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Profibrillin-1 Maturation by Human Dermal Fibroblasts:
Proteolytic Processing and Molecular Chaperones
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Abstract Fibrillin-1 is synthesized as a proprotein that undergoes proteolytic processing in the unique C-terminal
domain by a member of the PACE/furin family of endoproteases. This family of endoproteases is active in the trans-Golgi
network (TGN), but metabolic labeling studies have been controversial as to whether profibrillin-1 is processed intra-
cellularly or after secretion. This report provides evidence that profibrillin-1 processing is not an intracellular event.
Bafilomycin A1 and incubation of dermal fibroblasts at 228C were used to block secretion in the TGN to confirm that
profibrillin-1 processing did not occur in this compartment. Profibrillin-1 immunoprecipitation studies revealed that two
endoplasmic reticulum-resident molecular chaperones, BiP and GRP94, interacted with profibrillin-1. To determine the
proprotein convertase responsible for processing profibrillin-1, a specific inhibitor of furin, a-1-antitrypsin, Portland
variant, was both expressed in the cells and added to cells exogenously. In both cases, the inhibitor blocked the processing
of profibrillin-1, providing evidence that furin is the enzyme responsible for profibrillin-1 processing. These studies
delineate the secretion andproteolytic processing of profibrillin-1, and identify the proteins that interactwith profibrillin-1
in the secretory pathway. J. Cell. Biochem. 90: 641–652, 2003. � 2003 Wiley-Liss, Inc.
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Fibrillin-1 is a 350 kDa glycoprotein that
is a major component of 10–12 nm micro-
fibrils found in the extracellular matrix (ECM).
Fibrillin-1 has a modular organization typical

of ECM proteins with a repeated domain struc-
ture that has homology to epidermal growth
factor (EGF), which is repeated 47 times.
Another domain that is repeated has homo-
logy to motifs found in latent transforming
growth factor b1 binding proteins (LTBPs).
The carboxy-terminal domain (C-terminal) of
fibrillin-1 and the fibulins shares homology
[Giltay et al., 1999]. The single unique domains
of fibrillin-1 include an amino-terminal (N-
terminal) domain and a proline-rich domain
[Pereira et al., 1993]. Mutations in fibrillin-1
cause Marfan syndrome, an autosomal domi-
nant condition with skeletal, cardiovascular,
and ocular complications.

Fibrillin-1 is synthesized as a proprotein,
profibrillin-1, which undergoes proteolytic pro-
cessing between amino acids 2731 and 2732 in
the C-terminal domain, removing 140 of the 184
amino acids in this domain [Milewicz et al.,
1995]. The processing site is immediately ad-
jacent to a proprotein convertase consensus
sequence for the paired amino acid cleavage
enzymes (PACE) or furin family of endopro-
teases. The seven identified members of this
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family in mammalian cells are PACE/furin
(furin), PC2, PC1/PC3 (PC3), PACE4, PC4,
PC5/6B (PC6B), and LPC/PC7/8 (PC7) [Steiner,
1998]. Although cellular localization analyses
have not been performed on all members of the
enzyme family, many of these enzymes have
been shown to be active in the trans-Golgi
network (TGN) (reviewed in [Gensberg et al.,
1998; Molloy et al., 1999]). Furin is the most
extensively studied member of the PC family.
Furin is a transmembrane protein that is syn-
thesized as a 100 kDa protein that is rapidly
converted into a 94 kDa protein by autocatalytic
cleavage of the propeptide in the endoplasmic
reticulum (ER). The propeptide remains bound
and acts as an auto inhibitor of furin activity.
The propeptide release occurs in the acidic pH of
the TGN/endosomal compartment, where furin
becomes active. Immunocytochemical studies
have shown that furin is localized primarily to
the TGN in steady state. However, a proportion
of furin molecules can be found on the cell sur-
face where furin cycles between the cell mem-
brane and the TGN [Teuchert et al., 1999]. A
truncated, active form of the enzyme is also
secreted from cell lines over expressing furin
[Rehemtulla et al., 1992].

It has been shown that many members of the
PACE family can cleave at the consensus
sequence in the C-terminal domain of profibril-
lin-1 [Raghunath et al., 1999]. Metabolic label-
ing studies showed no evidence of intracellular
processing of endogenously synthesized profi-
brillin-1 in dermal fibroblasts [Milewicz et al.,
1992]. In contrast, expression of a construct
containing a portion of fibrillin-1, which includ-
ed the C-terminal domain, was cleaved early in
the secretory pathway in Cos-K1 cells [Ritty
et al., 1999]. Therefore, the location in the
secretory pathway in which profibrillin-1 is pro-
teolytically processed has not been determined.
If profibrillin-1 remains proteolytically unpro-
cessed as it moves through the TGN, it would
imply that cellular mechanisms are in place to
prevent this processing.

In this report, we investigated the secretion
and proteolytic processing of profibrillin-1,
including the cellular location of profibrillin-1
processing, the PC family member responsible
for proteolytic processing, and the proteins
that interact with profibrillin-1 during secre-
tion. Secretion blockers (lower temperature
and bafilomycin A1) were used to confirm that
profibrillin-1 processing did not occur in the

TGN. We used a highly selective and potent
inhibitor of furin termed the Portland variant of
a1-antitrypsin (a1-PDX) [Anderson et al., 1997].
This furin-directed inhibitor contains an engi-
neered consensus sequence for PC processing
(reactive site sequence, -Arg355-Ile-Pro-Arg358#-)
that is not present in a1-antitrypsin (a1-NAT)
(-Ala355-Ile-Pro-Met358-). The adenoviral con-
structs of the a1-PDX and a1-NAT were expres-
sed in three human cell lines that synthesize
and process profibrillin-1, dermal fibroblasts,
an osteosarcoma cell line (MG63), and in aortic
smooth muscle cells. In all cell lines studied,
expression of the a1-PDX blocked the processing
of profibrillin-1 to fibrillin-1 without disrupting
protein synthesis or cell viability. Exogenous
addition of the a1-PDX protein to dermal fibro-
blasts also resulted in inhibition of profibrillin-1
processing, providing further evidence that
furin is responsible for the processing. Finally,
we investigated the proteins associated with
profibrillin-1 that may protect profibrillin-1
from premature processing and we report that
two ER-resident molecular chaperones, BiP and
GRP94, interact with profibrillin-1.

MATERIALS AND METHODS

Materials

Dermal fibroblasts were explanted from
anonymously obtained neonatal foreskins using
techniquespreviouslydescribed [Milewiczetal.,
1992]. These experiments were performed with
low passage (<P8) cells grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemen-
ted with 10% fetal bovine serum and antibiotics
(Invitrogen, Carlsbad, CA). MG63 and HA-
VSMC cells were obtained from the American
Type Culture Collection (ATCC).

For metabolic labeling, [35S]cysteine was
used to label profibrillin-1 (Amersham Pharma-
cia Biotech, Piscataway, NJ) and Trans [35S]-
label was used to label potential profibrillin-1
chaperones (ICN Pharmaceuticals, Inc., Irvine,
CA) in DMEM lacking the appropriate amino
acids. Reagents used during metabolic label-
ing included ammonium chloride, bafilomycin
A1, brefeldin A (BFA), chloroquine, and methy-
lamine (Sigma, St. Louis, MO). Protease inhibi-
tors phenylmethylsulfonyl fluoride (PMSF)
(Sigma), leupeptin, and pepstatin A (Calbio-
chem, San Diego, CA) were used in the lysis
buffer at final concentrations of 0.2 mM, 0.5 mg/
ml, and 0.5 mg/ml respectively.
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For immunoprecipitation experiments, a
polyclonal antibody specific for the proline-rich
domain of fibrillin-1 was used (the kind gift of
Dr. Robert Mecham, Washington University,
St. Louis, MO). Antibodies used in immunoblot
analysis were anti-GRP94 (Neomarkers, Union
City, CA), anti-KDEL (StressGen Biotechnolo-
gies Corp., Victoria, BC, Canada), anti-ERP170
(the kind gift of Dr. J. Subjeck, Roswell Park
Cancer Institute, Buffalo, NY), anti-ERP72
(Transduction Laboratories, Lexington, KY),
and anti-protein disulfide isomerase, anti-
calnexin, and anti-calreticulin (Affinity Biorea-
gents, Inc., Golden, CO). Hexokinase, apyrase,
and ATP were purchased from Sigma.

Adenovirus constructs containing FLAG-
tagged a1-antitrypsin (wild-type NAT), PDX
variant, and the tet transactivating virus, have
been previously described [Jean et al., 2000].
Anti-FLAGmAbM2waspurchasedfromSigma.
Horseradish peroxidase-conjugated anti-mouse
IgG was purchased from Amersham-Pharmacia
(Piscataway, NJ).

Cell Culture and Metabolic Labeling

Metabolic labeling of newly synthesized pro-
teins was also performed as previously describ-
ed, with a few alterations [Milewicz et al., 1992].
Briefly, fibroblasts were seeded at 250,000 cells/
35 mm dish and allowed to grow to confluence.
After several washes with PBS, the cell layers
were incubated in either cysteine-free or
cysteine/methionine-free DMEM for 1 h. These
media were replaced with media containing
the appropriate [35S]cysteine or Tran35S-label
(40 mCi/dish). After the pulse, the media were
removed, and the cell sheets rinsed with PBS.
The cell layers were lysed in either PBS–
TDS (PBS with 0.1% Triton-X100, 12.1 mM
sodium deoxycholate, 3.5 mM SDS), lysis buffer
(50 mM Tris pH 8.0, 1% NP-40, 1 mM PMSF),
or ATP-depleting buffer (ADB) (1% NP-40,
150 mM NaCl, 50 mM Tris pH 7.5, 11 mM
glucose, 1 mM PMSF, 8 U/ml hexokinase, and
24 U/ml apyrase), depending on the subsequent
experiment.

Secretion Blockers

To inhibit fibrillin-1 secretion in fibroblast
cell strains, secretion-blocking reagents were
included in the starvation and subsequent
labeling of cell strains plated in 35 mm dishes
as described above. Ammonium chloride was

freshly made as a 2 M stock in water, and was
used at a final concentration of 5 mM. Bafilo-
mycin A1 was stored at �208C as a 1 M stock in
DMSO, and used at various concentrations.
BFA was stored at �208C as a 10 mg/ml stock in
DMSO, and used at a final concentration of
10 mg/ml. Chloroquine and methylamine were
both freshly made as 5 mM and 5 M stocks in
water, and used at final concentrations of 50 mM
and 10 mM respectively. To block secretion by
lowering the temperature, cells plated in 35 mm
dishes as above were pulsed with [35S]cysteine
as described for 30 min. During the subsequent
chase, cells were incubated at 22 or 378C. Cul-
tures incubated at 228C were subsequently
shifted to 378C for further incubation.

Lysis Conditions, Cross-linking of Proteins,
and Immunoprecipitation

For immunoprecipitation, cells were metabo-
lically labeled with Tran [35S]-label and the cells
lysed in situ in PBS–TDS. The lysates were
collected and precleared by incubation with
Protein G sepharose (Pharmacia) for 1 h at 48C.
The sepharose was pelleted by centrifugation,
and the supernatants transferred to clean tubes
containing either the anti-fibrillin-1 antibody or
rabbit serum (RS). Protein G sepharose was
added, and the samples were incubated over-
night at 48C with rotation. The immune com-
plexes were pelleted and washed three times.
After the final wash, the pellet was resuspended
in Laemmli sample buffer containing BME and
incubated at 1008C for 5 min. The samples were
analyzed by SDS–PAGE using either 4 or 8%
acrylamide gels. The gels were fixed, dried, and
exposed to BIOMAX X-ray film (Eastman Kodak
Co., Rochester, NY).

Crosslinking experiments were performed
according to the method of Davis et al. [1998],
using DSP,a thiol-cleavable reagent,and DSS, a
non-cleavable reagent. Crosslinked cell lysates
(CL) were subsequently subjected to immuno-
precipitation according to the procedure de-
scribed above, and analyzed by SDS–PAGE
after denaturation in Laemmli sample buffer
containing BME and incubation at 1008C for
5 min.

For ATP-depletion studies, metabolically
labeled cells were lysed with ADB and immu-
noprecipitated with an anti-fibrillin-1 antibody
or RS [Chessler and Byers, 1993]. After over-
night incubation at 48C, immune complexes
were pelleted and washed once. The pellets were
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resuspended in ADB without hexokinase and
apyrase and divided into two separate aliquots.
These parallel samples were incubated with and
without ATP (4 mM) at room temperature for
30 min. The immune complexes were pelleted,
and the pellets washed twice. The final pellet
was resuspended in Laemmli sample buffer
containing BME, incubated at 1008C, and anal-
yzed by SDS–PAGE on an 8% gel. The gels were
fixed, dried, and exposed to BIOMAX X-ray film
(Kodak).

Immunoblot Analysis

Immunoblot analysis was performed on im-
munoprecipitated samples as described above,
except that the cells were not metabolically
labeled before lysis. After electrophoretic sepa-
ration, the proteins were transferred to Hybond
ECL nitrocellulose membranes according to the
manufacturer’s directions (Amersham). Mem-
branes were blocked overnight at 48C in TBS-T
(0.01 M Tris-HCl, pH 7.4, 0.15 M NaCl, 0.05%
Tween-20) containing 5% milk solids. After two
brief rinses with TBS-T, the membranes were
incubated with the antibody of interest at 48C
overnight. The membranes were washed four
times in TBS-T, and then incubated with the
appropriate peroxidase-conjugated secondary
antibody for 1 h at room temperature. After
washing as above, the proteins were visualized
by chemiluminescence (NEN Life Science Pro-
ducts, Boston, MA).

Adenovirus Infection and Metabolic Labeling

Fibroblasts were plated at 200,000 cells/
35 mm dish and allowed to grow overnight.
The next day, the cultures were coinfected with
adenovirus recombinants expressing the tet
transactivator (ta) together with adenovirus
recombinants expressing either a1-NAT or a1-
PDX. The cells were grown to confluence, fol-
lowed by metabolic labeling of newly synthe-
sized proteins as previously described. After
several washes with PBS, the cell layers were
incubated in cysteine-free DMEM for 1 h. These
media were replaced with media containing
[35S]cysteine (40 mCi/dish) for 30 min. After the
pulse, the media were removed and the cell
sheets rinsed with PBS. The cell layers were
lysed in PBS–TDS, and aliquots analyzed by
4% SDS–PAGE. The gels were fixed, dried, and
exposed to BIOMAX X-ray film (Eastman
Kodak Co.).

RESULTS

Pulse Chase Analysis Demonstrates a Lack
of Intracellular Processing of Profibrillin-1

In previous metabolic fibroblast labeling,
no intracellular processing of profibrillin-1 was
observed, as assessed by the absence of a faster
migrating fibrillin-1 on gel electrophoresis of
the cell lysate [Milewicz et al., 1992; Raghunath
et al., 1995]. In contrast, a construct of a portion
of the profibrillin-1, including the C-terminal
domain, underwent intracellular processing
[Ritty et al., 1999]. To confirm the lack of intra-
cellular processing of full-length profibrillin-1,
pulse-chase analysis of profibrillin-1 secretion
and processing by neonatal fibroblasts was
performed at various times up to 6 h (Fig. 1).
The large size of the profibrillin-1 molecule
(350 kDa), along with the small fragment that
is removed with processing (approximately
20 kDa), makes immunodetection difficult and
unreliable. We have established a SDS–PAGE
system to study profibrillin-1 to fibrillin-1 pro-
cessing based on shift in migration of the pro-
tein with processing [Milewicz et al., 1992,
1995; Raghunath et al., 1999]. The pulse-chase

Fig. 1. Pulse chase analysis of fibrillin-1 synthesis, secretion,
and proteolytic processing indicates no intracellular proces-
sing of profibrillin-1. Neonatal fibroblasts were pulsed with
[35S]cysteine for 15 min and then chased for various periods of
timeup to 6h. Themedia andcell lysates (CL)were harvested and
analyzed by 4% SDS–PAGE. A: Analysis of the cell lysate
indicated that the highermigratingprofibrillin-1onlywas present
in the CL. In the media, both profibrillin-1 and fibrillin-1 were
present at 1 h.B: Immunoprecipitationof theCLusing afibrillin-1
polyclonal antibody directed against the proline-rich domain of
the protein confirmed that only the profibrillin-1, the higher
migrating form of the protein, was present in the CL. CL, cell
lysate; M, media; profib-1, profibrillin-1; fib-1, fibrillin-1; RS,
rabbit serum.
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analysis failed to identify any processed, faster
migrating fibrillin-1 in the cell lysate (Fig. 1A).
In contrast, both profibrillin-1 and fibrillin-1
were present simultaneously in the media by 1 h
(Fig. 1A). The amount of fibrillin-1 secreted is
greater than the amount of profibrillin-1, but
this ratio varies among control cells and with
different labeling of the same cell strain. The
reason for this variability is not known. The lack
of intracellular fibrillin-1 was confirmed by
immunoprecipitation of the various time points
using a fibrillin-1 specific polyclonal antibody
directed against the proline-rich domain of
the molecule (Fig. 1B). In contrast, immuno-
precipitation of the media established that
both profibrillin-1 and fibrillin-1 were present
(Fig. 1B). These results demonstrate that full-
length profibrillin-1 is not processed within the
cell, but rather during or immediately after
secretion.

Profibrillin-1 Is not Proteolytically Processed
When Secretion Is Blocked in the TGN

Agents were used to slow or block profibrillin-
1 secretion to determine if slowing intracellular
transit would induce processing. BFA blocks
protein transport from the ER to the Golgi by
disassembling the Golgi [Pelham, 1991]. The
cis-, medial-, and trans-Golgi cisternae fuse
with the ER, and secretory proteins accumulate
[Misumi et al., 1986; Davis and Mecham, 1996].
Profibrillin-1 secretion inhibition by BFA did
not result in intracellular profibrillin-1 proces-
sing (data not shown). Bafilomycin A1 was used
to block the movement of profibrillin-1 from the
TGN to the secretory vesicles later in the secre-
tion pathway. Bafilomycin A1 is a specific in-
hibitor of vacuolar type H(þ)-ATPases, and
treatment with this drug inhibits the acidifica-
tion in immature secretory granules necessary
for intracellular transport [Henomatsu et al.,
1993]. Increasing doses of bafilomycin A1 slow-
ed secretion of profibrillin-1, evident by an in-
crease in profibrillin-1 in the cell lysate, and
completely blocked secretion at a dose of 5 mM
(Fig. 2A). There was no evidence of intracellular
processing of profibrillin-1 to fibrillin-1 based
on the presence of a faster migrating form of
fibrillin-1 in the cell lysate. Immunoprecipita-
tion of intracellular profibrillin-1 using an anti-
body directed against the proline-rich domain
in the amino terminal region of the protein con-
firmed that there was no intracellular fibrillin-1
processing (Fig. 2C).

It was noted that with increasing concen-
trations of bafilomycin A1 the conversion of
profibrillin-1 to fibrillin-1 was slowed (Fig. 2A).
We sought to determine if other agents that
raised the intracellular pH in the TGN/endoso-
mal compartment would also slow the proces-
sing of profibrillin-1 to fibrillin-1. Ammonium
chloride, methylamine, and chloroquine, as well
as bafilomycin A1, were used to raise the pH of
the TGN/endosomal compartment during the

Fig. 2. Effects of secretion inhibitors on profibrillin-1 proces-
sing.A: Neonatal dermal fibroblastswere treatedwith increasing
concentrations of bafilomycin A1 during starvation and 6 h con-
tinuousmetabolic labelingwith [35S]cysteine. The CL andmedia
were collected and analyzed by SDS–PAGE. Increasing con-
centrations of bafilomycin A1 inhibited secretion of profibrillin-
1, with almost complete secretion inhibition seen at 5 mM. In
addition, profibrillin-1 to fibrillin-1 processing was delayed in
bafilomycin A1 treated cells. Reagent concentrations are labeled
below the figure: bafilomycin A1 (mM); DMSO (the diluent) in
corresponding amounts (5, 12, 25 ml). CL, cell lysate; M, media;
profib-1, profibrillin-1; fib-1, fibrillin-1. B: To raise the intra-
cellular pH, neonatal dermal fibroblasts were treated with
various agents during starvation and metabolic labeling with
[35S]cysteine. Themedia andCLwere harvested and analyzedby
SDS–PAGE. Cells treatedwith agents that raised intracellular pH
demonstrated delayed profibrillin-1 processing in the media.
Cells were left untreated (lanes 1 and 7), treated with 5 ml DMSO
(diluent for bafilomycin A1) (lanes 2 and 8), 1 mMbafilomycin A1

(lanes 3 and 9), 5 mM ammonium chloride (lanes 4 and 10),
10 mM methylamine (lanes 5 and 11), and 50 mM chloroquine
(lanes 6 and 12). CL, cell lysate; M, media. C: Immunoprecipita-
tion of CL from treated fibroblast cultures using a fibrillin-1
polyclonal antibody (panel B, lanes 2–6) demonstrated no
evidence of processed fibrillin-1 inside the cell. (�), non-
precipitated CL control (lane 1); Ab, immunoprecipitated with
anti-fibrillin-1 antibody (lane 2, control; lane 3, DMSO, lane 4,
bafilomycin A1; lane 5, ammonium chloride; lane 6, methyla-
mine; lane 7, chloroquine); RS, rabbit serum as negative im-
munoprecipitation control (lane 8); media immunoprecipitated
with anti-fibrillin-1 antibody as control for the migration of
fibrillin-1 (lane 9). CL, cell lysate; M, media.

Profibrillin-1 Processing and Chaperones 645



metabolic labeling of fibroblasts [Beers, 1996].
These agents all slowed the processing of
profibrillin-1 to fibrillin-1 (Fig. 2B). Immuno-
precipitation of treated CL using an antibody
directed against the proline-rich domain in the
amino terminal region of the protein failed to
demonstrate the presence of processed fibrillin-
1 within the cells (Fig. 2C).

To verify the lack of intracellular processing,
the secretion pathway was also blocked in the
TGN/endosomal compartment by decreasing
the temperature [Sucic et al., 1999]. Cells were
pulsed for 30 min with [35S]cysteine and then
cooled to 228C. The lower temperature effec-
tively blocked secretion from the cells (Fig. 3A).
After 2 h at 228C, the cells were warmed to 378C.
Secretion of labeled profibrillin-1 was resumed
when the cells were warmed, and the profibril-
lin-1 was efficiently processed upon secretion.
Immunoprecipitation of the CL did not reveal
any evidence of intracellular profibrillin-1 pro-
cessing while the secretion was delayed, or after
warming the cells and restoring secretion
(Fig. 3B).

Inhibition of Profibrillin-1 Processing by a1-PDX
in Human Dermal Fibroblasts, Aortic Smooth

Muscle Cells, and MG63 Cells

We sought to identify which PC enzyme
was responsible for profibrillin-1 processing. A

highly potent inhibitor of furin, a variant of
a1-antitrypsin called a1-PDX, was expressed in
cell lines to determine if this inhibitor could
prevent profibrillin-1 processing [Jean et al.,
1998; Molloy et al., 1999]. Neonatal dermal
fibroblasts were infected with viral stocks con-
taining FLAG-tagged adenovirus constructs of
either native a1-antitrypsin (a1-NAT), or a1-
PDX, along with co-infection with the trans-
activating adenovirus construct (ta). Pulse-
chase analysis of the cells 24 h after infection
with the various viruses demonstrated that
cells infected with a1-PDX showed delayed
conversion of extracellular profibrillin-1 when
compared with either uninfected control cells,
cells infected with a1-NAT or cells infected with
the trans-activating virus alone (Fig. 4A,B).
Immunoblot analysis of the media from infect-
ed fibroblast confirmed the expression of the
FLAG-tagged a1-PDX and a1-NAT proteins
(Fig. 4C). These results indicate that a1-PDX
inhibited profibrillin-1 to fibrillin-1 processing
by neonatal dermal fibroblasts thereby indicat-
ing that furin is the PC responsible for profi-
brillin-1 maturation.

We also sought to determine if a1-PDX could
inhibit profibrillin-1 processing in other cell
lines that convert profibrillin-1 to fibrillin-1.
Human aortic smooth muscle cells and MG63
cells both synthesize and process profibrillin-1.
These cells were infected with a1-NAT, a1-PDX,
and the trans-activating virus, and pulse-chase
analysis performed 48 h after infection. Similar
to the results with the neonatal fibroblasts,
infection with the a1-PDX constructs almost
completely inhibited the processing of profibril-
lin-1 to fibrillin-1 in both cell types (Fig. 5A).
Production of the a1-NAT and a1-PDX were
confirmed through immunoblotting the media
(Fig. 5B).

Purified a1-PDX was added exogenously to
dermal fibroblast cultures. Increasing amounts
of a1-PDX were added to the media of fibroblast
cultures for 6 h while the cells were continu-
ously exposed to [35S]cysteine, and the media,
cell lysate, and ECM harvested separately
(Fig. 6A). Increasing doses of a1-PDX resulted
in increasing inhibition of profibrillin-1 to
fibrillin-1, with complete inhibition at 10 mM.
ECM deposition was diminished with increas-
ing a1-PDX, as previously observed with other
inhibitors of profibrillin-1 processing. As a
control, the cells were exposed to a potent in-
hibitor of all PC enzymes, decanoyl-R-V-K-R-

Fig. 3. Effect of temperature shift on profibrillin-1 secretion. A:
Neonatal dermal fibroblasts were metabolically labeled at 378C
with [35S]cysteine for 30min, then chasedwith unlabeledmedia
for 0, 1, 2, 4, and 8 h. Parallel cultures were incubated at 228C
after the pulse for 1 and 2 h, and then shifted to 378C and the
chase continued for an additional 2 and 4 h. Profibrillin-1 secre-
tion was inhibited while the cultures were at 228C, and resumed
when the cultureswere shifted to 378C.CL, cell lysate;M,media.
B: Immunoprecipitation of CL from specific time points shown in
panel A using a fibrillin-1 specific polyclonal antibody demon-
strate that intracellular fibrillin-1 was not present. (�), unpreci-
pitated control; Ab, immunoprecipitated with anti-fibrillin-1
antibody; RS, pre-immune rabbit serum as negative control.
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chloromethylketone, which also completely
blocked profibrillin-1 processing and fibrillin-1
ECM deposition [Raghunath et al., 1999].
Similar results were obtained with MG-63 cells
(Fig. 6A,B).

A secreted form of furin has been observed
in cell lines over expressing furin. Since furin
processes profibrillin-1 at the time of secretion,
or immediately after secretion, Western analy-
sis was done to confirm that dermal fibroblasts
also produce a secreted form of furin. This anal-
ysis revealed a 60 kDa form of furin was secreted
by dermal fibroblasts (Fig. 7). In the cell lysate,
both the full length form (profurin) and the
active form can be detected (104 and 94 kDa,
respectively).

Fig. 4. Fibroblast cell strains infected with adenovirus con-
structs expressing a1-PDX demonstrated delayed processing of
profibrillin-1 to fibrillin-1. Fibroblasts were infected with tran-
sactivating virus (ta) either by itself, or co-infectedwitha1-PDXor
a1-NAT. The cultures were radiolabeled with [35S]cysteine for
30min, followed by both 4 and 20 h chaseswith non-radioactive
DMEM. CL and media (M) fractions were harvested and separat-
ed by SDS–PAGE. A: Uninfected control cultures (control) and
cultures co-infected with ta and a1-PDX (a1-PDX). B: Cultures
infected with ta alone (ta) and cultures co-infected with ta and
a1-NAT (a1-NAT). The positions of profibrillin-1 (profib-1) and
fibrillin-1 (fib-1) are indicated. C: Immunoblot analysis of the
media from infected cultures. Media was separated by SDS–
PAGE through 10% gels and transferred to PVDF. Immunoblot
analysis with mAb M2 detected positive signals in a1-PDX and
a1-NAT infected CL and media. C, control; P, infected with a1-
PDX and ta; W, infected with a1-NAT and ta; T, infected with ta.

Fig. 5. Delayed processing of profib-1 in cell strains infected
with a1-PDX. Neonatal foreskin fibroblasts, MG63, and HA-
VSMCwere infectedwith transactivating virus (ta) either by itself,
or co-infected with a1-PDX or a1-NAT. A: The cultures were
radiolabeled with [35S]cysteine for 30 min, followed by a 20 h
chasewith non-radioactive DMEM. Cell strains infectedwith a1-
PDX demonstrated delayed profibrillin-1 processing in the
media. B: Immunoblot analysis of media from infected cultures.
Media from MG63 and HA-VSMC cells infected with transacti-
vating virus (ta) either by itself, or co-infected with a1-PDX or
a1-NAT were separated by SDS–PAGE through 10% gels and
transferred to PVDF. Immunoblot analysis with mAb M2
detected positive signals in a1-PDX and a1-NAT infected media.
C, control; P, infected with a1-PDX and ta; W, infected with a1-
NAT and ta; T, infected with ta.

Fig. 6. Addition of purified a1-PDX exogenously to dermal
fibroblast cultures. Similar results were obtained with MG-63
cells A: Increasing amounts of a1-PDX were added to the media
(M) of fibroblast cultures for 6 hwhile the cellswere continuously
exposed to [35S]cysteine, and the media, cell lysate, and ECM
harvested separately (A). Increasing doses of a1-PDX resulted in
increasing inhibition of profibrillin-1 to fibrillin-1 processing,
with complete inhibition at 10 mM. ECM deposition was
diminished with increasing a1-PDX concentration, as previously
observedwith profibrillin-1 processing.B: Increasing amounts of
a1-PDXwere also added toMG-63cells,with similar results. As a
control, the cells were exposed to a potent inhibitor (I) of all PC
enzymes, decanoyl-R-V-K-R-chloromethylketone, which also
completely blocked profibrillin-1 processing.
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Identification of Profibrillin-1
Molecular Chaperones

The lack of intracellular profibrillin-1 proces-
sing by furin, which is known to be active in
the TGN, implied that cellular mechanisms
were in place to prevent premature processing.
The possibility existed that an intracellular
protein became associated with profibrillin-1
in the ER and remained bound through the
TGN to prevent the premature processing of
profibrillin-1 within the cell. Therefore, we
sought to characterize the proteins that asso-
ciated with profibrillin-1 within the secretory
pathway.

Chaperones have been shown to co-immuno-
precipitate differentially with their substrates
following non-denaturing solubilization of cells
in buffers containing detergents such as Triton-
X100 and NP-40. Therefore, immunoprecipi-
tation analyses of profibrillin-1 from CL were
performed using a polyclonal antibody that
recognized both profibrillin-1 and fibrillin-1 in
the presence of both Triton-X100 and NP-40 to
maximize the possible protein interactions.
Because ATP binding was known to disrupt
some interactions between proteins and chaper-
ones, the dermal fibroblasts were solubilized
in NP-40 under ATP-depleting conditions. To
identify ATP-dependent chaperones, the im-
munoprecipitates were subsequently incubated
with ATP. Finally, cross-linking of the intracel-
lular proteins was done with both DSP and DSS,
followed by immunoprecipitation.

Immunoprecipitation of profibrillin-1 after
metabolic labeling demonstrated that proteins

migrating at molecular weights of approxima-
tely 90 and 70 kDa were consistently associated
with profibrillin-1 (Fig. 8A). The binding of the
70 kDa protein was shown to be ATP-dependent
since this protein was present when the immu-
noprecipitate was incubated with ATP. The
70 kDa protein was also present with DSP cross-
linking but not with DSS (data not shown).
Based on the size of the protein and its ATP-
dependent binding, the protein was tentatively
identified as BiP, a well-characterized molecu-
lar chaperone known to interact with nascent
polypeptides within the ER and previously
described to interact with fibrillin-1 [Ashworth
et al., 1999]. The identity of the protein was
confirmed by immunoblotting using both a BiP-
specific polyclonal antibody (data not shown)
and a KDEL-specific monoclonal antibody
known to recognize BiP and GRP94 (Fig. 8B).
It was noted that the KDEL-specific monoclonal
antibody also detected the 90 kDa protein
(Fig. 8B). Subsequent immunoblotting with a

Fig. 7. Immunoblot analysis of the secreted form of furin in the
media and cell lysate of dermal fibroblasts. The cell lysate (CL)
and media (M) were collected from dermal fibroblasts incubate
serum-free media for 16 h, and analyzed on an 8% SDS–PAGE,
followed by immunoblot analysis. This analysis confirmed that a
60 kDa form of furin was secreted by dermal fibroblasts. Full-
length furin is present in the cell lysate, along with the secreted
form. 14C, molecular size marker; C, furin control.

Fig. 8. Identificationof proteins associatedwith profibrillin-1 in
the secretory pathway. A: Neonatal dermal fibroblasts were
metabolically labeled with [35S]cysteine for 4 h, lysed in PBS–
TDS, and immunoprecipitated with either anti-fibrillin-1 anti-
body (a-fib) or rabbit serum (RS) as a negative control. The
migrations of proteins consistently found associated with
profibrillin-1 are indicated. B: Neonatal dermal fibroblasts were
lysed in ATP-depleting buffer, and immunoprecipitated with
either anti-fibrillin-1 antibody or pre-immune RS as a negative
control. Lysates were then subjected to incubation with or with-
out ATP (þ, �). After electrophoresis, immunoblot analysis of
immunoprecipitatedCL confirmed the identification of BiP using
a KDEL-specific monoclonal antibody, which recognized a
protein of the correct migration in both the fibroblast cell lysate
and the positive control (C). This antibody also recognized a
protein at the expected migration for Grp94. C: Immunoblot of
immunoprecipitated CL after incubation with or without ATP
(þ,�). The identity ofGrp94was confirmedusing ananti-Grp94-
specific antibody.
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polyclonal antibody specific for GRP94 con-
firmed this observation (Fig. 8C).

We sought to determine if other known chape-
rones such as grp170, ERp72, protein disulfide
isomerase, calnexin, or calreticulin interacted
with profibrillin-1 during secretion. Immuno-
precipitation using both sets of conditions,
followed by subsequent immunoblotting with
antibodies specific for these proteins, did not
demonstrate any interaction of these ER pro-
teins with profibrillin-1 (data not shown). In
all these experiments, a protein of the correct
molecular weight was identified when fibro-
blast CL were immunoblotted directly as a
control.

DISCUSSION

Based on previous pulse-chase studies of full-
length profibrillin-1 synthesized and secreted
by dermal fibroblasts, we concluded that profi-
brillin-1 was processed to fibrillin-1 at the time
of secretion or immediately after secretion
[Milewicz et al., 1992]. Subsequently, it was
shown that a member of the furin protease
family cleaved profibrillin-1 in the C-terminal
domain [Lonnqvist et al., 1998; Raghunath
et al., 1999]. Since members of the furin family
of enzymes are known to be active in the TGN,
further examination was done to confirm that
profibrillin-1 is not processed intracellularly.
Pulse chase analysis, followed by immunopre-
cipitation of intracellular profibrillin-1, sup-
ported the lack of intracellular processing of
profibrillin-1. When inhibitors were used to
block secretion in the TGN (bafilomycin A1 and
228C), there was no evidence of intracellular
processing, despite the fact that furin is fully
active at 228C [Sucic et al., 1999]. These results
were in contrast to the results obtained using
a partial profibrillin-1 construct containing the
C- and N-terminal domains along with a central
region of fibrillin-1. This miniprofibrillin-1 pro-
tein was cleaved early in the secretory pathway
in Cos-K1 cells when exposed to the secretion
blocker BFA [Ritty et al., 1999]. A number of
factors may have caused the intracellular pro-
cessing of the miniprofibrillin-1 protein. Cos-K1
cells do not express endogenous profibrillin-1,
and therefore may not have had the cellular
mechanisms in place to prevent premature
processing during secretion. Alternatively, the
miniprofibrillin-1 construct may have had an
altered conformation that exposed the C-term-

inal domain to proteases inappropriately early
in the secretory pathway. The experiments in
this report utilized dermal fibroblasts that con-
stitutively synthesize and secrete full-length
profibrillin-1.

Bafilomycin A1, ammonium chloride, chlor-
oquine, and methylamine are reagents that
increase intracellular pH. Incubation of fibro-
blasts with these reagents resulted in delayed
profibrillin-1 processing, implying that the
acidic environment of the secretory pathway
was important for profibrillin-1 processing. It
has also been shown that activation of the furin
endoprotease required both autocatalytic pro-
peptide cleavage in the ER and subsequent
acidification in the Golgi, and these agents may
have disrupted this activation [Anderson et al.,
1997]. Alternatively, the progressively lower
pH encountered in the secretory pathway may
play a role in controlling profibrillin-1 proces-
sing. In the case of the furin propeptide cleavage
required for activation, the cleavage consensus
sequence containing an Arg in the P6 position
(-Arg-X-X-X-Lys/Arg-Arg#-motif) confers clea-
vage at an acidic pH of approximately 6.0
[Molloy et al., 1999].

Previous studies indicated that profibrillin-1
was not incorporated into the ECM [Milewicz
et al., 1995]. Furthermore, if profibrillin-1 pro-
cessing was inhibited, diminished amounts of
microfibrils were assembled by dermal fibro-
blasts and no profibrillin-1 could be demon-
strated in the ECM [Raghunath et al., 1999].
These results suggested that profibrillin-1 pro-
cessing might occur in concert with the assem-
bly of fibrillin-1 monomers into microfibrils. If
this were the case, then this processing should
take place upon secretion to prevent macroag-
gregates from forming within the secretory
pathway. Similar proteolytic processing con-
trols collagen fiber assembly. Type I collagen is a
heterotrimer composed of two alpha 1 chains
and one alpha 2 chain. These alpha chains fold
as proproteins within the ER to form the pro-
collagen triple helix. After secretion, procolla-
gen is proteolytically processed by peptide
removal from both the N- and C-terminal ends
of the molecule. Once cleaved, collagen mole-
cules rapidly aggregate into ordered structures.
It has been shown that this proteolytic proces-
sing occurs very close to the cell membrane
within invaginations of the cell surface in con-
cert with aggregation [Kadler et al., 1996]. A
similar cellular process may be in place for
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fibrillin-1, with profibrillin-1 processing as one
of the signals for microfibril assembly. In fact,
one of the fibrillar collagens, collagen type V,
has been shown to undergo propeptide removal
by furin in the C-terminal domain, and cleavage
by bone morphogenetic protein (BMP-1) in
the N-terminal propeptide domain to produce
mature triple helical monomers capable of form-
ing fibrils [Unsold et al., 2002].

The redundancy in the functional character-
ization and expression patterns of the PC en-
zymes excluded using these approaches to
identify the PC enzyme responsible for profi-
brillin-1 C-terminal processing. An inhibitor
of furin was engineered by construction of a
variant ofa1-antitrypsin, termeda1-PDX, which
contained the minimal furin consensus se-
quence in the reactive site loop (-Arg-X-X-
Arg#-). Analysis of the specificity of a1-PDX
showed it was selective for furin (Ki¼ 0.6 nM),
and to a lesser extent PC6B (Ki¼ 2.3 nM), but
not to other PCs [Anderson et al., 1993; Jean
et al., 2000]. The efficiency of the SDS-stable
complex formation for furin and a1-PDX was
also much greater than that for PC6B. Localiza-
tion studies have found furin to be stable when
treated with BFA, whereas PC6B was dispersed
by BFA treatment, indicating that PC6B does
not remain localized to the TGN [Xiang et al.,
2000]. Finally, the selectivity ofa1-PDX for furin
was further demonstrated when a1-PDX is
added exogenously to cells [Jean et al., 1998].
Although furin is localized to the TGN, it cycles
between this compartment and the cell surface.
Furin is required for cellular uptake of a1-PDX
for which it is a specific inhibitor of cellular
furin. Based on the selectivity of a1-PDX for
furin, we tested the ability of a1-PDX to block
profibrillin-1 proteolytic processing. Using an
adenoviral expression vector, both a1-PDX and
a1-NAT were expressed in three human cell
lines that process profibrillin-1. In every case,
expression of a1-PDX effectively blocked profi-
brillin-1 processing. Furthermore, exogenous
addition of the a1-PDX protein to fibroblast and
MG-63 cells inhibited profibrillin-1 processing,
providing further evidence that the PC respon-
sible for profibrillin-1 processing is furin.

Our data indicate that profibrillin-1 moves
through the TGN without undergoing proteoly-
tic processing by active furin. These results
provide evidence that some proproteins that are
processed by furin escape proteolytic processing
in the TGN, and are processed later in the

secretory pathway or after secretion. Previous
studies have identified the calcium dependent
nature of profibrillin-1 processing by using low
concentrations of EGTA [Raghunath et al.,
1994]. Gelsolin has been shown to escape furin
processing in the TGN in a similar manner. It
is stabilized by Ca2þ in the slightly acidic
conditions found in the Golgi and Golgi-derived
transport containers, which prevents endopro-
teolytic cleavage by furin in these compart-
ments and is secreted as a full length protein
[Chen et al., 2001]. Another proprotein, the
Semliki Forest virus glycoprotein precursor
p62, is processed during transport from the
TGN to the cell surface by furin [Band et al.,
2001].

To evaluate the forms of furin being syn-
thesized by dermal fibroblast cell strains, im-
munoblot analysis was performed. This assay
revealed a novel secreted 60 kDa form in the
media. Previous reports have delineated a
90 kDa secreted form of furin in COS-1 cells
[Rehemtulla et al., 1992].

The lack of intracellular processing by furin,
which is active in the TGN led us to investigate
the intracellular proteins that bind to profibril-
lin-1. To study the intracellular proteins that
interact with profibrillin-1, two different buf-
fers were used for immunoprecipitation, along
with protein cross-linking using DSP and DSS.
Immunoblotting of the immunoprecipitated
proteins was used to confirm the identity of
proteins associated with profibrillin-1. These
studies demonstrated that profibrillin-1 inter-
acted with two ER-resident molecular chaper-
ones, BiP and GRP94. BiP interacts with many
secretory and membrane proteins within the
ER during the course of their maturation
[Kuznetsov and Nigam, 1998]. GRP94 is an-
other molecular chaperone present in the ER
that binds to proteins at different stages of
maturation from BiP, distinguished by their
oxidation state [Melnick et al., 1994]. In con-
trast to other studies, GRP94 binding was not
reduced in the presence of ATP [Melnick et al.,
1994; Linnik and Herscovitz, 1998]. These
studies have indicated that the binding and
hydrolysis of ATP by GRP94 was not an in-
herent property of GRP94, and it had been
suggested that GRP94 release with ATP was
due to interactions with other ATP-dependent
chaperones [Wearsch and Nicchitta, 1997]. The
binding of GRP94 to profibrillin-1 in the pre-
sence of ATP may be attributed to differences
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in the chaperone composition present in the
GRP94–profibrillin-1 complex.

A number of ER-resident proteins were not
found to be associated with profibrillin-1, spe-
cifically ERp72, grp170, protein disulfide iso-
merase, calnexin, and calreticulin. Calnexin
and calreticulin are two homologous protein
chaperones that prevent transport of misfolded
glycoproteins by associating transiently and
selectively with newly synthesized glycopro-
tein folding intermediates [Kim and Arvan,
1995]. Prolonged association with either pro-
tein was observed when proteins were misfold-
ed or unable to oligomerize. Previous studies
using expression of fibrillin-1 peptides in a
transcription–translation system, followed by
exposure of these peptides to semipermeabi-
lized cells, indicated that calreticulin but not
calnexin was bound to the fibrillin-1 protein
fragment [Ashworth et al., 1999]. The binding
demonstrated in this system may have been
secondary to misfolding of the partial fibrillin-1
protein in the in vitro translation system. We
cannot exclude the possibility that calretic-
ulin interacted with profibrillin-1 transiently
and was not detected by our methodologies.
Both ERp72 and grp170 have been shown to
interact with thyroglobulin and thrombospon-
din, and both of these large glycoproteins
oligomerize within the ER but do not appear
to associate with profibrillin-1 [Kuznetsov et al.,
1997].

Based on the data presented here and pre-
viously published data, the following regulation
of profibrillin-1 secretion is proposed. Fibrillin-1
is synthesized as a preproprotein and directed
into the ER, where the signal peptide is remov-
ed. Profibrillin-1 interacts with BiP and GRP94
in the ER, presumably to facilitate folding.
Profibrillin-1 moves through the TGN, where
C-terminal processing by furin is prevented by
an identified mechanism. Our data indicates
that furin is the enzyme responsible for the
proteolytic processing of profibrillin-1. Profi-
brillin-1 is proteolytically processed to fibrillin-
1 by furin as it is secreted, or immediately after
secretion. This proteolytic processing is depen-
dent on the pH gradient between the TGN and
secretory vesicles. If profibrillin-1 retains part
of the C-terminal domain, it cannot be incorpo-
rated into the ECM. Previous data indicate
that a furin-like enzyme may also process the
N-terminal domain, although the location of
this processing and its functional consequences

has not been investigated [Reinhardt et al.,
2000].
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