholesterolemia (21), is within aa
367–381 and results in an �25-fold higher affinity of PCSK9
toward LDLR (11). The shallow binding surface on PCSK9 is
distant from its catalytic site, and the EGFA domain of LDLR
apparently makes no contact with either the prosegment or
the CHRD.
Even though the prosegment does not bind the EGFA do-

main of LDLR (12), it negatively regulates the binding of
PCSK9 to LDLR. Deletion of an N-terminal stretch (aa 31–
53), which exhibits Tyr38 sulfation (5) and Ser47 phosphoryla-
tion (22), enhances the binding of PCSK9 to soluble LDLR by
�7-fold (12). Whether under certain conditions this unstruc-
tured acidic stretch (11, 18, 19) binds another domain of
PCSK9 or LDLR and/or interacts with another protein have
yet to be defined. Interestingly, natural variants of PCSK9 ex-
ist in this highly acidic stretch of the prosegment. Of note, the
variants E32K and E57K reduce the overall negative charge of
this part of the prosegment and result in a gain of function
(GOF), whereas the reduced positive charge in the R46L vari-
ant results in loss of function (LOF).
In this study, we focused on the N-terminal acidic region of

the prosegment and on the effect of pH in the regulation of
the activity of PCSK9 toward LDLR. The information pre-
sented herein opens new avenues in deciphering the struc-
tural components of PCSK9 that dynamically regulate its abil-
ity to enhance LDLR degradation.

EXPERIMENTAL PROCEDURES

Plasmids and Reagents—Human PCSK9 and its mutant
cDNAs were generated and cloned into pIRES2-EGFP (Clon-
tech) as described previously (5). HepG2, HuH7, and HEK293
cells (American Type Culture Collection) were routinely cul-
tivated in Dulbecco’s modified Eagle’s medium (DMEM; In-
vitrogen) supplemented with 10% fetal bovine serum (FBS;
Wisent). Low density lipoprotein coupled with 1,1�-dioctade-
cyl-3,3,3�,3�-tetramethylindocarbocyanine perchlorate (diI-
LDL) and lipoprotein-deficient serum (LPDS) were from Bio-
medical Technologies. Purified recombinant human hPCSK9
was obtained from a baculovirus expression system (see be-
low). The cDNA of GPIHBP1 was a kind gift of Drs. Anne
Beigneux and Stephen G. Young (UCLA).
Expression and Purification of Full-length (30–692) and

Truncated (47–692) Forms of PCSK9 from Baculovirus/Insect
Cells—Human PCSK9 cDNA (residues 30–692) was PCR-
amplified and cloned into a pAcHLT vector (Pharmingen)
with GP67 secretion signal, confirmed by sequencing to con-
fer expression and secretion of hexahistidine-tagged (C-ter-
minal) PCSK9. Recombinant baculovirus was generated by
co-transfection with BaculoGold DNA (Pharmingen) and am-
plified once. The resulting viral stock (133 ml) was used to
inoculate 40 liters of High Five cells (Invitrogen) in ESF921
media (Expression System LLC) at a density of 2 � 106 cells/
ml. Cells were grown at 27 °C in two 25-liter WAVE Bioreac-
tors (GE Healthcare) for 65–72 h and harvested when cell
viability reached 70%. Culture supernatants were centrifuged

at 1,000 � g for 15 min and kept at 20 °C for 30–60 min prior
to purification. The supernatants from 40 liters of baculovirus
culture were concentrated and exchanged into 1 liter of Buffer
A (25 mM HEPES, 200 mM NaCl, pH 7.4). The remaining pu-
rification steps were performed at 0–5 °C. The sample was
supplemented with 5 mM imidazole, centrifuged, and applied
at 10 ml/min to a 9.5 � 2.6-cm (50 ml) nickel-nitrilotriacetic
acid column (Qiagen) pre-equilibrated in Buffer A. The col-
umn was then washed with 20 column volumes (CV) of Buffer
A � 5 mM imidazole, 5 CV of Buffer A � 10 mM imidazole,
and 10 CV of Buffer A � 35 mM imidazole. PCSK9 was then
eluted in two 5-CV portions of Buffer A � 250 mM imidazole,
partially concentrated, and then diluted 15-fold in Buffer B
(25 mM Tris-HCl, pH 7.5) immediately prior to loading onto a
9.5 � 2.6-cm (50 ml) SOURCE 15Q column (GE Healthcare)
pre-equilibrated in Buffer B containing 10 mM NaCl. Trun-
cated (47–692) and full-length (30–692) forms of PCSK9
were base-line-resolved and eluted in this order using a
12-CV linear gradient from 10 to 600 mM NaCl in Buffer B.
Fractions found to contain each form of PCSK9 by SDS-
PAGE were separately pooled and concentrated to 5 mg/ml.
Each form of PCSK9 was loaded onto a 60 � 2.6-cm (320 ml)
HiLoad Superdex 200 column (GE Healthcare) pre-equili-
brated and isocratically eluted at 3 ml/min in final storage
buffer (25 mM HEPES, pH 7.4, 200 mM NaCl, 5% glycerol).
Fractions containing monomeric PCSK9 were pooled, con-
centrated to 3 mg/ml, and stored at �80 °C. Purified proteins
were analyzed by Bradford, SDS-PAGE, dynamic light scatter-
ing using a Plate Reader Plus (Wyatt Technologies) with a
laser wavelength of 829 nm, and LC/ESI-MS using a LTQ
mass spectrometer (Thermo) in positive ion mode. Expres-
sion and purification process yields typically ranged from 80
to 110 mg of purified PCSK9(30–692)-His6 and from 5 to 10
mg of purified PCSK9(47–692)-His6 per 40 liters of baculovi-
rus supernatants. Analytical data showed �95% purity with
hydrodynamic radii of 4.1 nm, consistent with a glycosylated
monomer with 11% polydispersity, and mass spectra consis-
tent with heterogeneous N-linked glycosylation of the cata-
lytic CHRD and partial sulfation of the nontruncated prodo-
main form.
diI-LDL Uptake Cell-based Assay for PCSK9 Activity—A

cell culture method to assay PCSK9 functional activity on the
LDLR was developed measuring cellular LDLR activity as the
uptake of fluorescently labeled LDL. Our method was adapted
from the diI-LDL uptake procedure by Teupser et al. (23).
HepG2 cells were plated at 20,000 cells/well in a 96-well for-
mat in RPMI � 10% FBS, and on the 2nd day the medium was
changed to RPMI � 10% LPDS with 100 nM statin (catalog no.
423526, Bristol-Myers Squibb) for 16 h. Cells were then prein-
cubated with recombinant human PCSK9 protein at the levels
indicated for 2 h, followed by the addition of 5 �g/ml diI-LDL
for a further 2-h incubation at 37 °C. Uptake was stopped by
the addition of 4% formaldehyde in 10 �M Hoechst 33342 for
20 min at 20 °C. Cells were washed twice with PBS, and fluo-
rescence measured for Hoechst (DNA content) at excitation/
emission 360/460 nm (dichroic mirror � 400 nm) was read.
After DNA reading, the cells were lysed in 0.1 N NaOH, 0.1%
SDS and shaken for 10 min followed by fluorescence reading
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for diI-LDL excitation/emission at 530/580 nm (dichroic mir-
ror � 561 nm) on an LJL Analyst instrument. For data analy-
sis, the fluorescence ratio of diI-LDL/Hoechst 33342 was used
to normalize diI-LDL uptake value to cell count.
FRET-based Assays for PCSK9:EGFA and PCSK9:LDLR

Binding—Time-resolved fluorescence resonance energy
transfer (FRET)-based assays were developed to determine
the binding affinity of PCSK9 with LDLR, adapted from the
general method described previously by Miao et al. (24).
The PCSK9:EGFA FRET assay measures PCSK9 binding to the
LDLR epidermal growth factor precursor homology domain
(EGFA domain) using recombinant human PCSK9 expressed
in baculovirus and a synthetic 40-mer EGFA peptide (biotin-
ylated) produced by solid-phase chemistry. EGFA has been
shown to represent the key interacting domain of LDLR with
PCSK9 (12). This assay uses a PCSK9 C-terminal domain
binding mAb produced in Bristol-Myers Squibb (mAb-4H5)
labeled with europium-chelate to provide FRET interaction
with biotinyl-EGFA through the streptavidin/allophycocyanin
fluorophore complex. A second assay measured PCSK9 bind-
ing to the full-length LDLR ectodomain using biotinyl-LDLR-
His6 and the same mAb-4H5 system described above.
Transfections, Biosynthetic Analyses, and Immunoprecipita-

tions of PCSK9—Transfections were done with 3 � 105
HEK293 cells using Effectene (Qiagen) and a total of 0.4 �g of
cDNAs. Alternatively, 5 � 105 HuH7 or 6 � 105 HepG2 cells
were transfected with a total of 4 �g of cDNAs in Lipo-
fectamine 2000 (Invitrogen). In some cases, 2-day post-trans-
fection, HEK293 cells were washed and then incubated for
various times with either 250 �Ci/ml [35S]Met or [35S]Cys
(PerkinElmer Life Sciences). The cells were lysed in modified
RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5), 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and a
protease inhibitor mixture (Roche Applied Science), after
which the lysates and media were prepared for immunopre-
cipitation (25). The antibodies used were the anti-V5 mAb
(Invitrogen, 1:500), goat anti-prosegment PCSK9 (Imx-3786,
1:200), and rabbit anti-PCSK9 31–454 (A-03) (10). Immuno-
precipitates were resolved by SDS-PAGE on 8% Tricine gels
and autoradiographed. Most of these experiments were re-
peated at least three times. Quantitation was performed on a
Storm Imager (Amersham Biosciences) by using the Image-
Quant version 5.2 software.
PCSK9 Incubations at Different pH Values—Full-length and

various PCSK9 constructs secreted from HEK293 cells in me-
dia composed of RPMI in 5% LPDS and 1% sodium pyruvate,
pH 7.2, were incubated at 37 °C for 1–4 h at various pH val-
ues from 7.2 to 4.5. The pH was then immediately neutralized
with NaOH to pH 7.2. The samples were incubated for
4 h with HuH7 cells for FACS analyses and then 4 h or over-
night with either HepG2 or HuH7 cells for Western blots of
PCSK9 and LDLR.
LDLR Activity Assay—HepG2 cells were plated in a 96-well

poly-D-lysine-coated plate (BD Biosciences) at a density of
15,000 cells/well in RPMI 1640 medium (Invitrogen), contain-
ing 5% lipoprotein-deficient serum (Intracel). After 18 h, puri-
fied PCSK9 protein was added to the cells in 30 �l of medium
(RPMI 1640 containing 5% LPDS). After 2 or 24 h of incuba-

tion at 37 °C, 5 �g/ml diI-LDL (Biomedical Technologies)
were added to the cell media, and cells were returned to the
tissue culture incubator for another 2 h. Cells were then fixed
in the presence of a 2% paraformaldehyde solution containing
4 �g/ml Hoechst (Molecular Probes). After three washes of
the cell layer, plates were scanned on Cellomics Array-scan
(Thermo). diI-LDL uptake measured as the mean total inten-
sity of fluorescence per cell was obtained from quadruplicate
wells with an average read of 500–700 cells/well for each
treatment condition. Data were analyzed using GraphPad
Prism 4.
Western Blot Analysis—Cells were washed three times in

phosphate-buffered saline (PBS) and lysed in complete RIPA
buffer (50 mM Tris-HCl, pH 8.0, 1% (v/v) Nonidet P-40, 0.5%
sodium deoxycholate, 150 mM NaCl, and 0.1% (v/v) SDS) sup-
plemented with 1� Complete Protease Inhibitor Mixture
(Roche Applied Science). Proteins were separated by 8% SDS-
PAGE and blotted on polyvinylidene difluoride (PVDF,
PerkinElmer Life Sciences) membranes (GE Healthcare),
which were blocked for 1 h in TBS-T (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 0.1% Tween 20) containing 5% nonfat dry
milk. Membranes were then incubated for 3 h in 1% nonfat
milk with a polyclonal hPCSK9 antibody (1:2500) (10) and
human LDLR antibody (1:1,000, R & D Systems). Appropriate
horseradish peroxidase-conjugated secondary antibody (1:
10,000, Sigma) was used for detection with enhanced chemi-
luminescence using the ECL Plus kit (GE Healthcare).
FACS—HuH7 cells were incubated for 1–4 h at 37 °C with

various PCSK9 constructs and then washed three times with
calcium/magnesium-free Dulbecco’s PBS containing 0.5%
bovine serum albumin (Sigma) and 1 g/liter glucose (solution
A). Cells were then incubated 5 min at 37 °C with 500 �l of
1� Versene solution (Invitrogen) and layered on 5 ml of solu-
tion A. Cells were then centrifuged for 5 min at 1,000 rpm
and resuspended in 1 ml of solution A containing 1:100 of
monoclonal LDLR antibody C7 directed against human LDLR
(mAb-C7, Santa Cruz Biotechnology) for 40 min. Cells were
washed once with 5 ml of solution A, centrifuged, and resus-
pended for 20 min in 1 ml of PBS containing 1:250 of Alexa
Fluor 647 donkey anti-mouse (Molecular Probes). Cells were
washed and resuspended in 300 �l of PBS 0.2% of propidium
iodide. Viable cells (propidium iodide-negative) were then
analyzed by FACS for both propidium iodide and Alexa Fluor
647 using the FACS BD LSR (BD Biosciences).
Immunocytochemistry—Cells were washed three times with

PBS, fixed with 4% paraformaldehyde for 15 min, permeabi-
lized with 0.1% Triton X-100/PBS for 10 min, and incubated
with 150 mM glycine to stabilize the aldehydes. The cells were
then incubated for 30 min with 1% BSA (Fraction V, Sigma)
containing 0.1% Triton X-100, followed by overnight incuba-
tion at 4 °C with selected antibodies (1:100 goat polyclonal
anti-LDLR, R & D Systems; 1:500 mouse anti-V5, Invitrogen).
The cells were then incubated for 60 min with corresponding
Alexa Fluor-conjugated secondary antibodies (Molecular
Probes) and mounted in 90% glycerol containing 1% 1,4-di-
azabicyclo-[2.2.2]octane (Sigma). Immunofluorescence analy-
ses were performed with a Zeiss LSM-510 confocal micro-
scope coupled with a Nikon Eclipse TE2000-U laser-scanning
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microscope with 408-, 488-, and 543-nm laser lines. Images
were processed with Adobe Photoshop CS2, version 9.0
(Adobe Systems). For internalization experiments, HepG2
cells were incubated for 60 min at 4 °C with conditioned me-
dia from HEK293 cells overexpressing PCSK9-V5 or the
deletion mutant �pro-33–58-PCSK9-V5. Cells were then
incubated at 37 °C for 0, 30, and 60 min before immuno-
fluorescence as described above.

RESULTS

Effect of Prosegment on the PCSK9-induced LDLR
Degradation—We first concentrated on the very acidic se-
quence (aa 31–60) at the N terminus of the prosegment of
PCSK9 (aa 31–152), which exhibits �50% Asp and Glu res-
idues, as well as Tyr38 sulfation (5) and Ser47 phosphoryla-
tion (22). This segment is not seen in any of the crystal
structures analyzed at both acidic and neutral pH values in
the presence or absence of the EGFA domain of LDLR (11,
12, 26), suggesting high flexibility, or the need for another
protein to stabilize it.
Upon purification of full-length PCSK9 produced by the

baculovirus expression system in High Five insect cells, we
noticed the presence of a shorter prosegment form likely re-
sulting from processing by an endogenous protease(s) during
expression/purification (Fig. 1A). The SOURCE 15Q column
employed in purification effectively resolved two forms of
PCSK9, with a truncated form of PCSK9(47–692) eluting be-
tween 100 and 150 mM NaCl, and a full-length form of
PCSK9(30–692) eluting between 250 and 300 mM NaCl. N-
terminal sequence analysis revealed that the shorter form
started at Ser47 (data not shown), demonstrating that it repre-
sents a PCSK9 prosegment cleaved after Arg462 and missing
residues AQEDEDGDYEELVLALR46 (Fig. 1B).

Separation and complete purification of both forms of the
PCSK9 heterodimer with either the prosegment 30–152 or
47–152 allowed us to test side by side their functional activity
on HepG2 cells based on diI-LDL incorporation (16). Clearly,
the loss of aa 30–46 resulted in increased PCSK9 functional
activity on the LDLR, with an �4-fold reduction in the
PCSK9 concentration needed to reduce diI-LDL incorpora-
tion by 50%: EC50 �1 �g/ml for the truncated prosegment
form and 3.5 �g/ml for the full-length form (Fig. 1C). We
conclude that the N-terminal acidic domain of the proseg-
ment naturally inhibits the activity of PCSK9 on LDLR.
Finally, we had previously reported that the mammalian

basic amino acid-specific proprotein convertase PC7 (27) was
the only the proprotein convertase that can partially process
the prosegment of PCSK9 into a shorter fragment (28). We
now further demonstrate that this fragment is also most likely
generated by cleavage after Arg462, because the natural hy-
pocholesterolemic R46L variant is no longer cleaved by PC7
(data not shown). Therefore, both an endogenous convertase
in insect High Five cells and mammalian PC7 can process the
prosegment at Arg462 resulting in a more active PCSK9
complex.
We next wanted to define the boundaries of this inhibitory

domain. Because all reported crystal structures of PCSK9 did
not detect aa 31–60 (11, 12, 26), most of our present con-
structs concentrated on this part of the prosegment. For this,
we generated V5-tagged PCSK9 constructs (Fig. 2) either
lacking aa 33–46 (�33–46), �33–58, or the whole proseg-
ment �33–152. We kept aa 31 and 32 to make sure the signal
peptide was correctly cleaved at the Ala302 (5). We also gen-
erated RRRR2EL mutants (Fig. 2A) that are optimal for
cleavage (2) by furin in the trans-Golgi network/cell surface

FIGURE 1. Comparative activity of PCSK9 and its shortened prosegment isoform. PCSK9-(His)6 was produced in large quantities from 35-liter baculovi-
rus High Five cells and subjected to multiple steps of purification including Ni2�-affinity followed by Mono Q anion exchange and finally gel filtration chro-
matography. The anion exchange (SOURCE 15Q) column effectively resolved two forms of PCSK9. The truncated form of PCSK9(47– 692) eluted between
100 and 150 mM NaCl, whereas the full-length form of PCSK9(30 – 692) eluted between 250 and 300 mM NaCl. A, Coomassie Blue staining of 18 �g of total
proteins from each preparation separated on a 4 –12% gradient in MES buffer, SDS-PAGE under nonreducing conditions are shown. The position of the mo-
lecular size markers, total proteins in the High Five supernatant before purification, purification by Ni2�-affinity chromatography (Ni), SOURCE 15Q anion
exchange (Q), and Superdex 200 gel filtration (GF) are shown. Notice the presence of a small amount of cleaved prosegment associated with PCSK9 appar-
ent after the nickel purification step, and the two PCSK9 complexes with normal and shorted prosegments were finally resolved and purified to homogene-
ity after the anion exchange and gel filtration columns in two different preparations (right panels). M, Mark 12 (25 �l); S, supernatant (10 �l); Ni, nickel-nitrilo-
triacetic acid pool (18 �g); Q, SOURCE Q pool (18 �g); GF, gel filtration pool of batch 7 (18 �g); GFB, gel filtration pool of batch 7B (18 �g); GFCP, gel filtration
pool of batch 7CP (18 �g). B, microsequencing analysis of the prosegments revealed an 47SEEDG . . . sequence demonstrating that the prosegment was
cleaved Arg46 (arrow). C, concentration dependence for PCSK9 effect on LDLR of HepG2 cells using diI-LDL incorporation (16). PCSK9(31– 692) and
PCSK9(47– 692) produced and purified from baculovirus/insect cell expression as shown in A were tested for biological activity on the LDLR in the HepG2
cell diI-LDL uptake assay as described under “Experimental Procedures.” Notice that the PCSK9 associated with the truncated 47–152 prosegment is �4-
fold more active than the WT protein in two independent preparations (batches 1 and 2).
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(28). These were strategically placed at RRRREL49 and
RRRREL58 (Fig. 2A). Finally, we also generated (signal pep-
tide-V5-prosegment) constructs containing the V5 tag at the
N terminus of either aa 33–152 (pre-V5–33-152) or 59–152
(pre-V5–59-152) of the prosegment. All the above C-termi-
nally V5-tagged constructs were co-expressed with LDLR.
The autoradiographic data obtained after pulse labeling of
HEK293 cells for 4 h with [35S]Met and -Cys followed by im-
munoprecipitation of cell lysates and media with either
mAb-V5 or an LDLR mAb-C7, as reported previously (10),

and SDS-PAGE analysis (28) are shown in Fig. 2B. The data
demonstrate that processing and secretion of most of these
constructs were as expected, resulting in secretory proteins
consistent with their modifications or cleavage by endoge-
nous furin-like enzymes in HEK293 cells (28). Exceptions are
PCSK9 lacking the whole prosegment (�33–152-PCSK9) (29),
as well as the prosegments alone pre-V5–33-152 and pre-V5–
59-152, which likely remain in the endoplasmic reticulum
(ER), as previously observed with other prosegment mutants
(7).
As reported before, only pro-PCSK9 co-immunoprecipi-

tated with the immature ER-associated form of LDLR (�110
kDa) (10). This was further confirmed in immunoprecipitates
using the LDLR mAb-C7 (data not shown). Interestingly, ex-
cept for �33–58-PCSK9, all other secretable constructs that
contained the PCSK9 catalytic subunit co-immunoprecipi-
tated with immature LDLR in the ER. It is likely that the fast
processing of the �33–58-pro-PCSK9 into �33–58-PCSK9
(Fig. 2B, cells) resulted in too low ER-associated zymogen lev-
els for detection of the complex. The fact that the �33–152-
PCSK9 construct that is unable to leave the ER (29) still binds
immature form of LDLR strongly argues that this interaction
does not require the prosegment and likely occurs via the cat-
alytic subunit of PCSK9, as found at the cell surface for the
mature forms of PCSK9 and LDLR (12).
Upon overexpression of the PCSK9 prosegment deletants

in HepG2 and HuH7 cells, we analyzed by Western blot their
effect on total cellular LDLR levels. Thus, WT PCSK9 and its
D374Y GOF mutant caused an overall decrease in total LDLR
by �30 and 75% in HepG2 cells and by �30 and 92% in HuH7
cells, respectively (Fig. 3). In contrast, �33–46 and �33–58
decreased LDLR levels by �45 and �60% in HepG2 cells and
by �65 and �80% in HuH7 cells, respectively, confirming
that removal of aa 33–58 enhances by �3–4-fold the PCSK9
activity on total LDLR. Finally, the most active constructs

FIGURE 2. Biosynthetic analysis of PCSK9 constructs. A, sequence repre-
sentation of the prosegment, its Tyr38 sulfation and Ser47 phosphorylation,
and the location of the two RRRREL mutants. The segment 31– 60 was not
seen in any of the crystal structures analyzed. B, various PCSK9-V5 con-
structs produced were co-expressed with the LDLR and analyzed by SDS-
PAGE separation of mAb-V5 immunoprecipitated materials obtained fol-
lowing a 4-h pulse labeling with [35S]Met � -Cys of HEK293 cells transiently
overexpressing each construct.

FIGURE 3. Effect of extracellular PCSK9 and its GOF mutants on total LDLR levels in HepG2 cells. Western blot analysis of LDLR in HepG2 (left panel) and
HuH7 (right panel) cells transfected with PCSK9 and its gain of function mutants D374Y, �33– 46, �33–58, and D374Y-�33–58. The estimated % decrease in
total LDLR was normalized to �-actin levels. These data are representative of three independent experiments.
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were PCSK9-D374Y and D374Y lacking aa 33–58 (�33–58-
D374Y), and the latter results in an �90% decrease in total
LDLR levels in both cell lines (Fig. 3).
FACS analysis was also performed to test the effect of the

best constructs on the level of cell surface LDLR. Thus, �0.7
�g/ml of each protein construct secreted from HEK293 cells,
estimated by ELISA directed against aa 31–454 (17) (not rec-
ognizing the CHRD), was incubated for 4 h with HuH7 cells.
The cells were then detached and immediately incubated with
the mAb-C7 and then analyzed by FACS for LDLR levels (Fig.
4). The data show that removal of the acidic prosegment
(�33–58) results in an �6-fold increase in the activity of
PCSK9 on cell surface LDLR and that the most active extra-
cellular PCSK9 constructs were the D374Y and (�33–58)-
D374Y (Fig. 4), similar to what was observed in HepG2 and
HuH7 cells (Fig. 3).

The data also show that a secretory CHRD construct (SP-
CHRD) or one lacking the CHRD (aa 1–454; L455X) has no
effect on LDLR degradation (Fig. 4), even though L455X can
bind the LDLR (30). This reinforces the notion that the
CHRD, although not binding the LDLR (11), is critical for the
internalization and/or sorting of the PCSK9-LDLR complex
into endosomes/lysosomes for degradation.
Acidic Region of the Prosegment Dampens the Binding

PCSK9 to Either EGFA or LDLR—Two FRET-based assays
were used to examine the binding affinity of the full-length
versus N-terminal truncated forms of PCSK9 purified from
the baculovirus/High Five system. The binding of PCSK9 to
the LDLR epidermal growth factor precursor homology do-
main peptide (EGFA domain) was markedly increased for
truncated PCSK9(47–692) compared with full-length
PCSK9(30–692), as seen by the higher FRET signal with in-
creasing levels of EGFA peptide added (Fig. 5, left panel). Us-
ing full-length LDLR ectodomain with the two forms of
PCSK9 in a second FRET assay revealed that truncated
PCSK9 bound LDLR with �3 times higher affinity (lower
EC50) than full-length PCSK9 (Fig. 5, right panel). These find-
ings indicate that loss of the acidic N terminus of the prodo-
main resulted in a marked increase in PCSK9 binding affinity
to the LDLR EGFA domain consistent with the increased
functional activity observed in the cell-based assays.
Internalization Rate of PCSK9 and Its Gain of Function

Deletant—By using mAb-V5, we assessed by immunocyto-
chemistry the rate of internalization of PCSK9 and
PCSK9(�33–58) (supplemental Fig. S1). Incubation of HepG2
cells at 4 °C for 1 h with �0.7 �g/ml of these constructs was
followed by 0-, 30-, and 60-min incubations at 37 °C. Immu-
nocytochemical analysis of the V5 and endogenous LDLR
immunoreactivities revealed a much faster rate of internaliza-
tion of PCSK9(�33–58) as compared with the wild type pro-
teins. This is especially clear at the 30-min (supplemental Fig.
S1B) and 60-min (supplemental Fig. S1C) time points, where
the punctate-like structures, likely representing endosomes/
lysosomes where PCSK9 and LDLR co-localize (10), are much
more evident. In conclusion, removal of the 33–58 segment of
PCSK9 leads to a �4-fold higher activity toward cell surface

FIGURE 4. Effect of extracellular PCSK9 and its mutants on HuH7 cell
surface LDLR. PCSK9 and its gain of function mutants D374Y, �33– 46,
�33–58, and D374Y-�33–58 obtained from HEK293 cells (0.7 �g/ml) were
incubated with HuH7 cells for 4 h. The cells were then detached, and the
levels of cell surface LDLR were measured by FACS analysis. As control, we
used either a construct lacking the CHRD (L455X) or only a secreted form of
the CHRD, which had no effect on the LDLR. These data are representative
of at least four independent experiments.

FIGURE 5. Binding affinities by FRET assays. Left panel, binding EGFA to full-length or truncated prodomain forms of PCSK9. Either form of PCSK9 (10 nM)
was incubated with increasing levels of biotinyl-EGFA 40-mer peptide with 1 nM mAb 4H5-europium and 1 nM streptavidin-allophycocyanin conjugated at
pH 7.4. Right panel, binding affinity by FRET assay for LDLR ectodomain binding to full-length or truncated prodomain forms of PCSK9. Biotinyl-PCSK9 (10
nM) was incubated with increasing levels of LDLR-His along with 1 nM anti-His-mAb-europium and 1 nM streptavidin-allophycocyanin conjugated.
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LDLR and results in a higher cellular internalization rate of
the PCSK9-LDLR complex into endosomal/lysosomal-like
structures.
Functional Similarity between the Acidic Stretch of the Pro-

segment of PCSK9 and That of GPIHBP1—Could the inhibi-
tory effect of aa 31–58 of PCSK9 be due to the highly acidic
nature of this segment? Literature search of secretory proteins
that exhibit a similar acidic stretch playing a functional role in
regulating their activity singled out GPIHBP1. Thus, we noted
a significant similarity in acidity and length of the Tyr38-sul-
fated, Ser47-phosphorylated aa 31–58, 31QEDEDGDYEELV-
LALRSEEDGLAEAPEH58, of PCSK9 to the heparin-like,
Tyr-sulfated, acidic stretch, including aa 24–51, 24QEEEEED-
EDHGPDDYDEEDEDEVEEEET51, at the N terminus of the
glycosylphosphatidylinositol-anchored protein GPIHBP1. The
latter domain binds lipoprotein lipase and apolipoprotein AV
on chylomicrons, thereby enhancing lipoprotein lipase
activity on triglycerides (31–33). Note that 13/14 acidic resi-
dues of PCSK9 (including the Tyr sulfation and Ser phosphor-
ylation sites) align with similar residues in human GPIHBP1
(Fig. 6A).
Accordingly, using PCR mutagenesis we swapped the above

sequences, and the chimeric HBP1-PCSK9 with aa 24–51 of
GPIHBP1 replacing aa 31–58 of PCSK9 was analyzed. Biosyn-
thetic (Fig. 6B), Western blot (Fig. 6C), and FACS (Fig. 6D)
analyses revealed that the HBP1-PCSK9 chimeric construct
behaved similar to WT PCSK9, in terms of its autocatalytic
activation, secretion from HEK293 cells (�1.6-fold en-
hanced, estimated by ELISA) (Fig. 6B), and activity on total
(Fig. 6C) and cell surface (Fig. 6D) LDLR in HuH7 cells
(�20% less efficient). This suggested that the acidic stretch

of the prosegment of PCSK9 can be replaced by that of
GPIHBP1 without overt deleterious effects on its activity
on LDLR.
pH Dependence of the PCSK9 Association with Cells—To

investigate a possible role of pH on the activity of extracellular
PCSK9 on cell surface LDLR, we first defined the best condi-
tions to analyze this process on two human hepatocyte-de-
rived HepG2 and HuH7 cell lines. Incubation of each cell line
with 0.7 �g/ml of PCSK9 at 37 °C for 30 min up to 4 h led to a
gradual decrease of cell surface LDLR, as measured by FACS
analysis of the cells after each incubation period (supplemen-
tal Fig. S2A). We noticed that even though both naive cell
lines start with similar amounts of cell surface LDLR, HepG2
cells are �3-fold more sensitive to PCSK9 within the first 30
min of incubation. Thus, in 30 min, LDLR levels decreased by
�1.7%/min in HepG2 cells and only by �0.5%/min in HuH7
cells (supplemental Fig. S2A). However, following the first 30
min, the loss of cell surface LDLR slowed down in both cell
lines, reaching a linear value of �0.1%/min (supplemental Fig.
S2B). The difference between the two cell lines may in part be
due to the presence of the PCSK9 inhibitor annexin A2 at the
plasma membrane of HuH7 cells, but not HepG2 cells (34),
thus slowing down the initial effect of PCSK9. After 4 h of
incubation with PCSK9, �51 and �24% of LDLR remained at
the cell surface of HuH7 and HepG2 cells, respectively.
Because PCSK9 is known to better bind the EGFA domain

of the LDLR at acidic pH values (11, 20), we sought to test the
effect of pH on its domain structure and its ability to bind and
enhance the degradation of the LDLR. 35S-PCSK9-V5, ob-
tained from the media of HEK293 cells pulse-labeled for 4 h
with [35S]Cys � -Met, was incubated with HepG2 cells for 30

FIGURE 6. Biosynthetic analysis and comparative activity of PCSK9 and its HBP1 chimera. A, alignment of the acidic N-terminal domains of human
PCSK9 and GPIHBP1. The shaded regions were swapped in the HBP1-PCSK9 chimera. Boldface residues emphasize the homology of acidic residues, includ-
ing the Tyr sulfation and Ser phosphorylation. B, SDS-PAGE analysis of mAb-V5 immunoprecipitated materials obtained following a 3-h pulse labeling with
[35S]Met � -Cys of HEK293 cells transiently overexpressing each construct, including wild type PCSK9, its �33–58 construct, and HBP1-PCSK9 chimera. The
slower migrating prosegment associated with the HBP1-PCSK9 chimera is likely to be the Tyr-sulfated form, as predicted (31). C, Western blot analysis of
total LDLR levels of HuH7 cells exposed to various constructs for 4 h. The bar graph represents the average values of two independent experiments shown
above each bar. The numbers above each bar represent the levels of PCSK9 in ng/ml measured by ELISA. D, FACS analysis for LDLR expression following a
4-h incubation of HuH7 cells with 0.7 �g/ml of the represented constructs, estimated by ELISA.
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min in DMEM containing 0.2% BSA, of which the pH values
were adjusted to 7.2, 6.5, 6.0, 5.5, 5.0, and 4.5. Themedia were
then harvested and immediately neutralized to pH 7.2, and the
proteins were immunoprecipitated with themAb-V5, and the
supernatants were immunoprecipitated with an in-house poly-
clonal prosegment antibody Ab-Pro47–67 generated in goat. SDS-
PAGE analysis revealed that althoughmature PCSK9 and its
prosegment formed a heterodimer (5) at pH values 7.2 to 5.5,
the prosegment dissociated from the catalytic subunit of PCSK9
at pH values 5.0 and 4.5, as it is no longer immunoprecipitated
with themAb-V5 (Fig. 7A), but it is still immunoprecipitated
with the prosegment antibody as a single entity of �17 kDa (Fig.
7B). To further prove that the prosegment dissociates fromma-
ture PCSK9 at pH 4.5, immunoprecipitation of the media with
mAb-V5, followed by immunoprecipitation of the supernatant
with the prosegment antibody Ab-Pro47–67 and SDS-PAGE
analysis, failed to reveal the �17-kDa prosegment only when the
media were incubated for 30min at pH 4.5 but not at pH values
7.2, 6.5, or 5.5 (Fig. 7C).
We also analyzed the 35S-PCSK9-V5 bound/internalized

to/into HepG2 cells after 30 min or 4 h of preincubation at
pH 7.2 (Fig. 7D) or at various pH values (Fig. 7E). The data
revealed that PCSK9 association with HepG2 cells increased
gradually as a function of lowering the pH, reaching a maxi-
mum at pH 4.5 (Fig. 7E). The strong cell association of PCSK9
that lacks the prosegment at pH 4.5 may be related to its cell
surface aggregation at this pH (see below). We also noticed in
cell lysates the increased generation of the furin-cleaved form at
Arg218 (PCSK9-�N218) (28) with time (4 h versus 0.5 h; Fig. 7D).
This suggests that this processing, which results in the loss of
function of PCSK9, is achieved by cell surface furin (35).

pH Dependence of the PCSK9-induced Reduction of Cell
Surface LDLR Levels—We next assessed whether short expo-
sure of PCSK9 to acidic pH values affects its ability to en-
hance the degradation of cell surface LDLR. Accordingly, we
incubated PCSK9 at the above pH values for 1 h and then im-
mediately neutralized the media. These were then incubated
for 1–4 h with HuH7 cells at pH 7.2, and cell surface LDLR
levels were measured by FACS, with a representative example
(out of three independent ones) shown in Fig. 8. To our sur-
prise, the data revealed an irreversible pH-dependent in-

FIGURE 7. pH dependence of the PCSK9-prosegment complex and its association with HepG2 cells. HepG2 cells were incubated with 35S-PCSK9 (ob-
tained from a 4-h pulse labeling of HEK293 cells overexpressing PCSK9-V5 (28)) for 30 min at 37 °C; the media were harvested and immediately neutralized
at pH 7.2. The latter were then sequentially immunoprecipitated with mAb-V5 (A) and their supernatants (B) re-immunoprecipitated with the prosegment
polyclonal antibody (Ab-Pro47– 67). The immunoprecipitates were analyzed on 8% SDS-PAGE in Tricine buffer, and their autoradiograms were depicted with
2-h (A) or 20-h (B) exposures. C, following immunoprecipitations with mAb-V5, the supernatants were then immunoprecipitated with the prosegment anti-
body Ab-Pro and then analyzed by SDS-PAGE. SDS-PAGE analysis of the immunoprecipitations of the 35S-PCSK9-V5 bound/internalized to/into HepG2 cells
after the 30-min or 4-h incubation period at pH 7.2 (D) and exposed for 30 min at various pH values (E). Notice the formation of the furin-cleaved form
(PCSK9-�N218) at 4 h of incubation at pH 7.2 and 30-min ones at acidic pH values.

FIGURE 8. FACS analysis of HuH7 cells for LDLR expression. PCSK9 ob-
tained from HEK293 cells (0.7 �g/ml) was incubated at 37 °C for 1 h at pH
7.2, 6.5, 6.0, 5.5, 5.0, and 4.5. The media were then neutralized to pH 7.2 and
incubated with HuH7 cells for 1– 4 h. The cells were then extensively
washed, treated with Versene for 5 min to suspend them, and then were
immediately analyzed by FACS analysis for LDLR expression at the cell sur-
face. Cell viability was higher than 70% in all cases, as judged by FACS anal-
ysis. The levels of measured cell surface LDLR are plotted (in arbitrary units)
against pH and compared with control HuH7 cells not exposed to PCSK9
but subjected to similar manipulations using media from naive HEK293
cells. Similar data were obtained in more than three separate experiments.
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creased activity of PCSK9 at all incubation times (1–4 h)
from pH 7.2 to 5.5, with a maximal �2.5-fold higher activ-
ity after 3 h of incubation at pH 5.5. Interestingly, incuba-
tion of PCSK9 for 1 h at pH 4.5, followed by neutralization,
resulted in an irreversible loss of its activity toward cell
surface LDLR in HuH7 cells at all incubation times studied
(Fig. 8), likely reflecting a profound conformational change
of PCSK9 resulting in the dissociation of its prosegment
(Fig. 7).
We next tested the pH-dependent extracellular activity of

the various PCSK9 constructs lacking or not the acidic stretch
of the prosegment (Fig. 2). The level of all proteins secreted
from HEK293 cells were quantified by an ELISA (17). Equal
amounts of PCSK9 (0.7 �g/ml) from each preparation were
then incubated at 37 °C at various pH values for 1 h, neutral-
ized to pH 7.2, and then incubated with HuH7 cells for 4 h,
and the cell surface LDLR was quantified by FACS (supple-
mental Fig. S3). The data show that the natural mutants R46L
and A53V do not significantly modify the PCSK9 activity or
its pH dependence. However, the constructs lacking aa 33–46
and especially 33–58 are about 2- and �4-fold more active
than WT PCSK9, at all pH values, approaching the activity of
the most potent PCSK9 D374Y mutant (11). These data
clearly show that removal of aa 33–58 results in a significantly
enhanced activity on cell surface LDLR of HuH7 cells. Be-
cause it was reported that co-expression of the prosegment
and PCSK9 lacking the latter results in a secreted bioactive
complex (29, 36, 37), we also used this approach to verify
whether the lack of aa 33–58 would also result in an enhance-
ment of the pH-dependent activity of PCSK9 on LDLR. Al-
though the high level of activity achieved upon removal of the
acidic stretch of the prosegment masked the pH-dependent
effect, we did see that it still remained when we co-expressed
PCSK9 lacking the prosegment (PCSK9-�pro) with either the
full-length prosegment or its �33–58 mutant (supplemental
Fig. S3, right histograms). Although in trans co-expression of
the prosegment and mature PCSK9 results in a less active
protein that the native one, it is still sensitive to the irreversi-
ble pH 5.5 activation. This suggests that the determinant re-
sponsible for the pH-dependent activation of PCSK9 does not
reside in aa 33–58 of the prosegment and more specifically
that the conserved His58 is not involved.
pH-dependent Internalization of PCSK9 and Its Co-local-

ization with LDLR—HepG2 cells were incubated with �0.7
�g/ml of PCSK9 that were preincubated for 1 h at pH values
7.2, 5.5, and 4.5, followed by neutralization at pH 7.2. Immu-
nocytochemistry at the confocal level revealed a stronger in-
tensity of labeling and degree of co-localization of PCSK9 and
LDLR at the cell surface and in endosome/lysosome-like
punctate structures upon preincubation at pH 5.5 versus pH
7.2 (Fig. 9). In contrast, preincubation at pH 4.5 resulted in an
aggregated PCSK9 that stuck nonspecifically to cells at areas
mostly devoid of LDLR.
Novel Cleavage of PCSK9 at pH 5.5—To probe the mecha-

nism behind the irreversible activation of PCSK9 following a
1-h incubation at pH 5.5, we examined the molecular forms of
PCSK9 by Western blot. Upon incubation of PCSK9-V5 se-
creted from HEK293 cells, which contains both full-length

and the furin-cleaved PCSK9-�N218, only at pH 5.5, we
clearly observed the formation of a novel V5-positive frag-
ment that is �3 kDa N-terminally shorter than PCSK9-
�N218, hereafter called PCSK9-�Nx (Fig. 10A). HuH7 cells
were then incubated with the above neutralized media for
1–4 h and washed extensively, and the PCSK9-bound/inter-
nalized forms were analyzed by Western blotting (Fig. 10B).
Clearly, a gradual increase in PCSK9-�Nx was seen in cell
lysates of the samples originating from the pH 5.5 incuba-
tions. We observed only small amounts of cell-associated
PCSK9 at higher pH values possibly because they are rapidly
hydrolyzed. Notice that the inactive furin-cleaved form
PCSK9-�N218 (28) does not associate with cells. The novel
cleavage site is believed to occur after the active site His226,
based on its molecular mass relative to PCSK9-�N218. From
the crystal structure data (11), this would predict that PCSK9-
�Nx is composed of two disulfide-bonded subunits held by
Cys223–Cys255 (Fig. 10C). Whether this form is more active
than the full-length PCSK9 or is actually an inactivated form
remain to be defined, but it is produced coincidentally at pH
5.5, and much less so at pH 6.5, which coincides with the ob-
served maximal PCSK9 activity on LDLR. Interestingly,
PCSK9 arising from the pH 4.5 preincubation, which resulted
in dissociation of the prosegment (Fig. 7), was strongly bound
to HuH7 cells (Fig. 10B) but seemingly was not able to en-
hance the degradation of the LDLR (Fig. 8). This might be due
to its propensity to aggregate at pH 4.5, as seen on the surface
of HepG2 cells (Fig. 9).
The above data suggested that at pH values 6.5–5.5, PCSK9

could irreversibly adopt a more active structure. Whether or
not this is counterbalanced or associated with the production

FIGURE 9. Increased internalization of PCSK9 after exposure to pH 5.5.
HepG2 cells were incubated for 60 min at 37 °C with condition media, from
HEK293 cells overexpressing PCSK9-V5, that have been preincubated at the
indicated pH (A–C), as described under “Experimental Procedures.” After
fixation and permeabilization of the cells, surface binding and internaliza-
tion of PCSK9 as well as the localization of LDLR were detected by immuno-
fluorescence with anti-V5 (red) and anti-LDLR antibodies (green). Arrows
point to the cell surface labeling of PCSK9 and LDLR, and arrowheads indi-
cate the internalized PCSK9 and its co-localization with LDLR. Bars, 10 �M.
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of PCSK9-�Nx is still not clear. We next incubated in vitro
affinity-purified PCSK9 obtained from baculovirus expression
(Fig. 11A) for 1 h at various pH values. The data show that

here again PCSK9-�Nx is only produced at pH 5.5, albeit at a
very low level. However, further incubation of this reaction
pool with HuH7 cells for 1 or 4 h showed much enhanced
cleavage and the preferential cellular binding/internalization
of the cleaved versus full-length form, as the levels of the two
cell-associated forms are now almost equal (Fig. 11B). Finally,
FACS analysis of the LDLR levels at the surface of HuH7 cells
exposed to this reaction mixture also showed a similar maxi-
mal �2.5-fold increased activity of the sample preincubated
at pH 5.5 (Fig. 11C). Thus, purified PCSK9, which may be
contaminated with traces of a protease activity from High
Five cells, behaves the same as the one originating from
HEK293 cells overexpressing it, and its cleavage at site X is
maximal at pH 5.5. Collectively, these data suggest that
PCSK9-�Nx is likely generated by cleavage of PCSK9 by a
soluble protease and that this form has a strong affinity to
bind, and likely internalize, into cells.
Finally, we wished define the cleavage site resulting in

PCSK9-�Nx. Based on its �3-kDa size smaller than the furin-
cleaved form at Arg218, and the presence of a disulfide bond,
cleavage likely occurs between aa 244 and 254 (Fig. 12A). Ac-
cordingly, although cleavage of the natural GOF R218S and
LOF R237Wmutants still occurred at pH 5.5 (Fig. 12B), the
pH dependence of the less active R237Wmutant was some-
what blunted (Fig. 12C). This suggested that the degree of pH
dependence is sensitive to one or more residue(s) close to
Arg237. It seems that the positive charge of Arg237 is impor-
tant, because its replacement with Trp decreased the extent of
the pH 5.5 cleavage, whereas the R237H mutant, which is pos-

FIGURE 10. Generation of a novel PCSK9-�Nx product at pH 5.5. A, SDS-PAGE analysis of the media containing 35S-PCSK9 exposed to various pH values
for 1 h. Notice the appearance of the novel PCSK9-�Nx product at pH 5.5, migrating below the furin-cleaved PCSK9-�N218. B, SDS-PAGE analysis of the ly-
sates of HuH7 cells exposed to 35S-PCSK9 preincubated at various pH values, neutralized, and then incubated for 1– 4 h with the cells. Notice that very little
PCSK9 can be detected in cells at pH values below 5.5, likely due to its rapid uptake and degradation. The level of the PCSK9-�Nx product gradually in-
creases with time. Notice that the furin-cleaved PCSK9-�N218 is not taken up by the cells, in accordance with its loss of aa 152–218 and the prosegment (28).
C, proposed model for the generation at pH 5.5 of a two-chain disulfide-linked PCSK9-�N218 still bound to the prosegment.

FIGURE 11. Pure PCSK9 can generate PCSK9-�Nx at pH 5.5 with in-
creased activity. A, Coomassie staining of pure PCSK9 purified from the
media of baculovirus High Five cells, attesting for its complex formation
with the prosegment and its purity as confirmed by protein sequence anal-
ysis (data not shown). B, Western blot analysis using our PCSK9 polyclonal
antibody (10) of pure PCSK9 (10 �g/ml) incubated in vitro at 37 °C at various
pH values for 1 h. Notice the production of PCSK9-�Nx only at pH 5.5. Fol-
lowing neutralization and incubation with HuH7 cells for 4 h, the cells were
lysed, and their content was analyzed by Western blot. C, FACS analysis of
cell surface LDLR of HuH7 cells exposed to 10 �g/ml of pure PCSK9 preincu-
bated in vitro at 37 °C at various pH values for 1 h, neutralized, and then in-
cubated with the cells for 4 h.
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itively charged at acidic pH values, was almost as well cleaved
as the WT. Notably, production of the PCSK9-�Nx form and
its PCSK9(153–217) counterpart (the Arg218 is expected to be
removed by a basic carboxypeptidase, e.g. CPD (38)) was not
affected by the loss of the furin cleavage at Arg2182 (R218S;
Fig. 12C), providing evidence that its generation is indepen-
dent from that of the furin cleavage at Arg2182. Finally, incu-
bation of HuH7 cells with neutralized media expressing either
PCSK9 or its R218S, R237W, or R237H mutants, which had
been pre-exposed to pH 5.5 for 1 h, also revealed that PCSK9-
�Nx is robustly associated with cells. From the small amounts
of PCSK9-�Nx seen in the media compared with PCSK9 (Fig.
12B), we can deduce that PCSK9-�Nx is relatively more
strongly associated with cells than the uncleaved WT PCSK9
(Fig. 12D).
Identification of Arg248 as the Cleavage Site of PCSK9 at pH

5.5—Scrutiny of the PCSK9 sequence revealed two other po-
tential furin-like sites following Arg218, i.e. at either Arg248 or
Arg251 (39) in the sequence KGASMR248-SLR251-VL253.
However, preincubation of PCSK9 at pH 5.5 for 2 h, followed
by overnight incubation with pure furin at neutral pH, did not
enhance this cleavage (supplemental Fig. S6). In fact, this re-
sulted in a novel cleavage, likely at REIEGR1992VM, even in
the absence of pH 5.5 preincubation (supplemental Fig. S6).
Furthermore, we believe that cleavage does not occur auto-
catalytically because a similar incubation of the complex pro-
segment PCSK9-H226A with the active site His226 mutated to
Ala (5, 29) also generated the same PCSK9(153-Nx) (supple-
mental Fig. S6). Interestingly, the H226A mutant is resistant

to this novel furin cleavage (supplemental Fig. S6). Thus, at
neutral pH the cell surface furin inactivates PCSK9 by cleav-
age at Arg2182. In contrast, the conformational changes oc-
curring at pH 5.5 favor activation of PCSK9 with the concom-
itant production of a two-chain PCSK9-�Nx through cleavage
by another protease, likely within the acidic environment of
endosomal compartments.
We also noted that such cleavage occurs rapidly, because

incubation of PCSK9 secreted from HEK293 cells at pH 5.5
for as short as 10 min generated most of the observed cleav-
age. However, the presence of 50 �M RVKR-chloromethyl
ketone, a furin-like protease inhibitor (40), during the incuba-
tion period prevented the observed cleavage (Fig. 13A). In
contrast, incubation of PCSK9 with either a mixture of serine
and cysteine protease (500 �M 4-(2-aminoethyl)benzenesulfo-
nyl fluoride � 150 nM aprotinin � 1 �M E-64 � 0.5 mM

EDTA � 1 �M leupeptin) or metalloprotease (150 �M

GM6001 or 15 mM EDTA) inhibitors did not prevent cleav-
age. Upon mutagenesis of the likely PC-like sites, we observed
that only R248A, but not R251A, abolished cleavage at pH 5.5
(Fig. 13A). This suggested that processing of PCSK9 at pH 5.5
occurs at Arg248, which exhibits an unusual PC-like site with a
Lys243 at P6 (39), within the sequence KGASMR248-SL. How-
ever, the pH-dependent generation of PCSK9-�N248, which is
maximal at pH 5.5 (Fig. 13, A and B, left panel; aa 153–247, as
Arg248 would be removed by a carboxypeptidase), is not auto-
catalytic (supplemental Fig. S6) nor is it enhanced in the pres-
ence of soluble furin, PACE4 or PC5/6 (data not shown), sug-
gesting that a rapidly cleaving enzyme, very active at pH 5.5
and distinct from the PCs, is responsible for this cleavage. The

FIGURE 12. Evidence that the natural variants R218S and R237W can
still generate PCSK9-�Nx at pH 5.5. A, amino acid sequence of the seg-
ment, including aa 215–260 of PCSK9. The various Arg and His residues,
including the potential KGASMRSLR2VL253 furin-like sites, and the disul-
fide bridge are emphasized. B, SDS-PAGE analysis of the media of HEK293
cells overexpressing WT or R218S, R237W, or R237H. The media of the
above cells were incubated for 1 h at 37 °C at either pH 7.2 or 5.5 and then
immediately neutralized to pH 7.2 and immunoprecipitated (IP) with
mAb-V5 and Western-blotted (WB) with the PCSK9 antibody A-03, recogniz-
ing aa 31– 454 (10), or immunoprecipitated and Western-blotted with A-03
(C). D, same neutralized media were then incubated for 4 h at 37 °C with
HuH7 cells. The cells were extensively washed three times and the lysates
analyzed by Western blot with mAb-V5. The emphasized migration posi-
tions are those of PCSK9 and its furin-processed form PCSK9-�N218, as well
as the novel PCSK9-�Nx product and the corresponding prosegment (aa
31–152) and N-terminal aa 153-Nx and 153–217.

FIGURE 13. Identification of Arg248 as the site of cleavage and implica-
tion of His217. SDS-PAGE analysis of the media of HEK293 cells overexpress-
ing WT PCSK9 at pH 7.2 or 5.5 The media of the above cells were incubated
for 1 h at 37 °C at either pH 7.2 or 5.5 and then immediately neutralized to
pH 7.2 and immunoprecipitated (IP) with mAb-V5 and Western-blotted (WB)
with the PCSK9 antibody A-03, as in Fig. 12. A, effect of protease inhibitors
on this pH 5.5 processing. This includes incubation of PCSK9 at pH 5.5 in the
presence of either 50 �M of the furin-like inhibitor decanoyl-RVKR-chlorom-
ethyl ketone (RVKR-cmk), the serine and cysteine protease inhibitor mixture
(Set1: 500 �M 4-(2-aminoethyl)benzenesulfonyl fluoride � 150 nM aprotinin �
1 �M E-64 � 0.5 mM EDTA � 1 �M leupeptin) or the metalloprotease inhibi-
tors 150 �M GM6001 or 15 mM EDTA. Processing of the mutants R218S,
R248A, and R251A at pH values 7.2 and 5.5 is also shown. B, left panel, pH-
dependent processing of PCSK9 into PCSK9-�N247. Note that the mutant
R248A is not processed. Right panel, influence of His217 (WT) and its mutants
H217A and H217R on the processing at Arg248. The stars point to the condi-
tions that block cleavage at Arg248 at pH 5.5.
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observed inhibition by the furin-like inhibitor RVKR-chlo-
romethyl ketone is likely due to the ability of this inhibitor to
bind and inactivate PCSK9 itself by an unusual mechanism
(data not shown).
In agreement with the crystal structure of PCSK9, which

suggested that His217 can form contacts with residues close to
Arg248 (11), the mutants H217A and much more so H217R
abolished the cleavage of PCSK9 at pH 5.5 (Fig. 13B, right
panel). Thus, the pH-dependent processing of PCSK9 at
Arg248 is at least in part regulated by His217, which would be-
come positively charged at pH 5.5, but such an effect is not
just due to charge because it is not mimicked by a bulkier Arg
residue.

DISCUSSION

The discovery and characterization of PCSK9 in 2003 (5)
and the genetic evidence for its implication in LDL-choles-
terol regulation (6) were a stepping stone for a major re-
search effort by many laboratories to define the mechanism
behind the observed PCSK9 activity (4, 41–43). Very soon
it became clear that the main hepatic target of PCSK9 is
the LDLR (13) and that the degradation of the latter in
acidic endosome/lysosome-like compartments is enhanced
by PCSK9 (7–10), and it does not seem to require the
PCSK9 proteolytic activity (36, 37). This was rationalized
by structural and biochemical studies that revealed that the
spatially separate catalytic domain of PCSK9 (11) binds the
EGFA domain of LDLR (20) and that this interaction is en-
hanced at acidic pH values (11), likely due in part to the
protonation of His306 of EGFA (12, 44). It also became ap-
parent that the inhibitory N-terminal prosegment, which
remains noncovalently complexed to PCSK9 (5) and is not
easily dislodged (11), and the C-terminal CHRD play criti-
cal roles in regulating the activity of PCSK9 (12) and the
cellular trafficking of the PCSK9-LDLR complex (10, 30).
Indeed, specific mutations in the prosegment and CHRD
(4, 45), as well as the hinge region connecting the catalytic
domain and the CHRD (17), were reported to influence the
PCSK9 activity likely by modulating its ability to drag the
LDLR toward subcellular degradative compartments.
In this study, we examined more closely the boundary of

the prosegment that negatively regulates intracellular and
extracellular activity of PCSK9 on the LDLR. Our data
pointed out that deletion of aa 31–58 of the prosegment
results in a �4-fold higher activity of PCSK9 toward cellu-
lar LDLR. In addition, a construct combining the lack of
this segment and the GOF mutation D374Y results in a
�15-fold enhanced activity of PCSK9 (Figs. 3 and 4). The
existence of endogenous proteases that can process the
prosegment at Arg462 was shown both in baculovirus ex-
pressing High Five cells (Fig. 1) and by the ability of PC7 to
cleave the prosegment of PCSK9 (28). Interestingly, the
LOF mutation R46L that mostly affects Caucasians (45),
and is associated with hypocholesterolemia (46), is no lon-
ger processed by PC7 (data not shown), and it may result in
resistance to cleavage in vivo. In addition, another E32K
mutant observed in a Japanese population, which reduces

the acidic nature of the prosegment, was associated with a
GOF of PCSK9 (47).
What is the mechanism behind the inhibitory activity of the

acidic aa 31–58? This may be due in part to its inferred effect
on the overall conformation of PCSK9, because the removal
of aa 31–53 enhances �7-fold the in vitro binding of PCSK9
and EGFA (12). In our hands, removal of aa 30–46 results in
a 3-fold better binding to LDLR (Fig. 5) in vitro, and the lack
of aa 33–58 significantly enhances the internalization rate of
the PCSK9-LDLR complex in HepG2 cells (supplemental Fig.
S1). However, this segment was not seen in any of the crystal
structures published at both acidic and basic pH values and is
believed to be flexible and/or unstructured (11, 18, 19). An
alternative, but not mutually exclusive, possibility would be
that this acidic prosegment may transiently bind positive
charges in a basic domain of PCSK9 (maybe within the
CHRD) or in another protein in vivo, which would regulate its
inhibitory effect.
A positive correlation between PCSK9 levels and circulat-

ing triglycerides was reported in human plasma (17, 48). The
similarity of the N-terminal acidic sequence of PCSK9 to that
of GPIHBP1, which enhances lipase hydrolysis of triglycerides
in chylomicrons (31–33), led us to show that these domains
could be swapped without a deleterious effect on the PCSK9
function (Fig. 6). Thus, it is plausible that like GPIHBP1 (31–
33), it is the acidic nature of the prosegment that regulates its
activity. Through its acidic segment, could PCSK9 up-regulate
triglyceride levels by sequestering a limiting lipase such as
lipoprotein lipase and/or endothelial lipase or apoAV on li-
poprotein particles, thereby reducing triglyceride hydrolysis
to free fatty acids? Whether PCSK9 can compete with the
negatively charged N-terminal segment of GPIHBP1 for this
activity needs to be analyzed. Thus, much more work is re-
quired to confirm this hypothesis and to explain the observed
positive effect of PCSK9 on circulating triglyceride levels in
human.
Even though His306 of the EGFA domain contributes to the

pH-dependent interaction of PCSK9 with the LDLR (12, 44),
there is currently no clear structural explanation for the in-
creased PCSK9 binding to LDLR at low pH (11). Could aa
534–607 within the second repeat domain of the CHRD that
contains 9 His residues, all localized within a groove (18, 19),
undergo electrostatic repulsion due to their positive charge at
low pH? Is the LDLR degradation favored by changes in the
CHRD conformation and/or through binding to another
protein?
To begin to answer such questions, we first studied in

more detail the effect of pH on the activity of extracellular
PCSK9 in HuH7 cells. To our surprise, we found that a
short exposure of PCSK9 to acidic pH values (pH values 6.5
or 5.5) followed by neutralization of the solution resulted
in an irreversible and significantly enhanced activity of
PCSK9 on cell surface LDLR, reaching a maximal �2.5-fold
activation at pH 5.5 (Fig. 8). This pH dependence was still
present in the absence of aa 33–58 (supplemental Fig. S3),
suggesting that the critical aa is/are present elsewhere
within the molecule. Interestingly, at the most effective pH
5.5, we also observed a novel cleavage resulting in the gen-
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eration of a likely two-chain disulfide-linked PCSK9-�	248

that still retains the prosegment (Figs. 10 and 13). The gen-
eration of this product seems to be the result of a protease
possibly present at the cell surface of cells (that may also be
shed into the medium), because purified PCSK9 can un-
dergo such cleavage and activation in the media and when
incubated with cells (Figs. 11 and 13), and it is produced
from PCSK9 isolated from either High Five or HEK293
cells. It is conceivable that such cleavage would produce a
more flexible two-chain PCSK9 that can better interact
with the LDLR and/or the sorting machinery. It is still pos-
sible that the observed enhanced activity of PCSK9 at pH
5.5 may be due to a pH-dependent conformational change
of full-length PCSK9 and that the generation of PCSK9-
�N248 rather results in loss of function. However, prelimi-
nary FACS data revealed that the activity of the PCSK9-
R248A mutant on LDLR is much less sensitive to pH,
especially between pH values 6.0 and 5.5, suggesting that
cleavage is necessary for maximal activity. However, the
ultimate proof of functionality will require the future puri-
fication of the cleaved protein at Arg248. What is clear
however is that preincubation of PCSK9 at pH 5.5 results
in a more active molecule that internalizes faster into en-
dosomes together with cell surface LDLR (Fig. 9). It is
noted that although Arg248 in PCSK9 is conserved between
various primates and Xenopus laevis, it is replaced by a His
in the rodent rat and mouse orthologues. Because the
R248A mutant is not processed (Fig. 13), and neither solu-
ble PC5/6A, PACE4, nor furin can cleave at this residue in
human PCSK9, it is plausible that the cognate processing
enzyme may not be a proprotein convertase nor exclusively
Arg-specific. Alternatively, cleavage at Arg248 may be spe-
cific to primate and Xenopus laevis PCSK9. Coincidentally,
the best pH for PCSK9 activation is close to that of late
endosomes (49), suggesting that this process may actually
take place within the acidifying endosomes en route to
their fusion with lysosomes and delivery of cargo for degra-
dation. The enzymatic activity of PCSK9 is not necessary
for LDLR (36, 37) or the VLDL receptor and apoER2 (29)
receptor degradation nor is it necessary for the generation
of PCSK9-�N248 (Figs. 12 and 13 and supplemental Fig.
S6). In that context, preincubation of PCSK9 at any pH
value from 7.5 to 4.5 did not yield an active protease that
would degrade the ectodomain of LDLR, because it was
unable to digest soluble LDLR (supplemental Fig. S4).
Thus, at least in vitro, the activation of PCSK9 observed at
pH 5.5 does not seem to generate a protease activity that
would degrade the LDLR. Interestingly, SDS-PAGE analy-
sis of the molecular forms generated at pH 7.2 and 5.5 re-
vealed that at acidic pH values mostly the cleaved forms of
PCSK9, but not the CHRD, exhibit the highest propensity
to oligomerize under nonreducing conditions (supplemen-
tal Fig. S5). This is in accord with a report suggesting that
the self-association of PCSK9, especially observed at acidic
pH values, correlates with its LDLR degrading activity (50).
In conclusion, this study sheds new light on the importance

of the acidic N-terminal sequence of the prosegment and its
effect on the activity of PCSK9. We also present a novel

mechanism for fine-tuning the activity of PCSK9, which is
enhanced at acidic pH values close to those of late
endosomes.
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