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ABSTRACT: The complete COOH-propeptide of human «a1(I) procollagen was chemically synthesized as
a series of overlapping subfragments which were then tested for their effect on extracellular matrix protein
production by subconfluent human lung fibroblasts (HFL-1). One peptide (R11; residues 197-241) stimulated
production of both collagen and fibronectin by 6-8-fold while a second peptide with a partial overlap with
R11 (R9; residues 182-216) enhanced collagen accumulation. The peptide R12 (residues 197-216), which
has a sequence common to both R9 and R11, also stimulated collagen production, suggesting that this
20-residue peptide alone contains the required structure for activity. The other synthetic peptides, R1-R13,
were inactive in their ability to alter collagen or fibronectin production. Consistent with previously published
data, the COOH-terminal peptide, R14, inhibited extracellular matrix production [Aycock, R. A., Raghow,
R., Stricklin, G. P., Seyer, J. M., & Kang, A. H. (1986) J. Biol. Chem. 261, 14355-14360). Both R9 and
R11 preferentially stimulated production of collagen types I and III and fibronectin in dose-dependent manner.
Elevated collagen and fibronectin production was evident at 4-h posttreatment, and maximal enhancement
was seen at 8 h after exposure to peptides. Interestingly, subconfluent cultures of HFL-1 fibroblasts responded
vigorously to the stimulatory action of R9 and R11 while confluent cells failed to show any response.
Steady-state levels of messenger RNAs encoding type I procollagen and fibronectin were not measurably
altered by treatment with R9 or R11, suggesting that the regulation of procollagens and fibronectin by these
peptides involves posttranscriptional mechanisms. Finally, we observed that both R9 and R11 inhibited
serum-induced stimulation of DNA synthesis in cells grown under serum-deprived conditions. Possible
molecular mechanisms by which COOH-terminal peptide fragments regulate cellular proliferation and
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extracellular matrix biogenesis are considered.

’I;'pe I collagen is a major component of the extracellular
matrix from skin, bone, and tendon, and is the predominant
collagen species produced during the postinflammatory re-
generative processes. Human fetal lung fibroblasts (HFL-1)
produce the same amount of collagen on a per cell basis during
both log and stationary phases of growth (Tolstoshev et al.,
1981); under these conditions, the level of type I collagen
mRNA is also constant (Voss & Bornstein, 1986). Although
type I collagen is constitutively produced by most mesenchymal
cells, its rate of production can be altered by a variety of
inflammatory mediators (Ignotz & Massague, 1986; Raghow
et al., 1984, 1987; Penttinen et al., 1988; Rossi et al., 1988;
Goldring & Krane, 1987; Postlethwaite et a., 1988; Solis-
Herrozo et al., 1988; Choe et al., 1987; Brenner & Chojkier,
1987), by hormones (Raghow et al., 1986), and by neoplastic
transformation (Sandmeyer et al., 1981). Regulation of
collagen biosynthesis in response to altered biologic or phar-
macologic stimuli occurs by a combination of transcriptional
and posttranscriptional mechanisms [see Raghow and
Thompson (1989) and Bornstein and Sage (1989) for reviews].
The concept that collagen-producing cells may have aut-
oregulatory feedback control was initially suggested by Wi-
estner et al. (1979) and extended later by Paglia et al. (1979);
they observed that NH,-propeptides and subfragments pref-
erentially inhibited collagen production by fibroblasts. Since
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translation of procollagen mRNA in a cell-free translation
extract could be inhibited by NH,-propeptides, it was sug-
gested that the extension peptides were taken up by cells and
affected some component of the protein synthesis apparatus.
The uptake of colloidal gold labeled peptide via the coated pits
into acid phosphatase negative endosomes was demonstrated
by Schlumberger et al. (1988). Horlein et al. (1981) showed
that the peptides inhibited polypeptide chain elongation.
However, interpretation of these observations became com-
plicated since it was found that reductive alkylation converted
NH,-propeptides into nonspecific inhibitors of polypeptide
chain initiation. Nonspecific translational chain initiation
inhibitory activity was localized to a tetrapeptide, Pro-Thr-
Asp-Glu (Horlein et al., 1981).

More recently, analogous experiments aimed at determining
the feedback regulation of cellular protein synthesis by
CQOH-propeptides and subfragments have been reported by
Wu et al. (1986) and Aycock et al. (1986). While it was
evident from these studies that COOH-propeptides and sub-
fragments were capable of inhibiting collagen synthesis, the
underlying mechanisms were different. Thus, Wu et al. (1986)
provided evidence suggesting that inhibition of collagen syn-
thesis by intact COOH-propeptides occurred at a pretrans-
lational level; treatment of IMR-90 fibroblasts with COOH-
propeptides reduced the level of type I procollagen mRNA but
had no effect on B-actin mRNA levels. They likewise found
that 12%I-labeled COOH-propeptide was taken up by cells
during this process (Wu et al., 1991). In related studies, we
found that a synthetic homologue of the terminal 22 amino
acids of the COOH-propeptide of a2(1) procollagen (T14;
residues 225-246) inhibited type I procollagen and fibronectin
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production by HFL-1 fibroblasts (Aycock et al., 1986). In
contrast to the observations of Wu et al., we proposed that
posttranscriptional mechanisms mediated this effect since
mRNA levels were unaffected by treatment with T14 peptide.
To extend these studies, the complete COOH-propeptide of
human «1(I) procollagen was chemically synthesized in a series
of overlapping 16-45-residue peptides, and the individual
peptide subfragments were tested for biological activity. We
observed that although none of the remaining peptides (other
than R14) contained inhibitory activity, to our surprise, a
35-residue segment adjacent to R14 stimulated collagen
production. This effect was specific for fibronectin and col-
lagen production only in subconfluent HFL-1 fibroblasts, and
confluent monolayers were unaffected. There was no apparent
change in the steady-state levels of mRNAs encoding type I
procollagen or fibronectin in HFL-1 fibroblasts treated with
R9 or R11, suggesting that enhanced expression of extra-
cellular matrix proteins in response to COOH-propeptide
subfragment occurred by posttranscriptional mechanisms.

EXPERIMENTAL PROCEDURES

Materials and Cell Lines. Reagents, unless specified, were
analytical grade and used without further purification.
Methylene chloride and dimethylformamide for peptide syn-
thesis was obtained from Baxter Scientific (HPLC grade,
Burdick and Jackson). All other peptide synthesis reagents
and protected rert-butyoxycarboxyl amino acids were from
Applied Biosystems Inc., Foster City, CA. EN*HANCE,
32P.Jabeled nucleoside triphosphates, [3*S]methionine, and
[*H]proline were purchased from New England Nuclear,
Boston, MA. RNAzol was purchased from CINNA /Bjotecx,
Friendswood, TX. Nitrocellulose paper (BA85) and the slot
blot apparatus were bought from Schleicher & Schuell, Keene,
NH. Human lung fibroblasts (HFL-1) was purchased from
American Type Culture Collection, Rockville, MD. Human
rhabdomyosarcoma cell line (A204) was a gift from Dr.
Helene Sage, University of Washington, Seattle, WA,

Peptide Synthesis and Analysis. Peptides were synthesized
by the solid-phase procedure using an Applied Biosystems
automatic peptide synthesizer (Model 430) with anhydride
activation. The peptides were recovered from the resin by HF
cleavage and extraction with 5% acetic acid. They were pu-
rified by gel filtration on Sephadex G-25 columns with 0.1 M
acetic acid and 20% acetonitrile as the eluting solvent and by
HPLC (Aycock et al., 1986). Their composition was con-
firmed by amino acid analysis (Beckman Model 121MB) and
amino acid sequencing (Applied Biosystems Model 477).

Cell Culture. Human lung fibroblasts (HFL-1, passages
11-20) were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% heat-inactivated fetal
calf serum. Cells were incubated in a humidified carbonated
atmosphere (7% CO,, 93% air) at 37 °C. Stock cultures were
trypsinized and subcultured in 35-mm-diameter wells or
100-mm-diameter culture plates. Subconfluent cells were
grown for 2 days after being seeded at a density of 2 X 103
cells/well or 1 X 106 cells/plate. Cells grown for 5 days after
seeding reached superconfluency and were used as previously
described (Tolstoshev et al., 1981). Quiescence after serum
starvation was determined by counting the cell numbers in
individual wells before and after measurements of [*H]thy-
midine incorporation into cellular DNA.

Treatment with Synthetic Peptides, Radioactive Labeling,
and Determination of Protein Synthesis. After removal of
the media, the cell layer was washed 2 times with phos-
phate-buffered saline (PBS). The cell monolayers were then
incubated with 1.0 mL of DMEM supplemented with 8-am-
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inopropionitrile (80 ug/mL) and the designated concentration
of synthetic peptide (determined by amino acid analysis), At
various times after treatment, 10 uCi of [*H]proline and fresh
ascorbic acid (50 ug/mL) were added to each well, and after
a 4-h labeling period, the medium was harvested. Measure-
ments of the intracellular proline pools were done in some
cases. At the end of the labeling period, the cell monolayers
were washed 2X with PBS, and cells were collected after being
scraped. Total ninhydrin-positive proline was quantitated by
split-stream amino acid analysis, and the specific activity of
the radioactive proline was determined by scintillation spec-
trometry as described previously (Raghow et al., 1984). There
were insignificant changes in the specific activity of the in-
tracellular proline pool after peptide stimulation, and, there-
fore, such changes in the intracellular pool were not considered
in our calculation of the rate of collagen production.

Protease inhibitors (final concentration: 10 mM N-ethyl-
maleimide, 20 mM EDTA, and 0.3 mM phenylmethane-
sulfonyl fluoride) were immediately added to the media, and
proteins were precipitated by adding absolute ethanol to a
concentration of 33% (v/v). After precipitation for 15 h at
4 °C, the samples were centrifuged at 10000g for 20 min. The
pellet was dissolved in Laemmli buffer with or without 5%
2-mercaptoethanol and heated at 100 °C for 5 min; the po-
lypeptide chains were then separated on a 7.5% SDS-poly-
acrylamide gel (Laemmli, 1970). Following electrophoresis
of equal-sized aliquots of the labeled proteins, the gels were
sequentially treated with 10% TCA and EN*HANCE, and
fluorographed. The fluorograms were scanned with an LKB
laser densitometer coupled to a Hewlett-Packard 3390A in-
tegrator. For total protein biosynthesis, cells were labeled with
[3*S]methionine in methione-free media; rates of synthesis of
extracellular and cell-associated proteins were quantitated as
described in detail previously (Raghow et al., 1986). Intra-
cellular degradation was measured by the method described
by Tolstoshev et al. (1981). Medium and cell layers after a
4-h pulse of [*H]proline were combined, and half of the
combined material was filtered through a Centricon 30 filter.
The other half was dialyzed extensively. Aliquots of both the
dialyzate and the filtrate were hydrolyzed with 6 N HCI, and
hydroxyl{'4C]proline was quantitated by split-stream amino
acid analysis (Raghow et al., 1984).

Isolation and Quantitation of Messenger RNAs. Total
cellular RNA was extracted by the RNAsol method (Ar-
mendariz-Borunda et al., 1990), and the quality and quantity
of RNA were routinely tested by determining the 4,40/ 4280
ratio and by ethidium bromide fluorescence of RNA elec-
trophoresed in agarose gels. Total mRNA was heat-denatured
(60 °C for 5 min) in 50% formamide, 6% formaldehyde, and
20 mM phosphate buffer, pH 7.0. Beginning with 10 ug of
mRNA in 150 uL, 2-fold serial dilutions were made by adding
10X NaCl/citrate (3 M NaCl/0.3 M sodium citrate), 3%
formaldehyde, and 20 mM phosphate buffer, pH 7.0. Samples
were applied to nitrocellulose sheets premoistened with 10X
NaCl/citrate using a slot blot apparatus, baked at 80 °C under
vacuum, and either stored under vacuum or immediately
subjected to prehybridization. The prehybridization and hy-
bridization protocols were essentially as described previously
(Raghow et al., 1984). Radiolabeled nick-translated recom-
binant DNA plasmids [specific activity (1-5) X 107 cpm/ug]
were hybridized under conditions of excess probe. After re-
moval of the probe (Thomas, 1987), blots were subjected to
a second round of prehybridization and hybridization with a
second probe. Methodology involved in the analysis of
Proa1(I) procollagen, fibronectin, and #-actin mRNAs using
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182 201
Human a-1(I) Ala-Glu-Gly-Asn-Ser-Arg-Phe-Thr-Tyr-Ser-Val-Thr-Val-Asp-Gly-Cys-Thr-Ser-His-Thr-
Human a-1(III) -Lys- -Thr-  -Leu-Glu- -Lys-
Human a-2(1) -Asn- -Thr- -Leu- -Ser-Lys-Lys-
Human a-2(V) -Ile- -Ser-Arg- -Ile-  -Leu-Gln- -Thr-  -Ser-Lys-Arg-Asn-
R9
.................... R11
R12
202 221
Human a-1(I) Gly-Ala-Trp-Gly-Lys-Thr-Val-Ile-Glu-Tyr-Lys-Thr-Thr-Lys-Ser-Ser-Arg-Leu-Pro-Ile-
Human «-1(III) -Glu- -Ser- -Phe- -Arg- -Arg- -Ala-Val-
Human a-2(I) Asn-Glu- -Ile- -Asn- -Pro- -Phe-
Human a-2(V) -Asn-Val- -Phe- -Arg- -Gln-Asn-Val-Ala-
--RlO
222 241
Human a-1(I) Ile-Asp-Val-Ala-Pro-Leu-Asp-Val-Gly-Ala-Pro-Asp-Gln-Glu-Phe-Gly-Phe-Asp-Val-Gly-
Human a-1(III) Val- -Ile- -Tyr- -Ile- -Gly- -Val-
Human a-2(I) Leu -Ile- -Ile- -Gly-Ala- -His- -Phe-Val- -Ile-
Human a-2(V) -Leu- -Val- -Gly-Thr- -Val-Glu-Ile-
Rl4
242 246
Human a-1(I) Pro-Val-Cys-Phe-Leu-
Human a-1(III)
Human a-2(I) -Lys-
Human a-2(V) -Val-

FIGURE 1: Comparative analysis of the sequence of COOH-propeptide subfragments R9 (residues 182-216) and R11 (residues 197-241) with
homologous regions from various interstitial collagens. These sequences represent amino acids 182246 of COOH-propeptides. Amino acid
1 was arbitrarily defined as the NH,-terminal Asp of the COOH-propeptide cleavage site. Amino acid residues contained within R9 (—),
R10 (- - -), R11 (+++), R12 (==), and R14 (——) are highlighted. References for sequence information can be found in the text.

recombinant cDNA probes has been described in previous
publications (Raghow et al., 1984, 1986; Aycock et al., 1986).
Measurements of the Rate of [*H) Thymidine Incorporation
in Cells Treated with COOH-Propeptide Subfragments. For
determining [*H]thymidine incorporation, we used a procedure
described previously (Postlethwaite et al., 1988) with minor
modifications. Briefly, HFL-1 fibroblasts were plated in 96-
well plates (10000 cells/well) in media containing 10% FCS.
Two days later, cells were washed with PBS and incubated
for 48 h in media either with 0.2% serum or without serum.
Quiescent cell cultures were washed twice with PBS and in-
cubated in media supplemented with different concentrations
of serum, with or without the propeptide subfragment. Cells
were incubated for an additional 24 h, the last 8 h of which
were in the presence of [*H]thymidine (0.5 uCi/well).
Monolayers were washed 2X in phosphate-buffered saline,
trypsinized, and harvested mechanically. Cell-associated ra-
dioactivity was determined by scintillation spectrometry.

RESULTS

Synthesis and Characterization of the Subfragments of
COOH-Propeptide. A series of 16-45-residue subfragments
(R1-R14) encompassing the complete 246 amino acid se-
quence of the COOH-propeptide from human procollagen
a1(I) chain were chemically synthesized and tested for their
biological activities (Table I). The peptides were designed
to contain at the most only one Cys residue to limit mixed-
disulfide formation. Some peptides (R10-R13) contained
overlapping sequences and were designed to identify the spe-
cific structure required for stimulatory activity. Consistent
with previously published data, the COOH-terminal sub-
fragment of procollagen a2(I) (T14) (Aycock et al., 1986) and

the COOH-terminal subfragment of procollagen a1(I) (R14)
inhibited collagen production. A control peptide representing
residues 1-16 had no effect as has been previsouly demon-
strated (Aycock et al., 1986). Of all the remaining synthetic
peptides tested, two, designated R9 and R11, showed signif-
icant biological activity and were studied more extensively.
R12 which contained the common sequences in R9 and R11
was also stimulatory but was not examined further. These two
peptides are located adjacent to and overlapping with peptide
R14. The regions of the COOH-propeptide represented in
peptides R14, R9, and R11 are highly conserved. The
analogous sequences of Proa1(I), Proa2(1), Proa1(111), and
Proa2(V) from humans are compared in Figure 1. Proal(I)
sequences represented in peptides R9 and R11 share strong
sequence identities with human Proa1(111) (69 and 56%, re-
spectively); the analogous regions in Proa2(V) are more di-
verged (i.e., 46 and 54%, respectively). The COOH-peptide
regions of types I and III collagen chains also share strong
interspecific sequence homologies; thus, there are 91 and 86%
amino acid identities between human Proal(I) and chicken
Proa1(I) regions encompassed in R9 and R11, respectively
(data not shown).

Production of Types I and III Procollagen and Fibronectin
Is Enhanced by R9 and R1! in Subconfluent Fibroblasts.
Synthetic peptides were added to subconfluent cultures of
HFL-1 fibroblasts, and accumulation of extracellularly re-
leased polypeptides was evaluated at various intervals after
[*H]proline radiolabeling. A comparative analysis of the effect
of collagen and fibronectin synthesis in HFL-1 fibroblasts
treated with R9, R11, or an inactive 32-residue peptide, R1
(residues 16—47), is shown in Figure 2. On the basis of our
previous experience with T14, we chose to treat cells with these
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Table I: Biological Activity of Chemically Synthesized
Subfragments of the COOH-Propeptide from Human a1(I)?

peptide peptide length

synthesized residues (residues) activity

R1 16-47 32 none

R2 43-63 21 none

R3 57-73 17 none

R4 66-81 16 none

RS 76-113 38 none

R6 108-137 30 none

R7 132-160 29 none

R8 155-188 34 none

R9 182-216 35 stimulate
R10 212-236 25 none

R11 197-241 45 stimulate
R12 197-216 20 stimulate
R13 178-198 21 none
R14 223-238 16 inhibit
T14® 225-246 22 inhibit

2The peptides were synthesized by the Merrifield solid-phase proce-
dure, cleaved with liquid HF, and purified. Synthesis of extracellular
matrix production by HFL-1 fibroblasts in response to a given peptide
was determined as outlined under Experimental Procedures. Residue |
was arbitrarily assigned to Asp at the COOH-propeptide cleavage site
of a1(I) procollagen. ®T14 peptide was a synthetic copy from a2(I)
procollagen previously shown to inhibit extracellular matrix production.
The sequence of T14 is homologous to R14 in Proa1(I); earlier studies
also showed that a peptide containing residues 1-16 contained no reg-
ulatory activity (Aycock et al., 1986).

Treated/control

——

1} T T T T T T T T
0 8 16 24 32 40 a8
Time After Treatment (hr)

FIGURE 2: Regulation of procollagen production in HFL-1 fibroblasts
incubated with COOH-propeptide subfragments. Subconfluent HFL-1
fibroblasts were cultured in medium without or with peptides R9 and
R11 and a control peptide (R1) for the indicated times. After 4-h
labeling with [*H]proline (10 uCi), the radiolabeled polypeptides
released in the media were processed for SDS—polyacrylamide gel
electrophoresis, fluorographed, and quantitated by densitometry.
Results were expressed as treated/control. Effect of COOH-propeptide
182-216 (R9) on Proa1(1) production (0); effect of COOH-propeptide
197-241 (R11) on Proal(I) production (@); effect of control peptide
16-43 (R1) on Proal(l) production (m). Under these conditions of
electrophoresis, Proa1(1) and Proa1(III) comigrate, and thus the effect
of the peptide on either type I or type III procollagen alone cannot
be distinguished. Standard error of triplicate <10%.

peptides at a concentration of 45 uM (Aycock et al., 1986).
Stimulated production of both procollagens and fibronectin
was apparent within 4 h, and the maximum effect occurred
by 8 h (6-8-fold, Figure 2); by 24 h, the overall rate had
declined to about 2-3-fold compared to untreated cells. The
temporal pattern of maximum stimulation observed at 8 h
followed by a decline to near-base-line synthesis was highly
reproducible. Administration of additional peptide and/or
vitamin C into pretreated cells failed to restimulate collagen
and fibronectin production (data not shown). There was no
significant change in the level of collagen and fibronectin
production between cells treated or untreated with the control
peptide R1. Even more significantly, there were differences
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FIGURE 3: COOH-Propeptide subfragments R9 and R11 stimulate
procollagen and fibronectin production. Triplicate cultures of sub-
confluent cells were incubated with 45 uM COOH-propeptide frag-
ment R9, R11, or a control peptide R1. Untreated parallel cultures
were incubated in growth medium only (C) for 8 h. In the final 4
h of incubation, cells were labeled with 10 uCi of [*H]proline. Ex-
tracellularly released polypeptides in the medium were analyzed by
SDS-polyacrylamide gel electrophoresis and fluorographed.

Treated/control

0 ™ T T T
L] 15 3o 45

Peptide Concentration (pM)

FIGURE 4: Carboxy propeptide subfragment R11 stimulates pro-
collagen production in a dose-dependent manner. Subconfluent HFL-1
fibroblasts were incubated with 0, 0.5, 5, 10, 15, and 45 uM either
R1 or R11 for 8 h, the last 4 h of which were in the presence of 10
#Ci of [*H]proline. Polypeptides released in the media were analyzed
by SDS-polyacrylamide gel electrophoresis, fluorographed, and
quantitated by densitometry. Results are expressed as the ratio of
collagen production in treated /untreated cultures. Effect of R11 on
Proa1(I) production (®); effect of R1 on Proa1(I) production (0).
Under the conditions of electrophoresis, Proa1(I) and Proal(III)
comigrate, and thus the effect of the peptides on either type I or type
I11 procollagen alone cannot be distinguished. Data are shown in mean
+ standard error (n = 3).

neither in the specific activity of [*H]proline nor in the rates
of intracellular degradation after treatment with R9 or R11
(data not shown).

A comparison of the effect of three different peptides (i.e.,
R1, R9, and R11) on triplicate cultures is presented in Figure
3 in order to demonstrate the consistency and reproducibility
of this effect. Densitometric quantitation of these autoradi-
ographs indicated that while R1 did not affect collagen bio-
synthesis significantly, R9 and R11 enhanced collagen pro-
duction by more than 6-fold; furthermore, a quantitative
variation of less than 10% was observed in the triplicate
cultures shown in Figure 3 (data not shown).

The optimal stimulatory response of HFL-1 fibroblasts to
treatment with R9 and R11 peptides at 8-h posttreatment was
dose-dependent in the concentration range of 0-50 uM as
shown in Figure 4. Although data for only R11 are presented
in Figure 4, both R9 and R11 stimulated collagen production
at all concentrations tested; a control peptide R1 failed to
exhibit this effect, demonstrating the specificity of the R9 and
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FIGURE 5: Treatment of HFL-1 fibroblasts with R11 enhances bio-
synthesis of both type I and type III procollagens. Subconfluent
monolayers were incubated with 45 uM concentration of R11 for 8
h, the last 4 h of which were in the presence of [*H]proline (10
uCi/well). Extracellular polypeptides were precipitated, treated with
pepsin (1 mg/mL), and analyzed by interrupted gel electrophoresis
to resolve types I and III a-chains. Polypeptide chains were visualized
by fluorography. Pepsin-treated collagenous proteins from control
(lanes 1 and 3) and R11-treated (lanes 2 and 4) analyzed by either
conventional (lanes 1 and 2) or interrupted gel electrophoresis (lanes
3 and 4) are shown.

R11 subfragments. Additional information not presented in
Figure 4 is the effect of R9 and R11 on fibronectin production,
which was similarly enhanced by both peptides; a 2-3-fold
enhancement at 15 uM and a 5-6-fold stimulation at 45 uM
of both peptides were observed (data not shown).

We also investigated whether types I and III collagens were
similarly affected by R9 and R11 subfragments. In order to
evaluate the effect of COOH-terminal propeptide fragments
on collagen types I versus 111, extracellularly released poly-
peptides were processed and separated by interrupted gel
electrophoresis (Sykes et al., 1976), and autoradiograms were
quantitated by densitometry. We found that R11 treatment
of HFL-1 cells induced a greater than 4-fold increase in the
production of both interstitial collagen types (Figure 5). On
the basis of densitometric quantitation, we determined that
the relative proportion of types I versus III remained the same
(95:5%) in R11-treated cells (data not shown); therefore, we
conclude that both R9 and R11 had an equal effect on the
production of the two collagen types. Although not presented
here, a similar effect of R9 on types I and III collagen pro-
duction was also observed.

Production of Procollagen and Fibronectin in Confluent
Fibroblasts Is Unaltered by R9 and R11 Subfragments. In
a preliminary experiment, we observed that if confluent fi-
brablast cultures of HFL-1 cells were treated with either 45
uM R9 or 45 uM R11, contrary to the results with subcon-
fluent cultures (Figures 2-5), no elevation in collagen or fi-
bronectin production was apparent even at very high con-
centrations (135 uM) or R9 or R11 (data not shown). This
was somewhat unexpected and of considerable interest to us
since in previous studies we had not considered the effect of
cell density on cellular response to COOH-terminal propeptide

Biochemistry, Vol. 30, No. 29, 1991 7101

Rate of procollagen
production

0 T T T T
0 2 4 6 8

Cell number (x10° per well)

FIGURE 6: COOH-Propeptide subfragment R11 affects type I pro-
collagen production in a density-dependent manner. HFL-1 fibroblasts
were cultivated at a density of 2 X 10%, 4 X 10°, or 8 X 10° cells/well.
After 2 days in culture with DMEM alone, cells were further incubated
in media with or without COOH-propeptide 197-241 (R11) for 8§
h, the last 4 h of which included [*H]proline. Extracellularly released
polypeptides were electrophoretically separated, fluorographed, and
quantitated by laser densitometry. Rates of procollagen production
in cells treated with (O) or without (@) R11 are shown. The respective
cell numbers in wells plated at different densities at the end of the
experiment are the following: control, (2.02 £ 0.46) X 10°; treated,
(1.89 = 0.30) X 105 control. (4.72 £ 0.56) X 10%; treated, (4.00 =
0.42) X 10°; control, (8.24 = 0.68) X 107 treated, (7.52 + 0.09) X
10°. Cell viability as determined by trypan blue was >95% in all
cultures. The rate of procollagen production in control cells is expressed
as 1, which represents a ratio of densitometry unit/final cell number.
Standard error (n = 3) <10%.

fragments (Aycock et al., 1986). Therefore, we reexamined
the influence of the inhibitory peptide R14 [the Proal(I)
homologue corresponding to T14; Aycock et al., 1986] in
subconfluent cultures and observed that the inhibitory effect
occurred regardless of the state of confluency of the HFL-1
monolayers.

To further substantiate and examine this phenomenon in
greater detail, the stimulating effects of R9 and R11 on
procollagen and fibronectin production were systematically
assessed in cells seeded at predetermined densities. These
analyses revealed that the ability of COOH-terminal pro-
peptide fragments to regulate procollagen production in HFL-1
fibroblasts was remarkably density-dependent. Thus, cells
seeded at a density of 2 X 103 cells per well were optimally
stimulated by peptide R11 while cells seeded at higher densities
showed little or no response (Figure 6). The effect of these
peptides on fibronectin production was similarly dependent
on cell density (data not shown). On the basis of these
analyses, we conclude that in contrast to the inhibitory effect
of R14 (and T14; Aycock et al., 1986), the stimulatory effects
of R9 and R11 on extracellular matrix production are quite
specific for subconfluent fibroblasts.

Effect of R9 and R11 Subfragments Is Specific for Pro-
collagen and Fibronectin. To determine if the COOH-pro-
peptide subfragments R9 and R11 affected extracellular
matrix proteins preferentially or influenced the overall rate
of protein synthesis of HFL-1 fibroblasts, subconfluent cultures
were treated as before and labeled with [>*S]methionine or
[*H]proline. Radiolabeled cell-associated or extracellularly
released polypeptides were electrophoretically size-fractionated,
fluorographed, and densitometrically quantitated. As shown
in Table II, the rate of production of procollagen and fibro-
nectin in cultures treated with R9 or R11 was enhanced,
regardless of the radioactive precursor used to analyze the
extracellularly released polypeptides. We noticed that accu-
mulation of two unknown, cell-associated polypeptides (56 and
46 kDa) and one extracellularly released polypeptide (46 kDa)
remained unchanged after treatment with R11. Thus, there
were little differences between control and treated samples with
regard to [**S]methionine-labeled cell-associated polypeptides.
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Table lI: Production of Cell-Associated and Extracellularly Released
Matrix Polypeptides Is Enhanced by COOH-Propeptide Subfragment
R11 (Residues 197-241) in Human Lung Fibroblasts?

Table III: Steady-State Levels of Proa1(I), Fibronectin, and 8-Actin
mRNA Are Not Altered by Treatment with COOH-Propeptide
Subfragment R9 (Residues 182-216)°

relative
absorbance units x-fold

protein control  treated change

intracellular ([**S]methionine)

fibronectin 1.474 1.494 1.0

56 kDa 3.496 3.269 0.9

46 kDa 0.964 1.031 1.2
extracellular ([**S]methionine)

fibronectin 4,519 7.039 1.6

proal(I) 2.144 5.067 24

46 kDa 2.534 2.081 0.8
extracellular ([*H]proline)

fibronectin 0.130 0.799 6.1

Proal(I)® 1.156 3.836 33

“HFL-1 monolayers containing equal numbers of cells were treated
with R11 (45 uM) for 4 h; cultures were supplemented with either
[*H]proline or [¥*S]methionine during the last 4 h of incubation. La-
beled cellular or extracellular proteins were size-fractionated on
Laemmli gel and scanned with an LKB laser densitometer and signals
processed on a Hewlett-Packard 3390A integrator. Multiple exposures
of the fluorographs were scanned to assure that the polypeptide bands
selected for quantitation were within the linear range of detection.
Relative absorbance units represent the areas determined by the inte-
grator. Results are expressed as the ratio of treated versus control.
The 56- and 46-kDa bands were selected as representatives of promi-
nent noncollagenous components synthesized by HFL-1 cells. ®Under
the electrophoretic conditions used here, Proal(I) and Proa(III) co-
migrate, and, therefore, these values represent combined accumulation
of these two polypeptides.

A substantial enhancement of collagen and fibronectin pro-
duction in response to R9 (2-8-fold) was similarly observed
(data not shown). Enhancement in the production of extra-
cellular matrix polypeptides in response to RS or R11 was also
observed when much shorter pulses (e.g., 15 min to 1 h) of
radioactivity were used. On the basis of these data, we con-
clude that (i) the effect of COOH-propeptide fragments is
restricted to extracellular matrix polypeptides and (ii) the
predominant step of their action is synthesis rather than export
or degradation.

COOH-Propeptide Subfragments Do Not Alter Steady-
State Levels of Procollagen and Fibronectin mRNAs. The
levels of procollagen al(I) and fibronectin mRNAs were
quantitated to determine the mechanism of the altered rates
of protein production in subconfluent HFL-1 fibroblasts. We
quantitated the relative levels of Proa(I), fibronectin, and
B-actin mRNAs in R9- and R11-treated and in untreated
fibroblasts. Serially 2-fold-diluted samples of total cellular
RNA were immobilized on nitrocellulose and hybridized to
nick-translated recombinant plasmids containing appropriate
cDNA sequences. In some experiments, total mMRNA from
control or treated HFL-1 fibroblasts was transferred to ni-
trocellulose for Northern blotting and similarly hybridized
(data not shown). The relative steady-state levels of pro-
collagen and fibronectin mRNA did not change after treat-
ment with R9 (Table III) or R11 (data not shown). Results
from three independent measurements of steady-state levels
of mRNAs show that the action of COOH-propeptide sub-
fragments does not involve an increase in the level of cognate
mRNAs of the target extracellular matrix proteins.

COOH-Propeptide Subfragments Inhibit Serum-Induced
DNA Synthesis in HFL-1 Cells Made Quiescent by Growth
in Serum-Depleted Culture Medium. Since the extracellular
matrix regulatory property of the COOH-propeptide sub-
fragments was found to be dependent on the density of the
cells in culture (Figure 6), we were curious to know if DNA
synthesis and cellular proliferation were also affected by these
peptides. Thus, we imposed quiescence on HFL-1 fibroblasts

probe % of control
Proa1(I) 113 £ 23
fibronectin 104 £ 16
B-actin 101 = 12

2Total mMRNA was isolated from fibroblasts incubated for 8 h with
or without 45 uM R9, and serially diluted samples of mRNA were
blotted onto nitrocellulose. Specific mMRNAs were measured by hy-
bridizing the blots to nick-translated cDNA probes representing
Proal(I), fibronectin, and §-actin. After autoradiography, the bands
were quantitated by laser densitometry. Data averaged (+ standard
deviation) from three independent experiments are shown.

H Control
R11

[ 3H}-Thymidine Incorporation
(cpm x 109

2.5 5 10 20
% FCS

FIGURE 7: Effect of the COOH-propeptide subfragment 198-241
(R11) on DNA synthesis of HFL-1 fibroblasts. HFL-1 fibroblasts
were seeded in 96-well plates (1 X 10* cells/well) using media con-
taining 10% fetal calf serum. Two days later, cells were washed with
PBS and incubated for 48 h in media without serum. Quiescent cells
were washed with PBS, incubated in media containing 2.5, 5, 10, and
20% FCS without (open bars) or with 45 uM R11 (hatched bars)
for 24 h, the last 8 h of which were in the presence of [*H]thymidine
(0.5 uCi/well). Monolayers were washed with PBS, trypsinized, and
harvested onto paper filters with a multiple harvester. Final [*H]-
thymidine incorporation is expressed as the mean counts per minute
with the standard deviation derived from triplicate samples. cpm of
medium only = 466 £ 12. cpm of R11 only = 400 £ 10.

by incubating cells in serum-free medium for 48 h. Following
serum deprivation, the cells were reincubated in media con-
taining different concentrations of serum with or without.45
uM R11, and the incorporation of [*H]thymidine was deter-
mined. As depicted in Figure 7, although R11 substantially
inhibited serum-induced DNA synthesis at all serum con-
centrations, the inhibitory activity of R11 was partially re-
versed by higher concentrations of serum in the media. Thus,
when cells were grown in 2.5% serum, R11 reduced [*H]-
thymidine incorporation by more than 80% whereas when the
cells were incubated in media containing 20% FCS, the in-
hibitory activity of R11 was significantly less (35%). A similar
pattern of inhbition of DNA synthesis was also observed when
we used R9; the specificity of R9- or R11-mediated inhibition
of DNA synthesis was substantiated by the observations that
the control peptide R1 failed to exhibit a similar effect (data
not shown). How the inhibition of serum-induced DNA
synthesis and cellular proliferation are related to the post-
transcriptional enhancement of collagen production by
COOH-peptide fragments is currently unclear.

DiscussioN

A number of studies have suggested that the NH,- or
COOH-terminal propeptides of collagens, once removed from
their parent procollagen molecules, may exhibit specific reg-
ulatory activities; included among these is the influence of
propeptides on the synthesis of collagen itself. Intact NH,-
or COOH-propeptides of either Proa1(I) or Proa(III) chains
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and enzymatically derived subfragments were shown to reg-
ulate collagen biosynthesis in cultured cells (Krieg et al., 1978;
Wiestner et al., 1979; Paglia et al., 1979; Horlein et al., 1981;
Goldenberg & Fine, 1985; Wu et al., 1986; Schlumberger et
al., 1988). 1In a previous report, we presented data that a
synthetic copy of residues 225-246 (T14) of the COOH-
propeptide of human Proa2(I) inhibited collagen and fibro-
nectin biosynthesis (Aycock et al., 1986). In the process of
extending these studies, we noticed that a homologous peptide,
R14 from the COOH-propeptide of human Proa1(I), also
exhibited similar inhibitory properties while the NH,-terminal
fragment of the COOH-propeptide containing the first 16
residues had no activity. To further explore the sequence
specificity needed for inhibition and to explain why the syn-
thetic peptides were active posttranscriptionally as opposed
to the transcriptional inhibition by intact COOH-propeptide
{(Wu et al., 1986), we synthesized a series of overlapping
peptides spanning the complete COOH-propeptide of Proa1(I)
and tested their biological effects. To our surprise, we found
that two subfragments, referred to as R9 (residues 182-216)
and R11 (residues 197-241), stimulated production of type
I procollagen and fibronectin in human lung fibroblasts. A
20-residue peptide, R12, containing the overlapping sequences
of R9 and R11 likewise stimulated collagen production. This
observation is in contrast to all previous studies that showed
inhibition of collagen production by the intact COOH-pro-
peptides or its subfragments. To our knowledge, this is the
first demonstration of a propeptide subfragment which is ca-
pable of stimulating extracellular matrix biosynthesis. The
synthetic propeptide subfragments R9 and R11, in addition
to stimulating procollagen (types I and III) biosynthesis, en-
hance the synthesis of fibronectin to an even greater extent.
Fibronectin and collagen accumulation has been shown to be
coordinately regulated in response to TGFS (Ignotz & Ma-
ssague, 1986; Raghow et al., 1987; Penttinen et al., 1988), to
transformation by Rous sarcoma virus (Sandmeyer et al., 1981;
Tyagi et al., 1982) or in cells treated with a synthetic sub-
fragment of the COOH-terminal propeptide of the a2(I) chain
(Aycock et al., 1986).

The propeptide subfragments studied here stimulate ex-
tracellular matrix proteins within a narrow window of time,
i.e., maximally by 8 h with a rapid reversal of these rates to
base-line levels by 48 h. Thus, kinetics of this response are
in variance with TGF8-treated fibroblasts in which enhanced
rates of synthesis of extracellular matrix proteins occurred
maximally at 24 h and effects persisted after 48-72 h (Fine
& Goldstein, 1987). Interestingly, incubation of cells pre-
treated with COOH-propeptide fragments with additional
peptide at later times, with or without ascorbic acid, did not
restimulate extracellular protein biosynthesis (data not shown).
This indicates that peptide degradation or depletion of medium
of vitamin C levels is not the cause for this unusual kinetics
of response. Currently, we are at a loss for a good explanation
for this effect. We speculate that an unknown autoregulatory
mechanism or a down-regulation of a “receptor” may be in-
volved in this process. The finding that these peptides only
affect extracellular matrix protein biosynthesis in subconfluent
cells (rapidly growing) is rather unprecedented. In general,
studies with NH,- and COOH-propeptides or their subfrag-
ments were previously done with confluent cell monolayers,
or in cell-free systems, and it is possible, therefore, that this
phenomenon may have been missed (Krieg, 1978; Wiestner
et al., 1979; Paglia et al., 1979; Horlein et al., 1981; Gol-
denberg & Fine, 1985; Wu et al. 1986; Schlumberger et al.,
1988; Aycock et al., 1986). This observation highlights the
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underlying differences in collagen metabolism between the
rapidly growing vs confluent cells. Investigations are currently
in progress to elucidate the molecular mechanisms by which
these peptides stimulate extracellular matrix accumulation only
in subconfluent fibroblasts.

The effect of COOH-propeptide fragments on extracellular
matrix biosynthesis appears to be specific, since accumulation
of only procollagen types I and III and fibronectin was altered
and the peptide fragments did not alter type V collagen pro-
duction in A204 cells (a rhabdomyosarcoma cell line; Choe
et al., 1987) regardless of their state of confluency (data not
shown). We propose, therefore, that the effect of R9 and R11
may be due to their unique sequence specificity. While
COOH-propeptides of types I and III collagen « chains share
strong similarities with each other, their similarities to type
V procollagen are weak. However, such an explanation cannot
account for the observed effect of the COOH-propeptides on
fibronectin synthesis since the latter shares no sequence hom-
ology with these propeptides. Interesting, this effect is neither
cell-specific nor species-restricted since biosynthesis of types
I and III procollagen and fibronectin in rapidly growing rat
dermal fibroblasts or Ito cells was also stimulated by R9 and
R11 (data not shown). We believe that COOH-propeptides
act by posttranscriptional mechanisms since the steady-state
levels of mRNA encoding type I procollagen and fibronectin
remained unchanged. This observation is consistent with our
previous findings and is in apparent contrast with the data of
Wau et al., who reported that intact NH,- and COOH-pro-
peptides of type I procollagen inhibited procollagen synthesis
in IMR 90 fibroblasts at the transcriptional level (Wu et al.,
1986). This discrepancy may be due to differences in the
target cells, their state of confluency, or the conformational
difference between the intact propeptide and their synthetic
subfragments used. An additional and related property of
these peptides was their ability to inhibit the serum-mediated
burst of DNA synthesis of quiescent fibroblasts. A precise
relationship between these two biological responses remains
to be established. This is especially difficult in light of earlier
findings which suggested that the rates of collagen production
in growing versus quiescent cells were similar (Tolstoshev et
al., 1986; Voss & Bornstein, 1986).

Finally, it is worth reemphasizing the specificity of this
effect; peptides R1-R8 which represent more than half of the
COOH-propeptide possessed no detectable biological activity.
R9 stimulated collagen synthesis whereas R14 inhibited ac-
tivity. Intriguingly, R11, which contained the COOH half of
R9 and all of R14, gave the maximum stimulation despite the
presence of the inhibitory sequence of R14 in its sequence.
Thus, it seems that if both stimulatory and inhibitory activities
are present in the same peptide, the capacity to stimulate
extracellular protein synthesis must be able to override any
inhibitory effects. Conceivably, the conformation of R11 may
be such that the inhibitory sequences become masked or altered
in such a way as to void their effect. In this respect, it is
interesting to note that R10, which contains a five amino acid
overlap with R9, and all of the R14 had no regulatory effect,
suggesting that only five amino acids were sufficient to override
the inhibitory action of R14. Finally, R12, which consists of
the COOH half of R9, did elevate matrix production while
R13 was inactive. The minimum sequence/conformation of
R12 that is suffucient to elevate matrix production is currently
unknown.

In the present report, we have provided unprecedented ev-
idence suggesting that some COOH-propeptide subfragments
of the collagen molecule can up-regulate the production of the
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three important extracellular matrix proteins: types I and III
procollagen and fibronectin. The COOH-propeptide sub-
fragments apparently work at physiological concentrations
expected in vivo (Rhode et al., 1976). With regard to the
question of whether subfragments of propeptides actually
regulate procollagen and fibronectin production in vivo, we
speculate that they may do so in rapidly growing cells during
postinflammatory regenerative processes. We envisage that
depending upon the unique proteolytic milieu at the site of
inflammation, a variety of NH,- or COOH-propeptide sub-
fragments may be generated to yield either stimulatory or
inhibitory peptides, exhibiting either positive or negative
feedback control. A detailed analysis of the mechanisms by
which proteolytic fragmentation of terminal propeptides occurs
may help understand the pathogenesis of several collagen
production abnormalities which accompany defects in the
processing of COOH-propeptides (Peltonen et al., 1980;
Bateman et al., 1989).
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