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Abstract

Hepcidin is encoded as an 84 amino acid prepropeptide containing a typical N-terminal 24 amino
acid endoplasmic reticulum targeting signal sequence, and a 35 amino acid proregion (pro) with a
consensus furin cleavage site immediately followed by the C-terminal 25 amino acid bioactive iron-
regulatory hormone (mature peptide). We performed pulse-chase studies of posttranslational
processing of hepcidin in human hepatoma HepG2 cells and in primary human hepatocytes induced
with bone morphogenic protein (BMP-9). In some experiments, the cells were treated with the furin
protease inhibitor decanoyl-Arg-Val-Lys-Arg-chloromethylketone (CMK) or furin siRNA. In the
absence of furin inhibitor, hepcidin was found to be processed in less than 1 hour and secreted as a
3 kD form reactive with anti-mature but not anti-pro antibody. In the presence of furin inhibitors or
furin siRNA, a 6 kD form reactive with both anti-pro and anti-mature antibody was rapidly secreted
into the medium. Processing was not affected by inhibitors of the hypoxia inducible factor (HIF)
pathway, or by treatment with 30 uM holo- or apo-transferrin.

Conclusion—The hepatic prohormone convertase furin mediates the posttranslational processing
of hepcidin. The proteolytic cleavage of prohepcidin to hepcidin is not regulated by iron-transferrin
or the HIF pathway.
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Hepcidin, a 25 amino acid peptide iron-regulatory hormone, is produced in the liver and
secreted into blood plasma. It plays an essential role in iron homeostasis. Hepcidin regulates
iron storage and uptake by binding ferroportin, the sole known iron exporter, and causing its
internalization and degradation, thus preventing the release of iron from iron-storing and
transporting cells [1]. By this mechanism, hepcidin inhibits intestinal iron absorption, the
release of iron from storage in hepatocytes and the release of iron from macrophages involved
in recycling senescent cells, thereby controlling the concentration of iron in plasma. Hepcidin
is also responsible for the hypoferremia of inflammation [2], presumed to be a host defense
mechanism that sequesters iron from infectious microorganisms. In accordance with its roles
in iron homeostasis and host defense, hepcidin synthesis increases after dietary or parenteral
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iron loading and during inflammation, and is reduced by erythropoietic activity and hypoxia
[2-5].

Human hepcidin is encoded as an 84 amino acid prepropeptide containing a typical N-terminal
24 amino acid endoplasmic reticulum targeting signal sequence, and a consensus furin cleavage
site immediately preceding the C-terminal 25 amino acid bioactive peptide [3;6]. Hepcidin
structure and function is conserved between fish and mammals: hepcidin gene sequences of
bony fish and mammals encode similar prepropeptides, hepcidins from humans and bass have
nearly identical structural conformations [7;8], and zebrafish hepcidin is fully active in a
mammalian bioassay system [9]. Furin is a proprotein convertase that activates hormones by
cleavage of the inactive protein precursor at the consensus site —RX(K/R)R- and is a member
of a family of prohormone convertases with similar cleavage specificities [10]. The furin
consensus site in prohepcidin is conserved in mammals and fish [11], indicating its potential
importance in hepcidin processing. Hepcidin rapidly responds to iron supply and demand, as
well as to inflammation and erythropoietic activity, and its concentrations in plasma and urine
are likely to yield important diagnostic and prognostic information. It has been difficult to make
antibodies to this peptide, most likely because of its well conserved conformation, its small
size and tightly-folded structure. Several groups have instead assayed the hepcidin precursor
in serum under the assumption that the concentrations of the precursor correlate with those of
mature hepcidin [12-17]. However, no studies have reported how hepcidin is processed in the
cell and whether the mechanisms of processing support a stable ratio of hepcidin precursor and
mature peptide. In this study, we metabolically radiolabeled proteins in a human hepatocyte
cell line and in primary human hepatocytes and selectively immunoprecipitated hepcidin and
its precursors to analyze hepcidin processing. In addition, we examined the role of the furin
proprotein convertase in the processing of hepcidin.

Materials and Methods

Materials

Cell labeling

Furin inhibitor decanoyl-arg-val-lys-arg-carboxymethylketone (decanoyl-RVKR-CMK) was
purchased from Bachem (Torrance, CA). The furin shortcut sSiRNA mix and TransPass R1
transfection reagent were purchased from New England Biolabs (Ipswich, MA). Prolyl-
hydroxylase inhibitors dimethyloxylglycine (DMOG) and 2,4-diethylpyridinedicarboxylate
(DPD) were from Cayman Chemical Corporation (Ann Arbor, Michigan). Apo-and
holotransferrin was purchased from Celliance (Norcross, Georgia). Prestained low molecular
weight markers were from Amersham Biosciences (GE Healthcare, Piscataway, NJ)

The human cell line HepG2 clone 4246 (modified for increased hepcidin expression by
infection with a hepcidin containing lentivirus [18]) was used to metabolically label hepcidin.
HepG2 cells were maintained at 37C in 5% CO5 in IMDM (Invitrogen-Gibco, Carlsbad CA)
with 10% FCS (Hyclone; Logan, UT), 50 ug/ml gentamicin and 10 pg/ml ciprofloxacin. Prior
to radiolabeling, cells were depleted of the intracellular cysteine and methionine by incubation
for 1-2 hr in cysteine and methionine-free RPMI (MP Biomedicals, Solon, OH) containing
dialyzed 5% FCS (to deplete free amino acids). Cells, in T25 vented flasks, were labeled by
the addition of 100 pCi 35SCys-Met (Easy Tag Express Protein Labeling Mix; Perkin Elmer/
NEN Boston, MA). For “chase” experiments the cell layer was washed and incubated in non-
radioactive RPMI medium for the indicated chase times. In addition to 3S labeling, some cells
were labeled by addition of 25 pCi 1#C-amino acid mixture (Amersham Biosciences, GE
Healthcare, Buckinghamshire, UK).
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Primary human hepatocytes (provided by Dr. Steven Strom, Liver Tissue Procurement and
Distribution System, University of Pittsburgh, PA) were received approximately 3-5 days after
plating and grown in T25 flasks. Cells were allowed to incubate at 37C in 5% CO2 for 1-3
hours prior to addition of 10 ng/ml BMP-9 (R&D Systems, Minneapolis, MN) to increase
hepcidin synthesis [19]. After overnight incubation, cells were depleted of amino acids in cys-/
met- RPMI media containing BMP-9 for 2—-3 hours prior to radiolabeling.

In some experiments, furin inhibitor decanoyl-RVKR-CMK was added to the cys-/met- RPMI
medium and maintained during the radiolabeling procedure. In other experiments, furin SiRNA
was used according to the manufacturer’s instructions to deplete furin mMRNA. Prior to
radiolabeling, the cells were transfected twice over a two day period with a 4 hour recovery in
fresh medium between the two transfections. To determine if hypoxia affected hepcidin
processing though the HIF pathway, broad spectrum prolyl-hydroxylase inhibitors DMOG and
DPD were added at concentrations of 500 and 10 uM respectively, 24 hr prior to and during
the radiolabeling procedure. In other experiments, Apo- or holotransferrin (30 uM) was added
24 hour prior to, and throughout radiolabeling to determine if iron-transferrin could modify
hepcidin expression through altered processing.

Immunoprecipitation of radiolabeled hepcidin

Radiolabeled cells were washed with PBS then extracted by vigorous pipetting with 1 ml ice
cold NETT buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 10 mM EDTA, 1% Triton X-100)
containing protease inhibitor cocktail (P2714, Sigma, St. Louis, MO). Extracts were incubated
on ice for 30 min then cell debris were removed by centrifugation. A volume of 30 pl rabbit

polyclonal antiserum directed to the propiece (aa; 25-59)

SVFPQQTGQLAELQPQDRAGARASWMPMFQRRRRR (made by ResGen, Invitrogen) or
to the mature synthetic refolded peptide (aa; 60-84; produced in our lab [20]) was added to a
1/5 volume of cleared cell lysate or culture media and incubated on ice for 30—-60 minutes.
Protein A-agarose (Roche, Mannheim, Germany) was added as a 50% slurry in PBS inavolume
of 40 ul and mixed overnight at 4C. The agarose was washed with PBS and the
immunoprecipitate eluted by incubation in 30-40 ul 3X sample loading buffer (170 mM Tris-
HCL pH 8.8, 21% [wt/vol] glycerol, 6% SDS [wt/vol], 120 mM ditiothreitol) at 4C overnight
then boiling for 20 min.

SDS-Tricine polyacrylamide gel electrophoresis (PAGE) and fluorography

Results

Radiolabeled hepcidin was separated on a 16.5% SDS-Tricine polyacrylamide gel [21] with a
4% polyacrylamide stacking layer, stained with Coomassie blue, destained in 25% methanol/
0.4% formaldehyde then soaked in liquid scintillant (1M sodium salicylate, 4% ethylene glycol,
35% ethanol). After drying, the gels were exposed to Kodak BioMax MS X-Ray film (Eastman
Kodak, Rochester, NY) at —80C.

Biosynthesis

The hepcidin cDNA sequence suggests that the peptide is initially synthesized as an 84 amino
acid (aa) precursor (Figure 1) with a putative 24 aa signal sequence, a 35 aa pro-region and a
25 aa mature peptide. Because the mature peptide contains 8 cysteine residues and all three
regions contain at least one methionine, a mixture of 3°S-labeled cysteine and methionine was
chosen to metabolically label this peptide. An autoradiogram representative of three separate
pulse chase experiments in HepG2 cells is shown in Figure 2. We noted two initially
synthesized forms of hepcidin, form 1 and 2, which were recognized by both anti-pro and anti-
hepcidin antibodies and may correspond to preprohepcidin and prohepcidin (sizes 9.4 and 6.9
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kD) respectively. Form 1 is rapidly cleaved to form 2 as evidenced by its disappearance from
the cell lysate after a 15 min chase, best seen in Panel C. In addition, form 2 is converted to
form 3 recognized only by anti-mature antibody and therefore identified as the mature form
(expected size 2.8 kD). Form 3 is rapidly secreted from the cell as seen by its decreasing band
intensity in cell lysate but increasing intensity in culture media over the 45 min chase period.
A form likely corresponding to the cleaved propiece can be seen in panel A (corresponding to
the 4.2 kD 35aa propiece) whereas in panel B, a cleaved form of the propiece can be seen in
the culture medium in the EQ lane (marked by * and p). As compared to the cellular form, the
propiece form detected in the culture supernatant appears to be further cleaved.

Furin Inhibition

Guided by the presence of a consensus furin cleavage site (indicated by the boxed region in
Figure 1), we next examined the involvement of furin in hepcidin processing. Panels C and D
(Figure 2) show an autoradiogram of immunoprecipitated proteins from cells treated with the
furin inhibitor decanoyl-RVKR-CMK. The addition of the inhibitor completely blocked the
conversion of form 2 to form 3 but not cleavage of form 1 to form 2. Form 2 was secreted into
the culture media and was not further cleaved as is seen by the increasing intensity of the form
2 band immunoprecipitated with either the anti-pro or anti-mature hepcidin antibody.
Prohepcidin generated in the presence of the inhibitor accumulated to a greater extent than the
mature peptide indicating that the propeptide maybe more stable or interacts less with other
proteins in the medium. Like cells treated with the CMK furin inhibitor, cells transfected with
furin siRNA also accumulated increased amounts of form 2 indicating a partial loss of
prohepcidin convertase activity (Figure 3, Panels C and D). Processing of the propiece also
appears to be altered in furin-inhibited cells. This can be seen in Figure 3 where the banding
pattern is different in the propiece immunoprecipitated from culture medium (compare panel
B and D; EQ lanes) where there are two processed forms in the control, panel B and only one
in panel D (marked by *). Because there is complete inhibition of processing from form 2 to
form 3 with the furin inhibitor decanoyl-RVKR-CMK and partial inhibition with furin SiRNA,
we conclude that form 3 recognized by anti-mature hepcidin antibody is mature hepcidin (25aa)
and that it is generated after cleavage of the proprotein by furin at the furin consensus site
(Figure 1). In addition, hepcidin or prohepcidin is not stored in the cell but rapidly released
after synthesis regardless of its cleavage by furin.

Effect of transferrin and prolyl-hydroxylase inhibitors

We next examined whether the processing of prohepcidin to hepcidin is affected by the
physiologic hepcidin regulators, iron and hypoxia. We therefore tested the effect of holo- and
apotransferrin on hepcidin processing, and similarly examined the effects of prolyl-
hydroxylase inhibitors that interfere with the hypoxia-regulated HIF (hypoxia-inducible factor)
pathway. As seen in Figure 4, there is no difference in the radiolabeled protein patterns of
immunoprecipitate from control cells and media compared to those treated with 30 uM apo-
or holo-transferrin. In addition, there was no difference in hepcidin processing in cells treated
with the hypoxia-mimicking prolyl-hydroxylase inhibitors DMOG and 2,4-DPD, nor was there
any difference in the timing of hepcidin processing (data not shown).

Hepcidin processing in primary human hepatocytes

Primary human hepatocytes were treated with BMP-9 to induce the expression of hepcidin
[19] as otherwise the hepcidin peptide concentrations were too low to detect by metabolic
radiolabeling. BMP-9 was added approximately 20 hr prior to and during amino acid depletion
and radiolabeling with 3°S-met/cys and 14C labeled amino acids, without or with the CMK
furin inhibitor during the depletion and the radiolabeling period. As in HepG2 cells, hepcidin
is first made as a proprotein (form 2), then rapidly cleaved (form 3) and secreted from the cell
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(Figure 5). The furin inhibitor CMK completely inhibited processing to the mature peptide but
did not inhibit secretion from the cell. Immunoprecipitation with anti-pro (panel B) detected
prohepcidin in the cell and a cleaved product released to the culture medium during the first
hour of radiolabeling. However the propiece is not detected at either 15 and 45 minutes of cold
chase. A small amount of the prohepcidin as well as the cleaved propiece is seen in the EQ
lane (4 hour radiolabel). Furin inhibition prevented processing to the mature form but did not
prevent release of the prohepcidin from the cell. However there is a 3-5 kD form of the pro-
piece seen in the culture medium in the EQ lane of furin inhibitor-treated cells indicating that
prohepcidin can also be cleaved by a process not involving furin.

Discussion

Hepcidin is principally synthesized in the liver, by hepatocytes. We metabolically radiolabeled
hepcidin and immunoprecipitated the labeled protein with polyclonal antibodies to mature
hepcidin (aa 60-84) or to the pro-region (aa 25-59). In this work we showed that hepcidin is
initially synthesized as a larger precursor protein, undergoing two cleavages (the signal
sequence then the pro-region) and rapidly secreted from the cell as can be seen by its presence
in the culture medium after one hour of radiolabeling (Figure 2; ‘chase’ time zero). Inhibition
of furin proprotein convertase with the chemical inhibitor decanoyl-RVKR-CMK or inhibition
of furin synthesis by siRNA blocks the second cleavage of the hepcidin precursor but does not
inhibit its release from the cell, indicating that furin is the principal enzyme involved in hepcidin
maturation. As the inhibition of processing by furin siRNA was not complete, the contribution
of other furin-like prohormone convertases to hepcidin maturation cannot be ruled out.
Relatively small amounts of mature hepcidin were detected intracellularly indicating that it is
not stored in secretory granules. Similar analysis of the processing of cysteine-rich human
defensin peptides [22] found in azurophil granules of neutrophils showed much slower
processing on the order of 4-24 hours as compared to hepcidin, which takes less than an hour
to be processed and released after synthesis. A recent report [23] immunolocalized hepcidin
in HepG2 and RIMS5F cells in a cytoplasmic punctuate staining pattern but the specific
compartment was not further identified, and could represent hepcidin in transit through the
cellular synthetic and secretory machinery.

Several groups have used the prohepcidin ELISA assay (DRG International Inc., USA) to
analyze hepcidin production in serum assuming that prohepcidin is secreted and is proportional
to levels of mature hepcidin. This ELISA uses an antibody directed to the hepcidin pro-region
(aa 25-59). Our study indicates that this antibody will recognize both the pro-region and pro-
hepcidin (aa 25-84). However we found that prohepcidin is only transiently present in the cell
lysate of HepG2 cells (Figure 2 panel A; time zero). Thereafter the cleaved pro-piece can be
seen in the culture supernatant but the size is variable, probably due to progressive proteolysis
(Figure 2 and 3). In HepG2 cells, secretion of pro-hepcidin is detectable only in the presence
of furin inhibitor (Figure 2 and 3). However, in primary human hepatocytes induced with
BMP-9, prohepcidin is transiently detected immediately after labeling (Figure 5) but not during
the subsequent chase period. Thus it appears that there is no fixed relationship between hepcidin
and prohepcidin release into the media. In contrast to serum and urinary hepcidin
concentrations [4;14;20;24-27], serum prohepcidin levels have not reflected the expected
hepcidin responses to physiologically relevant stimuli [17;28].

Inhibition of furin activity prevented the conversion of prohepcidin to hepcidin and also
appeared to stabilize the prohepcidin peptide both in the cell and the media, as seen by the
more intensely radiolabeled bands in immunoprecipitate from inhibitor-treated cells compared
to the control. Retention of the pro-region appears to slow the secretion of the peptide from
the cell and once secreted it could delay degradation or inhibit hepcidin binding to a serum
protein thereby leaving more peptide available for immunoprecipitation. Defensins, which are
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also amphipathic cysteine-rich cationic peptides, are resistant to proteolytic degradation.
However, when these peptides are released into serum they are bound by a2-macroglobulin
which both inhibits defensin activity and may metabolize the peptide by the endocytic pathway
[29]. Like the proregion of neutrophil defensins [30], the proregion of hepcidin may facilitate
peptide transit through subcellular compartments or prevent the potentially toxic effect of the
mature cationic amphipathic peptide on the cellular machinery.

In summary, we have shown that hepcidin is initially synthesized as a larger precursor protein,
undergoing two cleavages (the signal sequence then the pro-region) and rapidly secreted from
the cell as can be seen by its presence in the culture medium after one hour of radiolabeling.
Mature hepcidin is generated by the removal of the proregion by the prohormone convertase
furin and possibly other members of the furin family. Secretion from the cell does not require
the second cleavage as enzymatic inhibition of furin prevents cleavage but not secretion from
the cell. Without furin inhibition the pro-region can be released from the primary human
hepatocytes but it appears to be present at low levels compared to mature hepcidin. Although
hepcidin synthesis in hepatocytes is regulated by iron, erythropoietic activity and inflammation,
the processing of hepcidin uses the generic prohormone convertase furin and appears to be
constitutive.
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SVFPQQTGQLAELQPQDRAGARASWMPMFQRRRRR

Hepcidinis: ~ DTHFPICIFCCGCCHRSKCGMCCKT

Page 9

Size

25kD

4.2 kD

2.8 kD

Pre-pro-Hepcidin:

MALSSQIWAACLLLLLLLASLTSGSVFPQQTGQLAELQPQDRAGARASWMPMFQRRRRRDTHFPICIFCCGCCHRSKCGMCCKT 9.4 kD

Pro-Hepcidin:

SVFPQQTGQLAELQPQDRAGARASWMPMFQRRRRR| DTHFPICIFCCGCCHRSKCGMCCKT

Figure 1. Amino acid sequence of hepcidin precursor

6.9 kD

Underlined residues were radiolabeled with 3°-S labeled amino acids. The boxed region
denotes the furin consensus cleavage site. The molecular weight of the hepcidin precursor is

shown.
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Figure 2. Pulse-chase study of hepcidin processing in Hep-G2 cells treated with and without furin
proproteinase inhibitor

Cells were labeled with 3°S-met-cys for 1 hr then subjected to cold chase for the times in
minutes indicated above the lane. Lane EQ was labeled for 3 hours without cold chase prior
to processing to incorporate radioactivity into all peptide forms. Cell lysates (top panel) or the
corresponding culture media (lower panel) were immunoprecipitated with either anti-pro
(propiece) or anti-mature (hepcidin) antibody and analyzed on SDS-tricine PAGE. The
autoradiograms of the gels are shown with the molecular weight standards indicated on the
right side of the figure. Three forms of hepcidin are seen as marked by arrows. A cleaved form
of the propiece is indicated by the small arrow (p) and the asterisk (panels B and D). In the
right panel, cells were treated with furin inhibitor (decanoyl-RVKR-CMK) during the amino
acid depletion step (1 hr) and during the radiolabeling procedure.

Blood Cells Mol Dis. Author manuscript; available in PMC 2009 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Valore and Ganz

Page 11
+ Furin siRNA
propiece hepcidin propiece hepcidin
0 30 60 EQ 0 30 60 EQ 0 30 60 EQ 0 30 60 EQ
CELLS ™ ™ "' - x ' -14
fom1—o ' - -
form 2> — g - 6
form 3 = 1 -3
A C
MEDIA -14
form 2—; - A - - -6
form 3% ¥ - i -3
B D

Figure 3. Pulse-chase study of hepcidin processing in HepG2 cells transfected with furin siRNA
Cells were transfected twice over a 48 hr period with either blank vector (panels A and B) or
vector containing furin siRNA (panels C and D). Cells were labeled with 35S-met-cys for 1 hr
then subjected to cold chase for the times indicated. Lane EQ was labeled for 3 hr. Cell lysates
(top panel) or the corresponding culture media (lower panel) were immunoprecipitated with
either anti-pro (propiece) or anti-mature (hepcidin) antibody and analyzed on SDS-tricine
PAGE. The autoradiogram of the gels are shown with the corresponding time of cold chase
indicated above the lane (minutes). Molecular weight standards are indicated on the right
panels. Three forms of hepcidin are seen as indicated by the arrows. Cleaved forms of the
propiece are indicated by the small arrows (p) and the asterisks (panels B and D).
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Figure 4. Hepcidin processing in HepG2 cells treated with apo- and holo-transferrin and with
prolyl-hydroxylase inhibitors

Cells were labeled with 35S-met-cys for 3 hr. Cell lysates or the corresponding culture media
were immunoprecipitated with anti-mature (hepcidin) antibody and analyzed on SDS-tricine
PAGE. The autoradiograms of the gels are shown with the molecular weight standards
indicated on the right side of the figure. In the upper panel, cells were treated with solvent
control (C), or 30 uM apo-transferrin (A) or holo-transferrin (H); in the lower panel, cells were
treated with solvent control (C) or 500 uM DMOG or 10 uM 2,4-DPD. All treatments were
for 18 hr prior to and during radiolabeling.

Blood Cells Mol Dis. Author manuscript; available in PMC 2009 January 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Valore and Ganz

Page 13
Control Decanoyl-RVKR-CMK Control Decanoyl-RVKR-CMK
0 15 45 EQ 0 15 45 EQ 0 15 45 EQ 0 15 45 EQ
CELLS A
form 2>
MEDIA
form 2>
form3—> ;
A Anti-Hepcidin B Anti-Propiece Hepcidin

Figure 5. Pulse-chase study of hepcidin processing in primary human hepatocytes

Cells were treated for 18 hr with 10 ng/ml BMP-9 prior to, and during the depletion and
radiolabeling steps to increase hepcidin synthesis. Cells were labeled with 35S-met-cys

and 14C-amino acids for 1 hr then subjected to cold chase for the times indicated above the
lanes, in minutes. Cell lysates and conditioned media in lane EQ are from hepatocytes labeled
for 4 hr prior to processing. Cell lysates (top panel) or the corresponding media (lower panel)
were immunoprecipitated with anti-mature hepcidin antibody (panel A) or anti-pro-peptide
(panel B) and analyzed on SDS-tricine PAGE. Autoradiograms of the gels are shown with the
molecular weight standards indicated. In the right half of the autoradiogram, cells were treated
with furin inhibitor (decanoyl-RVKR-CMK) during the amino acid depletion step (1 hr) prior
to and during the radiolabeling procedure.
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