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The function of the NH,-terminal propeptide of type I procol-
lagen (N-propeptide) is poorly understood. We now show that a
recombinant trimeric N-propeptide interacts with transform-
ing growth factor-B1 and BMP2 and exhibits functional effects
in stably transfected cells. The synthesis of N-propeptide by
COS-7 cells results in an increase in phosphorylation of Akt and
Smad3 and is associated with a marked reduction in type I pro-
collagen synthesis and impairment in adhesion. In C2C12 cells,
N-propeptide inhibits the osteoblastic differentiation induced
by BMP2. Our data suggest that these effects are mediated by the
interaction of N-propeptide with an intracellular receptor in the
secretory pathway, because they are not observed when recom-
binant N-propeptide is added to the culture medium of either
COS-7 or C2C12 cells. Both the binding of N-propeptide to
cytokines and its functional properties are entirely dependent
on the exon 2-encoded globular domain, and a mutation that
substitutes a serine for a highly conserved cysteine in exon 2
abolishes its function. Our findings suggest that N-propep-
tide performs an important feedback regulatory function and
provides a rationale for the prominence of a homotrimeric
form of type I procollagen (al trimer) during vertebrate
development.

Fibrillar types I-III procollagens are proteolytically cleaved
by procollagen N- and C-proteases that separate nontriple hel-
ical NH,- and COOH-terminal propeptides, respectively, from
their major central triple helical domains (1). This proteolytic
processing is necessary for the alignment and self-assembly of
collagen molecules and for normal collagen fibril formation.
Specific sequences in the COOH-terminal propeptides are
required for chain recognition and triple helix formation that
generate procollagens with the correct chain composition
(2—4). In addition, the COOH-terminal propeptide has been
shown to be chemotactic for endothelial cells and to stimulate
migration and production of metalloproteinases by mammary
carcinoma cell lines after its release by procollagen C protease
(5, 6). Fragments of the propeptide have also been reported to
stimulate extracellular matrix production (7).
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In contrast, the functions of the NH,-terminal propeptide of
type I procollagen (N-propeptide)? are not well understood (for
a review see Ref. 8). In 1979, Wiestner et al. (9) purified the
N-propeptide from dermatosparactic calf skin, which is defi-
cientin procollagen N-protease, and demonstrated that it func-
tioned to inhibit the synthesis of both types I and I1I collagen by
bovine skin fibroblasts in culture. Subsequently, evidence was
provided for the ability of the N-propeptide to inhibit selec-
tively the translation of procollagen mRNA in cell-free systems
(10, 11). However, this function, which presumes a cytosolic
site of action, was never reconciled with the fact that the
N-propeptide is released only in intracellular secretory vesicles
and in the extracellular environment (12). Additional functions
proposed for the N-propeptide included inhibition of intracel-
lular fibrillogenesis, facilitation of transcellular transport and
secretion of procollagen, and control of extracellular fibrillo-
genesis (for reviews see Refs. 8, 13, and 14), but none of these
functions were supported by the phenotype of a mouse with a
targeted deletion of exon 2 in the Collal gene. Thus, although
exon 2 encodes the majority of the nontriple helical sequence in
the N-propeptide, procollagen synthesis, secretion, and proteo-
lytic processing were all normal in these mice (15). Excisional
skin wound healing was also normal. However, a background-
dependent reduction in the expected number of viable
homozygous mutant mice that were born in heterozygous
crosses was documented.

Because compensation by the closely related N-propeptide of
type III procollagen, which is synthesized in a very similar spa-
tial and temporal pattern to that of type I procollagen, seemed
likely, we determined the levels of proal(Ill) mRNA in exon
2-deleted mice. Extensive Northern analyzes of tissues from
both pre- and postnatal mice of several ages revealed no differ-
ences from controls.> However, the possibility remains that
normal levels of type III N-propeptide could compensate for a
lack of type I N-propeptide. In addition, type V procollagen
contains a cysteine-rich domain (CRD) in the proa2 chain of its
NH,-terminal propeptide that is homologous to N-propeptide.

2 The abbreviations used are: N-propeptide, NH,-terminal propeptide of type
| procollagen; AP, alkaline phosphatase; BMP, bone morphogenetic pro-
tein; CRD, cysteine-rich domain; HEK, human embryonic kidney; Ol, osteo-
genesis imperfecta; TGF, transforming growth factor; ELISA, enzyme-
linked immunosorbent assay; PBS, phosphate-buffered saline; DMEM,
Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; CICP,
COOH-terminal propeptide of human type | procollagen; Pl, phosphatidyl-
inositol; PDGF, platelet-derived growth factor; PI3K, phosphatidylinositol
3-kinase.

3 M. L. Augustine and P. Bornstein, unpublished results.
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Type V procollagen is frequently co-expressed with type I pro-
collagen and might therefore also compensate.

We then considered the possibility that N-propeptide might
not function directly in collagen biogenesis but might rather
play a developmental role by interaction with cytokines such as
members of the TGFB and BMP families. This possibility is
supported by the presence of a CRD in the sequences encoded
by exon 2 in types [-III procollagens that is homologous with
the CRDs in chordins in vertebrates and sog in Drosophila (16).
Chordin and sog bind BMPs in vertebrates and Drosophila,
respectively, and function to regulate dorsoventral patterning
during embryonic development (17-20). Larrain et al. (19) also
showed that the N-propeptide derived from Xenopus type I1A
procollagen bound BMP4 and that Xenopus type IIA procolla-
gen mRNA had dorsalizing activity when microinjected into
Xenopus embryos. These studies are supported by the work of
Sandell and co-workers (21) who demonstrated that the
N-propeptide of human type IIA procollagen, which contains
the CRD sequence, but not the N-propeptide of type IIB pro-
collagen, a splice variant that lacks the sequence encoded by
exon 2, binds BMP2 and TGFp1. In contrast with the mild
phenotype of type I procollagen exon 2-deleted mice, mice with
a targeted deletion of exon 2 in type II procollagen were found
to die in mid-gestation because of cardiac malformations (22).
This disparity is not necessarily surprising in view of the very
different spatial and temporal patterns of expression of the two
procollagens. Thus, the functional significance of their
N-propeptides is almost certain to be very different even
though their structures and intrinsic mechanisms of action may
have similarities.

In this study we show that a recombinant trimeric N-propep-
tide interacts with both TGFB1 and BMP2. N-propeptide also
functions intracellularly, because COS-7 cells that are stably
transfected with a ¢cDNA encoding a trimeric form of the
N-propeptide show an increase in the phosphorylation of Akt
and Smad3, markedly reduce collagen synthesis, and attach
poorly to fibronectin-coated plates. Furthermore, the expres-
sion of N-propeptide in stably transfected myoblastic C2C12
cells inhibits BMP2-induced differentiation to osteoblasts.
These effects cannot be reproduced by addition of purified
N-propeptide, or the conditioned medium of N-propeptide-
expressing cells, to control COS-7 cells. All activities of
N-propeptide can be attributed to the CRD encoded by exon 2,
because a protein that lacks this sequence is defective in both
functional and direct binding assays. The importance of a
native structure of the CRD is highlighted by the finding that a
recombinant mouse N-propeptide with a substitution of a ser-
ine for a cysteine, patterned after a naturally occurring muta-
tion in a patient with osteogenesis imperfecta (OI), failed to
signal appropriately in stably transfected COS-7 cells.

EXPERIMENTAL PROCEDURES

Construction of Mammalian Expression Vectors—The cDNA
encoding the N-propeptide of type I procollagen, and an addi-
tional 111 amino acids from the major triple helix of the a1(I)
chain, was excised from a full-length murine Collal cDNA and
cloned in-frame with the DNA encoding a 27-amino acid
foldon sequence derived from bacteriophage T4 fibritin protein
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(23). The resulting fusion sequence was amplified using primers
designed to include an Xbal restriction site and a Kozak con-
sensus translational start sequence at the 5'-end and a BstBI/
Sful site with a GSGS spacer at the 3’-end. The sequence was
then cloned into a pcDNA3.1/Myc-His(+)B mammalian
expression vector (Invitrogen). Preservation of the correct
reading frame was verified by DNA sequencing. To prepare an
N-propeptide construct lacking the amino acids encoded by
exon 2, we used the above-described N-propeptide-containing
plasmid as a template and a standard site-directed mutagenesis
procedure with custom-designed primers to exclude the exon 2
sequence. The resultant PCR-amplified fragment was digested
with Xbal and BstBI/Sful enzymes and cloned into a
pcDNA3.1/Myc-His(+)B plasmid. The structures of the two
peptide fragments are illustrated schematically in Fig. 1. We
also used a QuickChange II site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) to create a G to C nucleotide mutation in
the N-propeptide construct that resulted in the substitution of
a serine for a cysteine at position 52 in the N-propeptide
sequence (C52S mutant construct).

DNA Transfections—COS-7 and HEK293 cells (American
Type Culture Collection, Manassas, VA) and C2C12 cells, a gift
from Dr. S. Hauschka (University of Washington), were trans-
fected with the two constructs described in Fig. 1, or with a
control vector, using the Superfect transfection reagent (Qia-
gen Inc., Valencia, CA). In addition, COS-7 cells were trans-
fected with the C52S mutant construct. To establish stably
transfected cell lines for each protein, cells were selected with
G418 (COS-7, 400 ug/ml; HEK293, 500 ug/ml; and C2C12, 700
pg/ml) for 2 weeks, followed by expansion of isolated clones.
Multiple clones were evaluated for protein expression levels by
Western blotting with c-Myc antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) and monospecific anti-mouse N-propep-
tide rabbit polyclonal antibody (prepared in our laboratory). To
determine transfection efficiency, some plates were co-trans-
fected with the reporter vector pEGFP-C3 (Clontech).

Protein Purification—Individual clones expressing intact
N-propeptide, exon 2-deleted N-propeptide, or the C52S
mutant were grown to confluence in DMEM (Invitrogen) with
10% EBS. Cells were serum-starved for 24 or 48 h, the medium
was collected, and the proteins were purified using nickel-ni-
trilotriacetic acid HisBind resins (Novagen, Madison, WI). The
purity of the proteins was determined by silver staining using a
Silver Stain Plus kit (Bio-Rad).

Western Blotting—Proteins were separated by SDS-PAGE and
transferred to nitrocellulose membranes. The membranes were
blocked at room temperature for 1 h with 5% nonfat dry milk in
TBST (Tris-buffered saline containing 0.1% Tween 20). The blots
were incubated with primary antibodies at 4 °C overnight, washed
four times with TBST, and incubated for 40 min with secondary
anti-rabbit or anti-mouse antibodies, conjugated with horseradish
peroxidase (Amersham Biosciences). The immunoreactive pro-
tein bands were visualized using a chemiluminescence (ECL)
detection system (Amersham Biosciences).

Determination of N-propeptide Concentrations by ELISA—
96-Well ELISA plates (Corning Glass) were coated overnight at
4. °C with 100 ul of serum-deprived conditioned medium from
control COS-7 cells or cells expressing one of the three
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N-propeptides. Plates were washed four times with the PBS,
0.1% Tween 20 (Fisher) and blocked with PBS, 1% bovine serum
albumin (Sigma) for 1 h at room temperature. An anti-Myc
antibody was added to each well and incubated for 2 h at room
temperature. Plates were washed, blocked again, and incubated
with anti-mouse AP-conjugated secondary antibody for 1 h at
room temperature. p-Nitrophenyl phosphate liquid solution
(Sigma) was used as a substrate, and absorbance was measured
at 405 nm.

Cell Attachment and Detachment Assays—COS-7 cells,
transfected with N-propeptide or exon 2-deleted N-propep-
tide, and control COS-7 cells were trypsinized, and 100 ul of a
cell suspension (10* cells) was added to each well of fibronectin-
coated, 96-well tissue culture plates. Cells were allowed to
attach for 1 hat 37 °C. Unattached cells were removed by wash-
ing the plates with PBS, and attachment was quantified by addi-
tion of 20 ul of Cell Titer 96 solution, according to the manu-
facturer’s instructions (Promega, Madison, WI.). After 1 h of
incubation at 37 °C, the absorbance at 490 nm was measured in
a microplate reader. To quantify the rate of detachment, con-
trol COS-7 cells and cells stably expressing either N-propeptide
or exon 2-deleted N-propeptide were trypsinized and plated in
triplicate in 12-well plates at a density of 6 X 10* cells per well.
The cells were grown to 80% confluence, washed twice with
PBS, and treated with 0.05% trypsin, and detached cells were
counted at different time points. The percentage of detached
cells was calculated by dividing the number of detached cells by
the number of cells introduced in each well.

ELISA for Collagen Synthesis—Control COS-7 cells and
N-propeptide or exon 2-deleted N-propeptide-expressing cells
were plated and cultured in DMEM with 10% FBS. When cells
reached 80 -90% confluence, the culture medium was removed,
and the cells were washed twice with PBS and cultured in
serum-free medium for an additional 6 or 24 h. This culture
medium was then collected and immediately stored at —80 °C
for use in ELISAs. The cell number in each dish was then
counted to determine the quantity of cells that had contributed
to the generation of type I collagen that was secreted into the
medium over the 24-h period. ELISA was performed in dupli-
cate using a Metra CICP EIA kit (Metra Biosystems, San Diego).
Briefly, aliquots of media from control COS-7 cells and from
cells expressing N-propeptide or exon 2-deleted N-propeptide
were added to 8-well strips coated with a monoclonal antibody
to the COOH-terminal propeptide of human type I procollagen
(CICP) and incubated for 2 h at room temperature. This anti-
body cross-reacts with the monkey procollagen synthesized by
COS-7 cells. Wells were washed and incubated with rabbit anti-
CICP polyclonal antibody followed by incubation with a goat
anti-rabbit AP conjugate. para-Nitrophenyl phosphate sub-
strate was used to quantify CICP in the medium. The results
were converted to nanograms/ml using standards provided by
the manufacturer and normalized according to the number of
cells present at the time of medium collection.

Immunoprecipitation of TGFB1 and BMP2—100 ul of cell
culture medium containing N-propeptide or exon 2-deleted
N-propeptide was incubated for 2 h at 37 °C with a 10 -50-fold
molar excess of TGFB1 (PeproTech, Rocky Hill, NJ) or BMP2
(Wyeth, Cambridge, MA). Five ul of an anti-TGFf1 polyclonal
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antibody (Promega, Madison, WI), or in the case of BMP2-
containing tubes our monospecific anti-mouse N-propeptide
polyclonal antibody, was then added to the appropriate tubes,
and the solutions were incubated overnight at 4 °C. As negative
controls, the conditioned medium from COS-7 cells, or from
cells transfected with control plasmid only, was used. 30 ul of
protein A/G-Sepharose was added, and the beads were incu-
bated for 3h at4 °C. The beads were pelleted, washed four times
with PBS containing 0.1% Triton 100, and once with 10 mm
Tris, pH 6.8. The beads were then boiled in SDS sample buffer,
and the supernatant was electrophoresed in SDS-acrylamide
gels, electroblotted onto nitrocellulose membranes, and probed
with monoclonal antibodies to c-Myc in the case of TGFS1-
containing samples or to BMP2 (Sigma) in the case of BMP2-
containing samples.

Determination of the Levels of Phosphorylated Akt and Smad
Proteins in COS-7, HEK293, and C2C12 Cells—Control COS-7
or human embryonic kidney HEK293 cells, transfected with an
N-propeptide or exon 2-deleted N-propeptide plasmid, were
serum-starved for 24 h. Mouse myoblast C2C12 cells were kept
in 2% serum overnight. Control cells were treated with 5 ng/ml
TGEB1 or 100 ng/ml BMP2 for 1 h. Cells were washed twice
with PBS and lysed in 1% Nonidet P-40 buffer (1% Nonidet
P-40, 120 mm NaCl, 50 mm Tris-HCI, pH 7.4, protease inhibitor
mixture, 20 mm NaF, and 1 mm Na,VO,) on ice for 20 min. Cell
lysates were clarified by centrifugation at 14,000 rpm at 4 °C for
20 min, and protein concentrations were then determined by
the BCA method (Pierce). 30-ug aliquots of total cell lysates
were separated by SDS-PAGE and transferred to nitrocellulose
membranes. Western blot analyses were performed using
phospho-Akt, pan-Akt, phospho-Smad2, phospho-Smad3,
total Smad2/3, phospho-Smad 1/5/8 (Cell Signaling Technol-
ogy, Beverly, MA), and anti--actin (Novus Biologicals, Little-
ton, CO) antibodies, as described above.

When TGF BRI kinase inhibitor (Calbiochem) was used, con-
trol COS-7 cells or cells expressing N-propeptide were serum-
starved, and different concentrations of inhibitor (4, 8, and 18
nM) were added for 1 h prior to the addition of recombinant
TGEFB1 or PDGEF-BB to control cells. The cells were incubated
for 10 min with PDGF-BB or 1 h with TGFB1. N-propeptide-
expressing cells were incubated with inhibitor for 1 or 4 h or
overnight. Cells were washed with cold PBS, lysed, and analyzed
by Western blotting as described above.

Apoptosis Assay—Control COS-7 cells and cells expressing
N-propeptide or exon 2-deleted N-propeptide were serum-
starved for 24 h and labeled with commercially available
annexin V-PE (phycoerythrin) for assay of apoptosis (BD Bio-
sciences) according to the manufacturer’s recommendations.
Briefly, 1 X 10° cells were washed twice with cold PBS,
trypsinized, and resuspended in 100 ul of 1X binding buffer.
Five ul of annexin V-PE was added, and the cells were incubated
in the dark for 15 min and then analyzed by flow cytometry.

Determination of AP Activity in C2C12 Cells—C2C12 cells
were cultured in DMEM containing 15% FBS, 100 units/ml
penicillin, and 100 pug/ml streptomycin at 37 °C in a humidified
atmosphere of 5% CO,. Cells were stably transfected with the
constructs shown in Fig. 1. Single clones were isolated and
expanded as described above. To determine AP activity, the
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FIGURE 1. Schematic representation of the proteins used in functional
studies of the N-propeptide. A, exons in the Collal gene and protein
domains in an N-propeptide-foldon construct that was used to express the
intact, trimeric mouse N-propeptide are shown. The sequence contains a sig-
nal peptide (SP, light blue), a globular domain encoded by exons 2 and 3 (red),
a short triple helix (Gly-X-Y repeats) encoded by exons 4-6 (yellow), a short
sequence that represents the site of cleavage by procollagen N-protease
(PNP), an NH,-terminal telopeptide sequence (N-TP, mauve), 111 amino acids
of the major triple helix encoded by exons 7-11, a 27-amino acid foldon
trimerizing domain, a Myc tag for Western blotting, and a His tag for column
purification. B, exons and structure of a trimeric N-propeptide that lacks most
of the globular domain encoded by exon 2 butis identical in all other respects
to the structure of the trimeric N-propeptide shown in A.

cells were plated at 4 X 10* cells/well in 24-well tissue culture
plates. Following a 24-h incubation period, the cells were rinsed
with PBS, and growth medium was replaced with DMEM con-
taining 2% FBS and 50 ng/ml BMP2 (Wyeth) and the cells were
incubated for another 3 days. Cells were washed twice with cold
PBS and lysed in a buffer containing 50 mm Tris-HCI, 75 mm
NaCl, and 0.5% Triton-100 at pH 7.5. The cellular AP activity, a
prominent osteoblastic differentiation marker, was determined
in cell lysates in a buffer containing 0.1 M 2-amino-2-methyl-1-
propanol (Sigma), pH 10.5, and p-nitrophenyl phosphate
(Sigma) as a substrate. Absorbance was recorded at 405 nm.
Determination of the AP activity was performed in triplicate,
and the values were normalized to total protein concentrations
using a BCA assay kit (Pierce).

Statistical Analysis—A two-tailed Student ¢ test was used for
statistical comparisons. Data were considered statistically sig-
nificant when the p value was less than 0.05.

RESULTS

Purification of N-propeptide-Foldon Fusion Proteins—To
study the biochemical function of the N-propeptide of type I
procollagen, a chimeric gene construct, consisting of cDNA
encoding the full-length N-propeptide, and an additional 111
amino acids from the major triple helix of the «1(I) chain, was
generated recombinantly. These sequences were fused to a
foldon sequence from T4 bacteriophage fibritin that is known
to have strong trimerizing properties (Fig. 1A). The rationale
for construction of a trimeric N-propeptide is provided under
the “Discussion.” The additional 37 Gly-X-Y- triplet sequences
were placed NH,-terminal to the foldon sequence to generate a
relatively stable triple helix that would fold from the COOH to
the NH, terminus (23), and thus make it more likely that the
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FIGURE 2. Analysis of N-propeptide-foldon fusion proteins. Proteins pro-
duced by stably transfected COS-7 cells were purified from conditioned
medium by nickel affinity chromatography. A, Western blot analysis with anti-
Myc antibody of conditioned medium from COS-7 cells stably expressing
N-propeptide (N-prop.; lane 1) or exon 2-deleted N-propeptide (Ex.2-del.
N-prop.; lane 2) electrophoresed in SDS gels under reducing conditions. B,
silver-stained SDS-acrylamide gel of purified N-propeptide (lane 7) or exon
2-deleted N-propeptide (lane 2) run as described in A. G, silver-stained gel of
purified N-propeptide run in absence of SDS and reducing agents.

orientation of the three globular domains in the trimeric
N-propeptide resembled that in the native protein. To evaluate
whether the exon 2-encoded CRD is responsible for the biolog-
ical function of the N-propeptide, we deleted the exon 2
sequence from the above construct. The structure of the result-
ing fusion protein is shown schematically in Fig. 1B. We also
studied the effect of substitution of a serine for a cysteine, a
naturally occurring mutation at amino acid 61 (C61S) of the
proal chain of type I procollagen in a patient with OL* A point
mutation was created that changed a Cys to a Ser in the corre-
sponding position (amino acid 52) of the mouse N-propeptide
construct.

COS-7, HEK293, and C2C12 cells were stably transfected
with the N-propeptide, and exon 2-deleted N-propeptide con-
structs and expression levels of the encoded proteins were eval-
uated in isolated clones by Western blots of the conditioned
media with c-Myc antibody. COS-7 cells were also transfected
with the C52S mutant N-propeptide. Expression levels of three
recombinant proteins were comparable (data not shown). Con-
ditioned medium from clones with high expression levels, as
determined by Western blot with c-Myc antibody (Fig. 24), was
used to purify recombinant proteins by nickel affinity chroma-
tography. As shown in Fig. 2B, silver staining of SDS-acrylam-
ide gels indicated that the purified proteins were homogeneous
and free of contaminating proteins. A similar degree of purity
was achieved for the mutant N-propeptide (data not shown). In
the absence of denaturing agents (native gels), intact trimeric
N-propeptide migrates to a position consistent with its molec-
ular weight (Fig. 2C). The amount of each recombinant protein
present in conditioned medium was quantified using an ELISA-
based assay, as described under “Experimental Procedures,”
and used as a basis for comparison in subsequent experiments.
The three proteins were present at approximately equal levels
(200-300 ng/ml).

The Expression of N-propeptide Compromises Attachment
and Accelerates Detachment of COS-7 Cells—During culture of
stably transfected COS-7 cells, it was noticed that cells that

4J. M. Pace and P. H. Byers, unpublished data.
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FIGURE 3. Expression of N-propeptide reduces the attachment of COS-7
cells. Control COS-7 cells, cells stably transfected with exon 2-deleted
N-propeptide (Ex.2-del. N-prop.) or with N-propeptide (N-prop.) were
trypsinized, and 10* cells were plated onto 96-well plates coated with
fibronectin. Cells were allowed to attach for 1 h; nonadherent cells were
removed, and attachment was quantified by addition of 20 ul of Cell Titer 96
solution. Data represent mean values = S.D. of triplicate determinations. This
experiment was repeated three times with similar results.

secreted N-propeptide appeared to attach more slowly, as com-
pared with exon 2-deleted or mutant N-propeptide, when
plated and to detach more rapidly when passaged. We therefore
proceeded to document these changes. Control COS-7 cells or
COS-7 cells stably expressing either N-propeptide or exon
2-deleted N-propeptide were cultured on fibronectin-coated
plates for 1 h. The unattached cells were removed, and the
attachment of cells was quantified as described under “Experi-
mental Procedures.” The results demonstrate that the rate of
attachment of COS-7 cells expressing exon 2-deleted
N-propeptide was comparable with that of control COS-7 cells
(Fig. 3). In contrast, the rate of attachment of COS-7 cells
expressing N-propeptide was reduced by ~70%, compared
with that of control cells or of cells expressing exon 2-deleted
N-propeptide. These data demonstrate that the synthesis and
secretion of N-propeptide compromised the ability of COS-7
cells to attach to a substratum.

COS-7 cells expressing N-propeptide also detached more
rapidly than control or exon 2-deleted cells when exposed to
low concentrations of trypsin. The results presented in Fig. 4
demonstrate that a 30-s treatment with 0.05% trypsin resulted
in detachment of greater than 70% of COS-7 cells expressing
N-propeptide, and a 60-s incubation leads to almost 100%
detachment of the cells. In contrast, only 10 -20 and 30 -50% of
control or exon 2-deleted N-propeptide-expressing COS-7
cells were detached at the same time points. These data confirm
that the expression of N-propeptide leads to an acceleration of
the detachment of COS-7 cells when these cells are subjected to
mild proteolysis. In the case of both reduced attachment and
accelerated detachment, the cause can be attributed to the CRD
domain encoded by exon 2. In contrast, no differences in the
attachment or detachment of HEK293 or C2C12 cells, express-
ing N-propeptide or exon 2-deleted N-propeptide, were
observed in comparison with the respective control cells. Also,
no differences in the attachment or detachment of COS-7 cells
expressing C52S mutant N-propeptide were observed (data not
shown).

Collagen Synthesis Is Reduced in COS-7 Cells That Stably
Express N-propeptide—In view of earlier studies that impli-
cated N-propeptide in feedback inhibition of collagen synthesis
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FIGURE 4. Detachment of COS-7 cells is accelerated in N-propeptide-ex-
pressing cells. Control COS-7 cells, cells stably transfected with exon 2-de-
leted N-propeptide (Ex.2-del. N-prop.) or cells transfected with N-propeptide
(N-prop.), were plated in triplicate in 12-well tissue culture plates at 6 X 10*
cells per well. Cells were grown to 80% confluence and trypsinized with 0.05%
trypsin at the indicated time points, and detached cells were counted. Data
represent mean values = S.D. of triplicate determinations. The experiment
was performed twice with similar results.

(9), we chose to examine the synthesis and secretion of type I
procollagen by COS-7 cells. COS-7 cells are SV40-transformed
monkey kidney fibroblast-like cells. These cells are closely
related to COS-1 cells, which normally produce small but meas-
urable amounts of type I collagen (24). We therefore deter-
mined the amount of type I procollagen produced de novo and
secreted into the culture medium over a 24-h time period by
control COS-7 cells and by COS-7 cells expressing either
N-propeptide or exon 2-deleted N-propeptide. The amount of
type I procollagen found in media harvested from control
COS-7 cells, as determined by ELISA using a monoclonal anti-
body to the COOH terminus of human type I procollagen, was
29.5 ng/ml, whereas the level in N-propeptide-expressing cells
was 6.5 ng/ml (Table 1). The level of type I procollagen in
COS-7 cells expressing exon 2-deleted N-propeptide was com-
parable with that in control cells. Similar differences in the lev-
els of procollagen in the media of these cells were seen at a 6-h
time point (data not shown), making it unlikely that procolla-
gen was preferentially incorporated into the cell layer of
N-propeptide-expressing cells as a function of time. These data
indicate that the expression of N-propeptide by COS-7 cells
results in a 4 —5-fold reduction in the amount of type I collagen
produced by these cells and that again the exon 2-encoded
sequence is required for this effect. Reduced deposition of type
I collagen, and possibly other matrix proteins, in the subcellular
stratum of N-propeptide-producing cells could contribute to
the adhesive defect in these cells.

N-propeptide Interacts Directly with TGFBI and BMP2—1It s
well known that TGFB1 functions as a major fibrogenic cyto-
kine that stimulates the production of fibrous collagens,
fibronectin, and proteoglycans by mesenchymal cells (25, 26).
Furthermore, the N-propeptide of type II procollagen has been
shown to be capable of binding to TGFB1 (21). Because the
CRD domains encoded by exon 2 in types [ and II procollagens
show a high degree of sequence identity (8), it seemed logical to
determine whether N-propeptide could also bind to TGFf1.
Toward this end, we performed direct immunoprecipitation
assays with an anti-TGFB1 antibody. COS-7 cells, stably
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TABLE 1
Secreted type | procollagen levels in COS-7 cells
Values are presented as means = S.E. (n = 3).

Type 1

Type 1

proc)c;li’lagen procollagen
levels

ng/ml %
Control COS-7 cells 29.52 £ 1.30 100
COS-7 cells expressing exon 2-deleted ~ 32.24 * 7.64 109
N-propeptide
COS-7 cells expressing N-propeptide 6.50 * 0.50” 22

“p < 0.005 compared with control COS-7 cells.

expressing N-propeptide or exon 2-deleted N-propeptide, were
serum-starved for 24 h. Equal quantities of TGFS1 were then
added to aliquots of conditioned medium, and the solutions
were incubated for 2 h at 37 °C. A TGFB1-specific antibody was
used to immunoprecipitate putative TGFB1-N-propeptide
complexes. Western blot analysis with a c-Myc antibody
revealed that N-propeptide co-precipitated with TGFS1 (Fig.
5A, lane 2). On the other hand, incubations of TGFB1 with
conditioned medium from control COS-7 cells, exon 2-deleted
N-propeptide-transfected cells, or vector-transfected COS-7
cells failed to show an interaction with N-propeptide (Fig. 54,
lanes 1, 3, and 4). Similar results were obtained in immunopre-
cipitation assays performed with purified, recombinant
N-propeptide and exon 2-deleted N-propeptide (data not
shown). These results confirm that the interaction of
N-propeptide with TGFB1 requires the presence of the exon
2-encoded CRD domain.

BMPs, including BMP2, are involved in early development
and in differentiation of tissues (27). In view of our previous
finding of significant fetal mortality in mice that lacked exon 2
of the Collal gene, and the observation by Zhu et al. (21) that
the closely related type II collagen N-propeptide was capable of
binding BMP2, we tested the ability of N-propeptide to bind
BMP2. As shown in Fig. 5B, anti-N-propeptide antibodies were
capable of co-immunoprecipitating N-propeptide from the cul-
ture medium of COS-7 cells, stably transfected with a vector
expressing N-propeptide (lane 3), but not from that of cells
transfected with empty vector (lane 2). In a separate experi-
ment using purified proteins, we showed that N-propeptide,
but not exon-deleted N-propeptide, bound BMP2. In this case
an anti-c-Myc antibody was used for immunoprecipitation
(data not shown).

Endogenously Acting N-propeptide Increases the Phosphory-
lation of Akt and Smad3, but Not Smad?2, in COS-7 Cells—It has
been shown that both phosphatidylinositol 3-kinase (PI 3-ki-
nase) and the PI 3-kinase-dependent serine-threonine kinase,
Akt, can be activated by TGFB1 in COS-7 cells (28). We there-
fore used COS-7 cell lines, stably expressing and secreting
N-propeptide, to determine whether N-propeptide could inter-
fere with the activation of Akt by binding to TGFf1. Control
COS-7 cells and stably transfected COS-7 cell lines were grown
to 90% confluence and were serum-deprived for 24 h. Cells
were stimulated with TGFpL1 for 1 h and lysed, and the levels of
phospho-Akt (pAkt) were determined by Western blot analysis
using a pAkt-specific antibody. However, it soon became
apparent that the pAkt levels in N-propeptide-expressing cells
were as high, or higher, than the levels in TGFS1-stimulated
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FIGURE 5. Co-immunoprecipitation of N-propeptide with TGF31 and
BMP2. A, TGFB1 was added to the conditioned media of different COS-7 cell
lines. The media were then incubated for 2 h at 37 °C and immunoprecipi-
tated (IP) with an anti-TGFB1 antibody. The resultant immunoprecipitates
were resolved on an SDS-acrylamide gel and blotted with an anti-Myc anti-
body to detect the N-propeptide fusion protein. Lane 1, control COS-7 cells;
lane 2, COS-7 cells stably expressing N-propeptide; lane 3, COS-7 cells stably
expressing exon 2-deleted N-propeptide; lane 4, COS-7 cells stably trans-
fected with a control vector. B, BMP2 (100 ng) was added to conditioned
media from COS-7 cells, stably transfected with a control vector (lane 2) or
COS-7 cells stably expressing N-propeptide (lane 3). Lane 1 represents stand-
ard BMP2. The media were then incubated for 3 h at 37 °C and immunopre-
cipitated with an anti-N-propeptide antibody. The resultant immunoprecipi-
tates were resolved on an SDS-acrylamide gel and blotted with an anti-BMP2
antibody.

cells (see Fig. 7). Thus, as shown in Fig. 64, basal levels of pAkt
were markedly increased in N-propeptide-expressing cells
(lane 3), in comparison with control cells (lane I), or with cells
expressing exon 2-deleted N-propeptide (lane 2). Of interest,
COS-7 cells that expressed the C52S mutant N-propeptide
failed to increase pAkt (Fig. 64, lane 4).

To determine whether endogenously produced N-propep-
tide also increased the phosphorylation of Smad proteins, con-
trol COS-7 cells and stably transfected cells were analyzed by
Western blotting for levels of phospho-Smad2 and phospho-
Smad3. As shown in Fig. 6B, basal levels of pSmad3 were mark-
edly increased in N-propeptide-expressing cells (lane 3), in
comparison with control COS-7 cells (lane 1) or with cells
expressing exon 2-deleted N-propeptide (lane 2); again this
level exceeded that achieved by addition of TGFS1 to control
cells (data not shown). As in the case of pAkt, C52S mutant
N-propeptide-expressing COS-7 cells resembled exon 2-de-
leted N-propeptide-expressing cells in being incapable of
increasing the phosphorylation of Smad3 (Fig. 6B, lane 4). On
the other hand, the level of phosphorylated Smad?2 in these cells
was undetectable (data not shown; see “Discussion”).

Treatment of N-propeptide-expressing COS-7 cells with PI
3-kinase-specific inhibitor, LY294002 (20 um), inhibited the
phosphorylation of Akt but not the phosphorylation of Smad3
(Fig. 6C, lane 5), suggesting that Smad3 activation in N-propep-
tide expressing cells is not PI 3-kinase-dependent. In keeping
with the lack of an effect of N-propeptide on the adhesion of
HEK293 cells, the expression of N-propeptide did not change
the levels of phosphorylated Smad3 and Akt in these cells (data
not shown). The distinction in response to N-propeptide
between COS-7 and HEK293 cells is consistent with the mor-
phology of these cells; COS-7 cells are distinctly fibroblastic,
whereas HEK293 cells are epithelioid in appearance.
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FIGURE 6. Endogenously produced N-propeptide increases the phosphor-
ylation of Akt and Smad3. A, control COS-7 cells (lane 1) or cells stably
transfected with exon 2-deleted N-propeptide (lane 2), with N-propeptide
(lane 3), or with C52S mutant (lane 4) were serum-starved for 24 h and then
lysed. Cell lysates were separated by SDS-PAGE and analyzed by Western
blotting using p-Akt or pan-Akt antibodies. B, control COS-7 cells (lane 1),
cells stably transfected with exon 2-deleted N-propeptide (lane 2), with
N-propeptide (lane 3), or with C52S mutant (lane 4), were serum-starved
for 24 h and lysed. Cell lysates were separated by SDS-PAGE and analyzed
by Western blotting using phospho-Smad3 or total Smad3 antibodies. C,
inhibition of PI3K/Akt pathway does not affect phosphorylation of Smad3.
Control COS-7 cells (lanes 1-3) or cells stably transfected with N-propep-
tide (lanes 4 and 5) were serum-starved for 24 h and then treated with 10
ng/mITGFB1 for 1 h (lanes 2 and 3) and/or LY294002 (LY; lanes 3 and 5). Cell
lysates were separated by SDS-PAGE and analyzed by Western blotting
using p-Akt, p-Smad3, or Smad3 antibodies. This experiment is represent-
ative of three independent experiments.

A TGFBRI Kinase-specific Inhibitor Reduces Phosphorylation
of Smad3 in COS-7 Cells—Signaling by members of the TGF3
superfamily is mediated by two transmembrane receptor ser-
ine/threonine kinases, types I (TGFBRI) and II. Generally,
ligand interaction with the type II receptor recruits and acti-
vates type I receptor. Activated TGFBRI then phosphorylates a
subset of downstream signaling molecules, Smad proteins. To
determine whether the high levels of pSmad3 or pAkt in
N-propeptide-expressing COS-7 cells depend on the kinase
activity of TGFBRI, we used different concentrations of a
TGEBRI kinase-specific inhibitor and examined phosphoryla-
tion of Akt and Smad3 at different time points. As shown in Fig.
7, lane 5, the inhibitor reduced the level of pSmad3 in COS-7
cells expressing N-propeptide almost to the basal level; the level
of pAkt was also reduced but to a somewhat higher level than
that in control cells (Fig. 7, lane 1). As expected, TGFB1
increased the phosphorylation of both Akt and Smad3 (Fig. 7,
lane 2). To determine the specificity of the kinase inhibitor, we
treated COS-7 cells with 50 ng/ml PDGEF-BB for 10 min and
examined phosphorylation of Akt and Smad3. As shown in Fig.
7 (lanes 6 and 7), pAkt and pSmad3 are also increased over
control levels, but there is no difference in the extent of phos-
phorylation with or without the inhibitor. These data suggest
that increased Smad3 phosphorylation in response to the
expression of N-propeptide in these cells is due specifically to
the activation of TGFBRI.

Endogenously Acting N-propeptide Inhibits BMP2-induced
Osteoblastic Differentiation of C2C12 Cells—C2C12 myoblasts
can be induced to differentiate into osteoblasts with BMP2. We
therefore transfected C2C12 cells with N-propeptide and exon
2-deleted N-propeptide constructs and with control vector. We
expanded single clones that stably expressed and secreted these
proteins, and we examined the effect of BMP2 on their differ-
entiation, as determined by the level of AP activity. We first
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FIGURE 7. TGF BRI kinase-specific inhibitor reduces phosphorylation of
Smad3 in COS-7 cells. Control COS-7 cells (lanes 1-3, 6, and 7) and cells
expressing N-propeptide (lanes 4 and 5) were treated with 8 nm TGFBR1
kinase inhibitor (lanes 3, 5, and 7) followed by stimulation with 10 ng/ml
TGFB1 for 1 h (lanes 2 and 3) or with 50 ng/ml PDGF-BB for 10 min (lanes 6 and
7) as a control. Cells were lysed, and cell lysates were separated by SDS-PAGE
and analyzed by Western blotting using phospho-Akt, phospho-Smad3, or
pan-Akt antibodies. These experiments were repeated three times with sim-
ilar results.

determined that 50 ng/ml BMP2 is sufficient to differentiate
control C2C12 cells into AP-positive osteoblast-like cells (data
not shown). The ability of BMP2 to stimulate osteoblastic dif-
ferentiation was reduced by ~70% in clones expressing
N-propeptide, compared with that in control cells (Fig. 84).
Clones expressing exon 2-deleted N-propeptide failed to
inhibit BMP2-induced differentiation and showed AP activity
comparable with that of control cells.

To determine whether endogenously expressed N-propep-
tide also increased the phosphorylation of Akt or Smad proteins
in C2C12 cells, control C2C12 cells expressing vector only and
cells stably transfected with exon 2-deleted N-propeptide or
with N-propeptide were analyzed by Western blotting using
phosphorylated Akt- and Smad- specific antibodies. As shown
in Fig. 8, B and C, the basal levels of pSmad3 or of pSmad1/5/8
in N-propeptide-expressing cells (lane 3) were not changed
compared with cells expressing control vector (lane I) or exon
2-deleted N-propeptide-expressing cells (lane 2). C2C12 cells
are capable of responding to both TGFB1 and BMP2 as shown
in Fig. 8, B and C (lane 4). However, the level of p-Akt in
N-propeptide-expressing cells (Fig. 8D, lane 3) was increased
compared with those of controls (Fig. 8D, lanes 1 and 2). Addi-
tion of recombinant TGFR1 did not increase the level of phos-
phorylated Akt in C2C12 cells (Fig. 8D, lane 4), suggesting that
PI 3-kinase-dependent serine-threonine kinase, Akt, is not acti-
vated by TGFf1 in these cells.

Externally Acting N-propeptide Is Incapable of Affecting the
Phosphorylation Levels of Smad3 or Akt or the Synthetic or Dif-
ferentiation Capability of Cells—To determine whether exoge-
nous N-propeptide is also capable of stimulating the phospho-
rylation of Akt or Smad proteins, we cultured COS-7 cells in
the presence of different concentrations of purified N-propep-
tide, ranging from 500 ng/ml to 10 ug/ml, and we examined the
phosphorylation of Akt and Smads at different time points. The
purified protein was added to the cells cultured either in serum-
deprived conditions or in 10% serum. Equimolar amounts of
recombinant exon 2-deleted N-propeptide were used as a neg-
ative control. Under these experimental conditions, no increase
in the level of phosphorylation of Akt or Smad proteins was
observed (data not shown). Similar results were obtained with
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FIGURE 8. Endogenously produced N-propeptide increases the phosphorylation of Akt and inhibits the
function of BMP2. A, control C2C12 cells, cells expressing N-propeptide (N-prop.) or exon 2-deleted N-propep-
tide (Ex.2-del. N-prop.) were cultured for 72 h in the presence of BMP2 (50 ng/ml). AP activity was then assayed
in cell lysates. The results are averages of three individual experiments. *, p < 0.0001 for the difference between
control and N-propeptide. Band C, expression of N-propeptide in C2C12 cells does not affect phosphorylation
of Smad proteins. C2C12 cells, stably transfected with a control vector (lanes T and 4), with exon 2-deleted
N-propeptide (lane 2) or with N-propeptide (lane 3) were cultured in 2% FBS containing medium for 24 h and
then lysed. Cell lysates were separated by SDS-PAGE and analyzed by Western blotting using phospho-Smad3
or phospho-Smad1/5/8 antibodies. Lane 4 represents control C2C12 cells treated with 5 ng/ml TGFS1 (B) or
with 100 ng/ml BMP2 (C) for 30 min. Membranes were stripped and probed with total Smad3 and B-actin
antibodies for loading controls. D, expression of N-propeptide in C2C12 cells increases the phosphorylation of
Akt. C2C12 cells stably transfected with a control vector (lanes 1 and 4), with exon 2-deleted N-propeptide (lane
2), or with N-propeptide (lane 3) were cultured in 2% FBS-containing medium for 24 h and then lysed. Cell
lysates were separated by SDS-PAGE and analyzed by Western blotting using phospho-Akt. Membranes were
stripped and probed with pan-Akt antibody for a loading control. Lane 4 represents control C2C12 cells treated
with 5 ng/ml TGFB1. These experiments were repeated three times with similar results.

C2C12 skeletal myoblasts to osteo-
blasts. COS-7 cells that express
N-propeptide also have a significant
reduction in the synthesis of type I
collagen, attach poorly to fibronec-
tin-coated plates, and are more
readily detached by low concentra-
tions of trypsin. However, the puri-
fied, recombinant N-propeptide,
although capable of interacting with
both TGFB1 and BMP2, is unable to
inhibit the physiological functions
of these cytokines when added to
the medium of cells in culture. All of
the properties of the N-propeptide
can be attributed to the CRD
domain encoded by exon 2, because
a recombinant N-propeptide that
lacks this domain is inactive both
in binding to cytokines and func-
tionally. Furthermore, a mutation in
N-propeptide that disrupts a con-
served disulfide bond in the CRD
(see below) also fails to signal in
COS-7 cells. These findings suggest
that the N-propeptide can function
not only as an important feedback
regulator of collagen synthesis but
could also modulate other proper-
ties of cells that synthesize type I

mouse dermal fibroblasts. As expected, mutant N-propeptide
was also incapable of eliciting changes in phosphorylation. To
test the possibility that one or more additional molecules,
which were secreted by N-propeptide-expressing cells but
absent from the purified protein, were required for the function
of N-propeptide, conditioned medium from N-propeptide-ex-
pressing cells was added to COS-7 cells. Again, no changes in
the phosphorylation levels of Akt or Smad3 were observed.
Externally added N-propeptide was also ineffective in alter-
ing the differentiation or synthetic capability of cells induced by
BMP2 or TGFB1. Thus, purified N-propeptide, despite its abil-
ity to interact with BMP2 as shown in Fig. 5B, did not inhibit the
BMP2-induced differentiation of C2C12 cells when added
externally (data not shown). This finding contrasts with the
significant reduction in differentiation of stably transfected
N-propeptide-expressing C2C12 cells, as compared with exon
2-deleted N-propeptide-expressing cells, when these cells were
treated with BMP2 (Fig. 8A4). N-propeptide also failed to inhibit
the TGFB1-induced synthesis and secretion of IL11 by A549
cells, a human adenocarcinoma cell line (data not shown).

DISCUSSION

In this study we demonstrate that endogenously acting
recombinant, trimeric N-propeptide induces changes in pro-
tein phosphorylation in stably transfected COS-7 cells and
inhibits the BMP2-induced differentiation of stably transfected
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procollagen. Our finding that

N-propeptide can inhibit collagen
synthesis when the protein acts endogenously in COS-7 cells
supports its previously suggested role as an important feedback
regulator of collagen synthesis. The ability of N-propeptide to
interact with TGF1 and BMP2 could also account for the sig-
nificant level of fetal mortality in mice with a targeted deletion
of exon 2 of the Collal gene (15), because the functions of
members of the TGFS superfamily are crucial during fetal
development. However, the anatomical and biochemical basis
for this mortality will require analyses of fetuses acquired by
caesarian sections.

A surprising finding in this study is that the functional prop-
erties of endogenously acting N-propeptide are not reproduced
when control cells are treated with purified N-propeptide. A
possible explanation for this observation, namely that a
secreted cofactor is required for the function of N-propeptide,
is excluded by the inability of conditioned medium from COS-
7-expressing cells to reproduce these effects when added to
control COS-7 cells. It also seems unlikely that the procedure
used for purification of N-propeptide (binding to and elution
from an affinity column at 4 °C) could cause structural changes
in the protein. Indeed, purified N-propeptide retains its ability
to interact with TGFB1 and BMP2. However, we cannot
exclude the possibility that purified N-propeptide, or the con-
ditioned medium from N-propeptide-expressing cells, will
interact with cell-surface receptors on cells that have not yet
been tested.
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collagen structure or levels of syn-
thesis. An analogy can be made
with recent findings that changes
in TGFp signaling are involved in
some patients with the Marfan
syndrome, who have mutations in
TGEBR2 (30).

N-propeptide Functions Primar-
ily Intracellularly—Is an intracellu-
lar mode of action for N-propeptide
compatible with its status as an inte-
gral component of a secreted pro-
tein? Although it was widely
believed that the proteolytic proc-

i essing of the N- and C-propeptides

of type I procollagen occurred only

after secretion of the precursor,
there is now good evidence that a sig-
nificant fraction of the propeptides is
released intracellularly in specialized

£ T(‘
|

sFBRI”
_

Nucleus//

FIGURE 9. A comparison of signaling pathways induced by the interaction of TGF1 with a TGFR com-
plexin plasma membranes with pathways induced by the interaction of N-propeptide with a TGF BR-like
complex in secretory vesicle membranes. The /eft side of the diagram depicts the classical TGFBR/Smad
pathway. TGFB1, which interacts initially with a betaglycan co-receptor, activates TGFBRII, which then dimer-
izes with and phosphorylates TGFBRI. Activated TGF BRI phosphorylates receptor Smad2 and Smad3 (R-Smad-
P), which in turn interacts with mediator Smad4. The complex then translocates to the nucleus and activates
the promoters of genes with appropriate cis-acting elements, such as Col7al. The right side of the diagram
shows a modified pathway that we propose accounts for the function of N-propeptide (N-prop.). N-propeptide
interacts with a homologous bi-dimeric TGFBR-like complex, indicated by quotation marks, in secretory vesicle
membranes. “TGFBRI” is capable of phosphorylating only Smad3. “TGFBRI” and “TGFBRII” independently acti-
vate PI3K, which in a complex series of steps phosphorylates Akt. We hypothesize that pAkt interacts with
pSmad3 and that this complex is then hindered from entering the nucleus and activating transcription, per-
haps because of sequestration. The dashed arrows indicate that the latter steps are hypothetical.

The Function of N-propeptide Requires the Native Structure
of the CRD—The importance of the native structure of
N-propeptide for its function is emphasized by the inability of
the C52S mutant protein to cause changes in protein phospho-
rylation in COS-7 cells (Fig. 6, A and B). This mutation was
patterned after a point mutation (nucleotide 182 G—C)
detected in exon 2 in one allele of COLIAI in a young girl in
whom a diagnosis of OI type I was made.” No other mutations
in the two chains of type I procollagen were found. The muta-
tion predicts the substitution of a serine for an evolutionarily
conserved cysteine at amino acid 61 in the human protein.
Although the three-dimensional structure of the type I procol-
lagen N-propeptide is not known, the solution structure of the
closely related human type II N-propeptide was published
recently (29). This substitution would disrupt a disulfide
bond and destabilize an anti-parallel 8-sheet, which repre-
sents a major structural element in the N-propeptide. It is
therefore almost certain that the mutation will cause major
conformational changes in the N-propeptide.® These find-
ings are important because they raise the possibility that
some forms of OI could result from disturbances in effective
levels of TGFB1 or BMPs, rather than from a direct effect on

5J.M.Pace and P. H. Byers, personal communication.
6 A. K. Downing, personal communication.
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secretory vesicles, termed Golgi to
plasma membrane carriers (12, 31).
These vesicles fuse with specialized
regions of the plasma membrane,
termed fibripositors, to deliver their
cargo to the extracellular space (12).
This trafficking pathway provides
for the possibility of an intracellular
mode of action for N-propeptide,
although the mechanism by which
this signal could be transduced is
not known. Possibilities include
interaction with a TGFBR-like
receptor in secretory vesicles (Fig. 9) or access of the N-propep-
tide to the cytosol. Although it may seem unlikely that a
secreted protein can also function intracellularly, there are now
a number of well documented instances in which such dual
functions have been demonstrated. Perhaps the closest parallel
to the intracellular function of N-propeptide is that of the
propeptide of lysyl oxidase. Lysyl oxidase is secreted as a proen-
zyme and is activated proteolytically to release an 18-kDa
propeptide. The active enzyme oxidatively deaminates the e-a-
mino groups in lysyl and hydroxylysyl residues in collagen and
elastin, the initial step in the formation of covalent cross-links
in these proteins. However, the propeptide regains access to the
cell and functions to inhibit ras-dependent transformation in
fibroblasts (32). The authors hypothesize that the highly basic
propeptide could permeate a lipid bilayer, but receptor-medi-
ated uptake, or signaling via a membrane-bound receptor, has
not been excluded.

An intracellular mode of action for N-propeptide raises the
question of the physiological role for direct N-propeptide to
cytokine interactions. One possibility relates to the well known
sequestering function of the extracellular matrix. Atleast in cell
culture, and possibly also in vivo, a fraction of type I procollagen
escapes proteolytic conversion to collagen and is secreted as the
intact precursor. Such molecules, with the N-propeptide
covalently attached to a collagen helix, would be capable of
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binding TGFB1 and BMP2 and could serve as a storage com-
partment for these cytokines by binding to existing collagen
fibrils. During matrix turnover, as might occur in wound heal-
ing, these cytokines could be released by collagenases to per-
form anabolic functions. An analogous sequence of events has
been described for vascular endothelial growth factor (33).

N-propeptide Signals through a Modified TGFB Receptor/
Smad Pathway—Although our analysis of the signaling path-
way activated by endogenously produced N-propeptide in
COS-7 cells is not complete, there is sufficient information to
suggest a mechanism by which collagen synthesis could be
inhibited. Receptor-regulated phosphorylation of Smad2 and
-3 leads to dimer formation with Smad4. Subsequently, these
complexes are translocated to the nucleus and activate tran-
scription of several Smad-responsive genes, including Collal
(Fig. 9). Impairment of Smad complex formation will therefore
result in a reduction of type I collagen gene expression (34).

There is a significantly increased level of the phosphorylated
serine/threonine kinase Akt (pAkt) in N-propeptide-express-
ing COS-7 cells (Fig. 6A). The level of pSmad3 is also increased
in these cells (Fig. 6B). Recent work has shown that in hepatic
cells pAkt, induced by insulin, interacts directly with unphos-
phorylated Smad3 and that the resulting complex is seques-
tered in the cytoplasm and cell membranes, thus impairing the
transcriptional activity of Smad3 complexes (35, 36). However,
when phosphorylation of Smad3 is induced by TGFp1, the
interaction with pAkt has low affinity. In contrast, in N-propep-
tide-expressing fibroblast-like COS-7 cells, the levels of pAkt
and pSmad3 are both elevated, and yet type I procollagen syn-
thesis is markedly reduced. It is possible that in these cells pAkt-
pSmad3 complexes retain a high affinity of binding, thus inhib-
iting the formation of Smad4-pSmad3 complexes and their
nuclear translocation (Fig. 9). Alternatively, the inhibition of
collagen synthesis by N-propeptide might not involve the Smad
pathway in COS-7 cells.

It is known that increased levels of pSmad3 can be associated
with apoptotic cell death (37). We therefore examined the sur-
vival of COS-7 cells expressing N-propeptide and found that
the extent of apoptosis was not changed in these cells, com-
pared with control cells. This finding is consistent with the
presence of elevated levels of pAkt. Our observation that
N-propeptide-expressing cells proliferate faster than control
cells (data not shown) also supports the presence of a higher
pAkt/pSmad3 ratio in these cells. It has been shown that pAkt,
which is downstream of PI 3-kinase, is crucial for cell survival
and that the ratio of pAkt to pSmad3 is an important factor in
the regulation of cell survival (38). If this ratio favors pAkt, then
pAkt could sequester Smad3, thus inhibiting apoptotic path-
ways and possibly other Smad3-specific pathways such as those
leading to collagen synthesis.

Upon ligand binding, TGFf type II serine/threonine kinase
receptors phosphorylate and activate TGFp type I receptors,
which then signal to downstream targets, including Smad pro-
teins. It has been shown that constitutively active TGFBRI can
generate downstream signals without requiring a ligand or
TGEPRII (39). We show here that Smad3 is activated in COS-7
cells that constitutively express N-propeptide (Fig. 6B). The
levels of pAkt are also very high in these cells, even higher than
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the levels of pAkt in cells stimulated with TGFB1 (Fig. 7). Our
results also show that the TGFBRI kinase-specific inhibitor
reduces the levels of pSmad3 to almost basal levels in
N-propeptide-expressing cells, indicating that TGFBRI is acti-
vated in these cells (Fig. 7). The levels of activated Akt were also
partially reduced, suggesting that Akt might be activated by
both the TGFBRI and TGEBRII receptors. This possibility is
supported by the observation that treatment of control COS-7
cells with TGF1 results in the activation of Akt (Fig. 7, lanes 1
and 2), which is not inhibited by the TGFBR1-specific inhibitor
(Fig. 7, lane 3). Constitutive expression of N-propeptide in the
mouse myoblast C2C12 cell line did not activate Smad2 or -3
but activated Akt (Fig. 8), suggesting that activation of recep-
tors by N-propeptide is cell type-dependent. It is therefore pos-
sible that Akt is activated in N-propeptide-expressing C2C12
cells by receptors other than the TGFBR.

Both Smad2 and Smad3 are phosphorylated by activated
TGEPB receptor kinases. Interestingly, we were not able to
detect the activation of Smad2 in COS-7 cells expressing
N-propeptide. The selectivity of activation of Smads, as
observed in N-propeptide-expressing cells, most likely reflects
differences in the mechanisms by which these proteins are acti-
vated. It has been shown that SARA (Smad anchor for receptor
activation) and Hrs, two FYVE finger domain-containing pro-
teins, cooperate to present Smad2 to TGFBRI for its activation
(40, 41). However, SARA is not required for the activation of
Smad3 (42). Therefore, the distinct interactions of SARA and
Hrs may account for the differential activation of Smad2 and
Smad3 proteins. Both SARA and Hrs are associated with the
plasma membrane through their FYVE finger domains in the
presence of phosphatidylinositol 3-phosphate, whose level is
regulated by PI3K (40). Therefore, treatment of cells with the
PI3K-specific inhibitor LY294002 is likely to deplete cellular
stores of phosphatidylinositol 3-phosphate and thus block
SARA-mediated activation of Smad2 and possibly Smad3.
However, our data demonstrate that LY294002 did not reduce
pSmad3 levels in N-propeptide-expressing cells (Fig. 6C, lane
5). Thus, SARA is not required for the activation of Smad3 in
these cells. Our data therefore support the differential activa-
tion of Smad2 and Smad3 in N-propeptide-expressing COS-7
cells. It has also been shown that Smad2 and Smad3 are differ-
entially activated in prostatic epithelial cells (43).

Our Data Support a Feedback Regulatory Function for
N-propeptide—Our finding that mouse N-propeptide inhibits
type I collagen synthesis supports the earliest investigation of
the biological properties of this protein fragment. As described
in the Introduction, Wiestner et al. (9) had shown that mono-
meric N-propeptide, derived from dermatosparactic calf pN-
collagen, inhibited collagen synthesis by bovine and human
fibroblasts, but no mechanism was proposed for its mode of
action. Subsequently, studies from several laboratories sug-
gested that monomeric N-propeptide might function to inhibit
the translation of procollagen mRNA selectively (see Introduc-
tion). However, these findings raised the serious problem of
how the N-propeptide could gain access to the cytosol, and no
satisfactory resolution of this problem has been advanced.
Although our data cannot be used to support the inhibition of
translation of procollagen mRNA by N-propeptide, the intra-
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cellular mode of action of our recombinant N-propeptide raises
the possibility that an unusual receptor-mediated event could
underlie its mechanism of action.

In our experiments, we have chosen to study the function of
a recombinant homotrimeric (al), form of the N-propeptide
and to synthesize the protein in mammalian cells to preserve
possible post-translational modifications. This choice was
partly guided by expediency because a recombinant heterotri-
meric N-propeptide (al),a2, would be very difficult to pro-
duce, and natural sources of heterotrimeric N-propeptide, such
as dermatosparactic pN-collagen, are not readily available. Fur-
thermore, the use of a recombinant protein permitted the addi-
tion of His and Myc tags for purification and identification,
respectively.

The Design of a Recombinant Homotrimeric N-propeptide Is
Biologically Relevant—The prevalent form of the N-propeptide
in adult mammalian tissues is the heterotrimeric form, which
contains only two CRDs, because the proa2 chain lacks a
sequence equivalent to that encoded by exon 2 in the Collal
gene. However, a homotrimeric N-propeptide is physiologi-
cally relevant, because during embryonic development a
homotrimeric protein, consisting of three identical al chains
(termed «l trimer), accounts for a significant proportion of
type I collagen in some tissues (44 —48). The special function of
this variant form of type I collagen in development is not under-
stood. It is possible that the interactive properties of al trimer
with type I collagen-associated molecules, such as type V colla-
gen and decorin, provide an advantage for type I collagen fibers
that must be remodeled in a rapidly developing and growing
embryo. An additional function for a1 trimer could be to serve
as a source for a homotrimeric N-propeptide with three CRDs,
which might be capable of binding TGFB1 and BMPs more
effectively than the corresponding N-propeptide with two
CRDs that is released from heterotrimeric type I procollagen.

Evidence for the importance of multimerization of the CRD
in the binding of BMP2 and BMP4 was first provided by the
work of Larrain et al. (19). These authors showed that Xenopus
chordin, which has four CRDs, two of which are high affinity-
binding sites, has higher dorsalizing activity in embryo micro-
injection assays and binds BMP4 with dissociation constants
that are 5— 8-fold lower than any of the individual CRDs. It was
proposed that intact chordin is required for optimal binding,
although the results of combinations of individual CRDs were
not reported. A model proposed by Larrain et al. (19) suggests
that the two high affinity CRDs in chordin interact with a
dimeric BMP4 molecule and that this complex prevents BMP4
from engaging the BMP receptor complex, with its resulting
phosphorylation and activation of signaling. A similar model
could be considered for the interaction of multimeric
N-propeptide with TGFB1, which also functions extracellularly
as a dimer (49). The orientation of the two CRDs to each other
in the heterotrimeric N-propeptide and the presence or
absence of significant interactions between the two domains
are not known. It is therefore possible that two of the three exon
2-encoded CRDs in al trimer are more favorably oriented to
bind TGFR1 than the two CRDs in the N-propeptide that is
normally released from a heterotrimeric type I procollagen
molecule.
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An indication that a homotrimeric N-propeptide might be
capable of binding cytokines more effectively than a heterotri-
meric N-propeptide comes from a consideration of the pheno-
type of the oim mouse. The oim mouse is homozygous for a
functionally null mutation in the Colla2 gene and therefore
synthesizes homotrimeric type I procollagen exclusively (50).
Lack of the a2 chain in this mouse results in reduced tensile
strength of collagen-containing tissues such as skin, tendon,
and aorta, and in altered biomechanical properties of bone (51).
In addition, a reduced collagen content in bone (52), heart (53),
and aorta (51) has been reported in oim mice and undoubtedly
contributes to the compromised structural properties of these
tissues. We suggest that more effective inhibition of TGFS1
function by homotrimeric N-propeptide could contribute to
the reduced collagen synthesis in these mice.

Although attention in the literature, and in this report, has
focused on the NH,-terminal globular domain, the N-propep-
tide also contains a highly conserved COOH-terminal domain
that consists of a short triple helix. The physical properties of
this triple helical domain were studied many years ago (54), but
no consideration has since been given to its physiological sig-
nificance. If one extrapolates from the data obtained for the
type III N-propeptide (55), it is possible that the trimeric struc-
ture of the N-propeptide of heterotrimeric type I procollagen
persists at body temperatures, because of the relatively high
proline and hydroxyproline contents of the Gly-X-Y triplets
that constitute the minor triple helix. In support of this conjec-
ture, predictions of the thermal stability of a murine minor
collagen triple helix composed of three a1 chains, in compari-
son with that generated by three a2 chains, strongly favor the
homotrimeric a1 helix. This conclusion was reached by calcu-
lating the relative stability profiles of the two helices using the
algorithm described by Persikov et al. (56). The algorithm is
available on line. These considerations suggest that the synthe-
sis of a1 trimer may be advantageous under conditions in which
careful modulation of active cytokine levels is important. Thus,
the relative prominence of a1 trimer during embryonic devel-
opment, the nearly ubiquitous expression of type I procollagen
in the developing fetus, and the functional properties of the
N-propeptide, as described in this study, suggest an important
role for the N-propeptide in morphogenetic events during
development and growth, and later as a homeostatic agent.

In conclusion, we have shown that type I procollagen
N-propeptide functions intracellularly in transfected COS-7
cells to cause changes in protein phosphorylation, a reduction
in procollagen synthesis, and an impairment in cell adhesion.
N-propeptide also binds TGFB1 and BMP2 directly. Expression
in myoblastic C2C12 cells inhibits differentiation to osteo-
blasts. Both the direct binding and functional effects of
N-propeptide are entirely dependent on the CRD encoded by
exon 2 of the Collal gene. This domain is homologous to the
CRDs in proteins that play important morphogenetic roles in
early development of both vertebrates and invertebrates. In
view of the pleiotropic effects of TGFB1 and the nearly ubiqui-
tous synthesis of type I procollagen, the N-propeptide could
play an important role in vertebrate development and home-
ostasis. Our results also suggest an important function for
the minor triple helix in the N-propeptide in preserving the
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multimeric structure of the N-propeptide following its pro-
teolytic release from procollagen.
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