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Posttranscriptional Aspects of the Biosynthesis
of Type 1 Collagen Pro-Alpha Chains: The Effects
of Posttranslational Modifications on Synthesis
Pauses During Elongation of the Pro a1(I) Chain

Trisha Gura, Geng Hu, and Arthur Veis

Department of Cell, Molecular and Structural Biology and Division of Oral Biology,
Department of Basic and Behavioral Sciences, Northwestern University, Chicago, lllinois 60611

Abstract Early studies indicated that chain elongation pauses were prominent during the in vivo synthesis of type
I procollagen chains, and it was postulated [Kirk et al., (1987): J Biol Chem 262:5540-5545.] that these might have a
role in the coordination of procoflagen 1 molecular assembly. To examine this postulate, polysomes isolated from
[14C]-Pro-labeled 3T6 cells were subjected to SDS-PAGE. The resulting gels were Western blotted and screened with a
monoclonal antibody (SP1.D8) directed against the N-terminal region of the pro al1() chain. The blots were
fluorographed, which also permitted analysis of the pro a2(l) chain. There was a prominent pro a1 synthesis pause near
the completion of full-length chain elongation, not matched by a pro o2 pause. The amount of labeled polysome-
associated near-full length pro a1 chains increased in parallel with labeling time. After 24 h in culture —["*C-Pro],
collagen synthesis ceased but unlabeled polysome-associated pro a1 chains were readily detected by SP1.D8. Change
to fresh culture medium +['*C-Pro] reinitiated synthesis and permitted tracing of the newly synthesized labeled pro «
chains through the polysome and intracellular compartments. The secreted procollagen molecules had a 2:1 pro
al(l):pro «2(1} chain ratio but the polysome-bound peptides did not. Pulse-chase experiments showed that near-full
length pro a1(l) chains remained bound to polysomes as long as 4 h after reinitiation of translation but there was no
evidence for pro o2(1) chain accumulation. The hydroxylation inhibitor a,a’-dipyridyl, and triple-helix inhibitors
cis-hydroxyproline and 3,4 dehydroproline had minimal effects on the buildup of polysome-associated pro o1 chains.
The glycosylation inhibitor tunicamycin also failed to change the final pro «1 chain pausing, but it did cause the
appearance of several discrete lower molecular weight pro o1-related polypeptides that could not be accounted for
simply as the result of lack of N-linked glycosylation in the C-propeptide regions. Disulfide bond experiments showed
that some of the paused nascent polysome-associated pro a1(l) chains were disulfide bonded. Thus, while synthesis of
pro a1(l) and pro o2(l) chains proceeds in parallel within the same ER compartments, their elongation rates are not
coordinated. Interactions leading to heterotrimer formation are a late event which may affect the rate of release of the
completed pro a1(f) chain from the polysome. The release of completed nascent pro a1(1) chains from their polysomal
complexes is regulated by a mechanism not operating in the synthesis of pro «2(1) chains. The pro a1(l) chain release
process is not connected directly with hydroxylation, glycosylation or triple-helix formation. ¢ 1996 wiley-Liss, Inc.

INTRODUCTION hydroxylation, and hydroxylysine glycosylation,
take place as co-translational processes during
chain elongation [Lazarides et al., 1971; Uitto
and Prockop, 1974; Brownell and Veis, 1975].
Further, chaperone protein interactions with
the nascent chains may modulate premature
pro a chain association and prevent misfolding
within the ER or mediate correct chain selection
and folding [Hu et al., 1995b]. Earlier work also
raised the possibility that chain elongation syn-
thesis pauses might be an important component

The synthesis and assembly of the heterotrim-
eric procollagen I molecule is a complex process.
The principal problems are those of the tempo-
ral and spatial coordination of translation of the
pro al(I) and pro a2(I) chains at the endoplas-
mic reticulum (ER) surface [Brownell and Veis,
1976; Veis and Brownell, 1977; Veis et al., 1985;
Hu et al., 1995a]. However, proline and lysine
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of nascent chain processing [Kirk et al., 1987;
Veis and Kirk, 1989]. However, a direct compari-
son of the translation of the pro a1(I) and pro
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a2(I) mRNAs suggested that the individual pro
al(I) and pro «2(I) chains are elongated indepen-
dently for the most part, so that chain interac-
tion takes place late during synthesis [Hu et al.,
1995a]. Inhibition of the hydroxylation reac-
tions blocks secretion of the completed collagen
[Ramaley and Rosenbloom, 1971] but the rela-
tionship between the cotranslational hydrox-
ylation and glycosylation modifications and the
synthesis pauses has not been examined.

These data have led us to consider that al-
though the ribosomal assemblies for pro «1(I)
and pro «2(I) chains must be directed to the
same ER compartments so that the nascent
chains can ultimately interact, the concept of
“coordination’’ of synthesis must be kept open
in the sense that the rates of chain elongation
and chain modification, as influenced by synthe-
sis pauses and modifications, may be different
for the two chains. In such a scheme the interac-
tion between nascent co-localized pro a1(I) and
pro a2(I) chains synthesized within the same
time frame would take place just prior to release
of the chains from their ribosomal complexes.
The present work was undertaken to examine
the nature of the elongation pauses more di-
rectly, and to determine the effects of the pro-
cess of co-translational modification on the
pauses.

EXPERIMENTAL PROCEDURES
Cell Culture

Swiss Embryo Murine Fibroblasts (3T6) were
purchased from the American Type Tissue Cul-
ture Collection (ATCC, Rockville, MD). Cells
were cultured in sterile 150 em? flasks (Corning
Costar, Cambridge, MA) with 6% CQO3/94% air.
Incubation media (=25 ml/flask) consisted of
Dulbecco’s Modified Medium (DMEM); 10% Fe-
tal Bovine Serum; 1:100 Penicillin-Streptomy-
cin; 1:100 Amphotericin B; 10 mM glutamine
(all cell culture reagents were from Gibco, Grand
Island, NY). Ten pg/ml ascorbate was included
for at least 24 h prior to collection of polysomes.
The Penicillin and Amphotericin B were omit-
ted from the incubation media 24 h prior to
polysome collection and during radioactive iso-
tope labeling periods. The 3T6 cells were ob-
tained from ATCC at passage #85. They were
not used beyond passage #105, since collagen
production decreased after that point.

Polysome Collection

Four flasks of subconfluent cells, =3 x 10°
cells/flask, were grown for 24 h in ascorbate.
The media was removed and fresh media of the
same composition, but including 2 wCi/ml 4C-
proline (Amersham, Arlington Heights, IL, sp.
act. > 250 mCi/mmol) or 20 n.Ci/ml 35S-methio-
nine (Amersham, sp. act. >500 mCi/ml), was
added. The cells were incubated for the requisite
period, then 100 pg/ml cycloheximide was added
to block further synthesis and stabilize the poly-
some complexes. After a 10 min incubation at
37°C, the media was removed for ammonium
sulfate precipitation of the secreted procollagen.
Four ml of lysis buffer (10 mM HEPES; 10 mM
KCl; 3 mM MgCly; 0.2% Triton X-100 [Pierce,
Rockford, IL]; 0.05% Na deoxycholate; 200 wg/ml
heparin; 2 mM DTT; 100 png/ml cycloheximide;
0.05 pg/ml leupeptin [Boehringer Mannheim,
Indianapolis, IN]; 0.7 pg/ml pepstatin [Boeh-
ringer Mannheim]; and 0.25 M sucrose) was
added to each flask of cells. All stock solutions
used in cell lysis and polysome collection were
treated with diethylpyrocarbonate (DEPC) to a
final volume of 0.1% for 24 h at room tempera-
ture, with the exception of the protease inhibi-
tor solutions. After treatment, solutions were
autoclaved in order to remove DEPC. Protease
inhibitors were dissolved in deionized, DEPC-
treated water. Cells were incubated for 10 min
at 4°C, then dislodged from the flasks by agita-
tion. The cells were lysed by pipetting up and
down through a sterile Falcon 10 ml plastic
pipette 3 times. The lysates were transferred to
cooled, DEPC-treated polycarbonate tubes and
centrifuged for 10 min at 12,000 rpm in a Beck-
man (Palo Alto, CA) Model L8-70 Ultracentri-
fuge and 13.1 rotor. The nuclei, membranes and
unlysed cells were pelleted. The supernatant
was then centrifuged at 100,000 x gfor 1hina
SW40.1 rotor. Polysomes were collected as the
pellet.

Co- and/or Posttranslational Modification Effects

To determine the effects of protein modifica-
tion on the translation process, cells were prein-
cubated in the presence of 3,4 dehydroproline
(90 min, 25 pg/ml), tunicamycin (3 h, 4 pg/ml),
a,a’-dipyridyl (30 min, 0.3 mM) or cis-hydroxy-
proline (30 min, 200 pg/ml) at 37°C. These
effector-containing media were replaced with
fresh labeling media containing the effector plus
4C-proline (2 nCi/ml) and incubated for an



196 Guraet al.

additional 30 min. Synthesis was terminated
and the polysomes were collected as above. In
one experiment cells were incubated with cis-
hydroxyproline but labeled with *C-lysine (2
wCi/ml) (Amersham, > 250 mCi/mmol).

Sucrose Gradients and Polysome Fractionation

A DEPC-treated Hoeffer (San Francisco, CA)
SG series gradient maker was used to prepare
12 ml linear 15-50% sucrose gradients. The
stock sucrose solutions were prepared in 10 mM
HEPES; 10 mM KCI; 3 mM MgCl,; 0.2 mg/ml
heparin; 2 mM DTT; 100 pg/ml cycloheximide;
10 mM phenylmethylsulfonyl fluoride (PMSF)
solution. The post-nuclear cell lysate superna-
tant or polysome pellet in lysate buffer was
overlayed onto the gradient and centrifuged at
41,000 rpm for 110 min in a Beckman SW40.1
rotor. Gradient fractions were collected with an
Isco (Lincoln, NE) Model 185 Density Gradient
Fractionator.

Antibody Purification

Monoclonal anti-pro a1(I)-N-propeptide anti-
body, SP1.D8, was obtained from the Develop-
mental Studies Hybridoma Bank maintained by
the Department of Pharmacology and Molecular
Sciences, Johns Hopkins University School of
Medicine and the Department of Biology, Univer-
sity of Towa, under contract N01-HD-6-2915
from the NICHD. A recombinant Protein G
column (Pierce) was used to purify the SP1.D8
ascites fluid. The column was prewashed with
0.1 M glycine, pH 3.0, and equilibrated with
PBS at pH 6.0. Ascites fluid diluted 1:1 in PBS
was loaded (2 ml) and the column was eluted
with 0.1 M glycine, pH 3.0. The eluate was
immediately neutralized and dialyzed vs. PBS,
pH 6.0. The final concentration of antibody was
1.4 mg/ml.

Gel Electrophoresis and Immunoblotting

Acrylamide gels were prepared according to
the Laemmli (1970) procedure and transferred
to nitrocellulose and immunoblotted according
to the procedure of Towbin et al. [1979]. The gel
sample buffer was 0.05 M Tris, pH 6.8, 1.0%
SDS, 6% sucrose, 4% B-mercaptoethanol and
0.0006% w/v Bromophenol Blue. In disulfide
bonding experiments the B-mercaptoethanol was
omitted. Blots were blocked by incubation in 20
mM Tris, pH 7.4, 0.5 M NaCl, 2% bovine serum
albumin overnight at 4°C or for 2 h at room

temperature. Blots were incubated with 1:4000
SP1.D8 as primary antibody and developed with
the Vector ABC avidin/biotin system (Vector
Laboratories, Burlingame, CA) and 250 pg/ml
diaminobenzimidine. Washes were made with
20 mM Tris, pH 7.4, 0.5 M NaCl, 0.1% Tween-20
solution.

Q-Sepharose Chromatography-Isolation of t-RNA
Associated Peptides From the Polysome Pellet

The procedure of Bergman and Kuehl [1977]
was used, essentially as modified by Kirk et al.
[1987]. Q-Sepharose Fast Flow beads (Pharma-
cia, Piscataway, NJ) in 2 ml columns, were equili-
brated in start buffer (STB) consisting of 6 M
urea, 0.1% Brij-35, 0.1 M NaCl, 0.1 M NH,
formate, pH 4.7. The samples, either polysome
pellets, 100 pg E. coli tRNA (BRL, Grand Island,
NY) or 80,000 cpm of standard procollagen were
dissolved in 400 pl suspension buffer (SUB) 6 M
urea, 1.0% Brij-35, 0.1 M NaCl, 0.9 M NH,
formate, 0.5% SDS, 20 mM EDTA) and centri-
fuged in a Fisher (Pittsburgh, PA) Model 235
Micro-centrifuge for 10 min. The supernatant
was diluted to 4 ml in STB and the RNA content
determined by optical density at 260 nm. The
total volume was then loaded onto the Q-
Sepharose column, and the column was washed
with STB. The eluate optical density was moni-
tored at 260 nm and 1 ml fractions were col-
lected. The total void volume (designated as
“flowthrough’ [FT]) was collected. After the
OD was at baseline, the column was washed
with STB containing 1.0 M NaCl until baseline
absorbance was obtained again. The eluted frac-
tions were designated as “‘retained” (RT). When
14C-proline labeled polysomes or media procolla-
gen were examined, 10 pl of each fraction was
dissolved in 5 ml Beckman Ready Solv scintilla-
tion cocktail and counted in a Beckman Model
6800 scintillation counter.

When disulfide bonding in the polysome pel-
lets was examined, a smaller 200 pl column was
prepared in a blue Rainin (Woburn, MA) sterile
pipette tip, plugged with sterile glass wool. Cells
were lysed in lysis buffer prepared with 50 mM
iodoacetamide to prevent disulfide bonding or
disulfide bond interchange during cell lysis. In
the disulfide bonding experiments, all of the
Q-Sepharose buffers contained 50 mM iodoacet-
amide.
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Cetyltrimethylammonium Bromide
(CTAB) Precipitation of tRNA-Bound
Polysome-Associated Nascent Peptides

Polysome pellets isolated from 3T6 cells in the
presence of 50 mM iodoacetamide were resus-
pended in 125 ul of a buffer containing 0.5 M Na
acetate, pH 5.7, and 5 mM EDTA. This suspen-
sion was centrifuged for 10 min in a microfuge.
Following the procedure of Gilmore and Blobel
(1985) the supernatant was mixed with 125 ul
2% CTAB containing 100 pg yeast tRNA (BRL)
as a carrier and allowed to incubate at 30°C for
10 min. Peptidyl-tRNA was pelleted by centrifug-
ing for 10 min at room temperature in a Fisher
micro-centrifuge. Pellets were washed twice in
acetone:HCI (19:1) to remove the CTAB, then
suspended in Laemmli sample buffer (no pH
adjustment) either with or without B-mercapto-
ethanol. After incubation at 50°C for 30 min to
hydrolyze the peptidyl tRNA bond, the released
nascent chains were loaded onto 5-15% acryla-
mide gradient gels.

Isolation of Media Procollagen I as Standard

The protease inhibitors PMSF (1 mM), pep-
statin (0.7 pg/ml), and leupeptin (0.5 pg/ml)
were added to media collected from labeled 3T6
cells. Ammonium sulfate (176 mg/ml) was added
slowly to the media at 4°C. The solution was
stirred slowly until all of the salt dissolved.
Stirring was stopped and the mixture was left
overnight to precipitate the procollagen. The
precipitate was collected by centrifugation at
10,000 rpm in a Beckman JA-14 rotor for 1 h.
The pellets were resuspended in Collagenase
buffer (0.1 M Tris-HCI, pH 7.5, 0.4 M Na(Cl, 30
mM KCl, 5 mM MgCl,, 1 mM PMSF, 0.7 png/ml
pepstatin, and 0.5 pg/ml leupeptin) and stirred
for 1 h at 4°C. The solutions were clarified by
centrifugation for 10 min at 12,000 rpm.

Protease Digestions

Collagenase. Approximately 24—48 units (20
ul) Advanced Biofactures (Lynbrook, NY) Form
111 bacterial collagenase was added to 100 pl of
sample dissolved in the Collagenase buffer de-
scribed above. Digestion was carried out for 1 h
at 37°C, then the mixture was placed on ice and
diluted with Laemmli sample buffer.

Chymotrypsin. Samples dissolved in 100 pl
collagenase buffer were digested with chymotryp-
sin at 100 pg/ml for 1 h at 4°C. Digestion was

terminated by the addition of Laemmli sample
buffer.

In Vitro Translations

The complete cDNAs for human pro a1(I) and
pro a2(1) were transcribed to RNA from plas-
mids pHH«1 and pHHa2 and then translated in
a rabbit reticulocyte lysate exactly as described
by Hu et al. [1995a]. The translated proteins
were labeled with [33S]-Met and analyzed by gel
electrophoresis and fluorography as described.
Alternatively the polysomes were obtained from
the translation mixture as pellets following cen-
trifugation as described above. The proteins as-
sociated with the polysomes were then assayed
by gel electrophoresis and fluorography.

RESULTS

Near Full Length Nascent pro « Chains
Can be Detected on Intact 3T6 Cell Polysomes

Intact 3T6 cells were labeled with [4C]-Pro
for 30 min and then lysed. The lysate was either
directly layered on a 15-50% sucrose gradient,
or the polysomes were pelleted and then fraction-
ated on a sucrose gradient. As shown in Figure 1
the cell lysate components, measured by absor-
bance at 260 nm, were distributed all along 15 to
50% sucrose gradients. The 40S and 60S ribo-
somal subunits were prominent in the total cell
lysate supernatant (Fig. 1A) but were essen-
tially removed during the prior polysome pellet-
ing procedure (Fig. 1B). The fully assembled
80S and larger polysomal units were the princi-
pal constituents of the polysome pellets and
were distributed through the higher density re-
gions of the gradient. EDTA-treatment of a ly-
sate, a process which extracts Mg?* from fully
assembled ribosome-mRNA complexes and re-
leases the ribosomes from the mRNA, still
yielded a pellet after centrifugation but this
pellet produced no Ay peaks in the polysome
region of a sucrose gradient (data not shown),
indicating that the components distributed over
the gradient in Figure 1B were indeed intact
polysomes [Hu et al., 1995a]. The newly synthe-
sized protein components collected in intact and
EDTA-dissociated polysome pellets were com-
pared. The pellets were prepared in otherwise
identical fashion from 3T6 cells labeled with
14C.proline for 30 min after a 24 h culture period
in unlabeled DMEM. The EDTA-treated pellets
contained fewer than 1.0% of the counts of the
untreated pellets. The newly synthesized pro-
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tein components of the intact and EDTA-dissoci-
ated pellets were examined by gel electrophore-
sis (Fig. 2). Figure 2A shows the direct
fluorography of the intact (lane 2) and EDTA-
dissociated pellets (lane 3). Western blots of the
two preparations were stained with SP1.D8, an
anti-pro a1(I) collagen antibody reactive with an
epitope region located at the junction of the
N-propeptide and N-telopeptide. The intact pel-
let, Figure 2B, lane 2, showed several antibody-
reactive bands, the most prominent of which
corresponded to nearly-full length pro a1 chain.
In contrast, the EDTA-treated pellet was essen-
tially devoid of SP1.D8-reactive components
(lane 3'). These data demonstrated that the
majority of the radioactive and/or SP1.D8-
reactive proteins associated with the polysome
pellet were initially on intact polysomes and
that these polysomes had a marked accumula-
tion of near-full length pro al(I)-chains. A con-
trol experiment was carried out to verify the
specificity of the SP1.D8 antibody. The antibody
recognized pro al(I) and pNal(I) chains ob-
tained from the procollagen secreted into the
culture media but did not react with pro o2(I) or
pNa2(I) (Fig. 3, compare lanes 1 and 1). Nei-
ther the al(I) nor a2(I)-chains present after
chymotrypsin digestion of the undenatured me-
dia procoliagen reacted with the antibody (Fig.
3, compare lanes 3 and 3’). Figure 3A, lane 3
demonstrates that the secreted procollagen had
the correct a1(I):a2(I) chain ratio.

In the polysome preparations, every nascent
pro al(I) chain which had elongated sufficiently
for the chain to have entered the main collag-
enous domain should have contained the
SP1.D8-reactive pro «a1(I)-N-propeptide domain.
The very heavy antibody reactivity of the band
near pro al(I) in the polysome pellet shown in
Figure 2B, lane 2', indicated that, under the
conditions of preparation, the polysomes were
not uniformly loaded with nascent chains of all
lengths. Instead, there was a major polysome-
associated concentration of nearly full length
pro ol chains. However, several lower weight
bands reacted with the SP1.D8 indicating the
presence of accumulations of intact (N-propep-
tide containing) incompletely elongated chains.
These chain lengths represent points of elonga-
tion pauses, and are revealed more sensitively
by the separate in vitro translations of the hu-
man pro «1(I) and pro a2(I) RNAs transcribed
from the appropriate plasmids (Fig. 4). As previ-
ously noted by Hu et al. [1995a] there are strik-
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Fig. 1. Sucrose gradient distribution of the total cell lysate and
polysome pellet. 3T6 cells were lysed as described in Experimen-
tal Procedures. After centrifugation to remove cell nuclei and
debris, cell lysates were either loaded directly onto 15-50%
sucrose gradients (A) or ultracentrifuged in sucrose buffer and
the resulting pellet loaded onto the same kind of gradient (B).
The sedimentation position of the small and large ribosomal
subunits are indicated (40s and 60s, respectively) as well as that
of assembled ribosome (80s) and polysomes (>80s). The
presence of a large amount of material sedimenting in the < 80s
regions near the top of the gradients was apparent in total cell
lysates. After pelleting, pre 80s-sedimenting structures were
markedly reduced, while 80s and larger polysomes remained
unchanged.

ing differences in the apparent pause sites in the
synthesis of the two chains in this membrane-
free system in which no post translational modi-
fications take place.

Most of the prominently labeled 3T6 cell poly-
some pellet radioactive bands in lanes 2 and 3 of
Figure 2A were not reactive with the SP1.D8
antibody. Further, as shown in Figure 5B, which
presents a fluorograph of the polysome-associ-
ated proteins at a variety of labeling time points,
the majority of the radioactive nascent protein
bands present in the polysome pellets were not
removed or depleted by collagenase digestion.
This can be seen most readily in the 2 and 4 h
labeling time points where the near-full length
pro ol chain bands are most evident. These data
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Fig.2. EDTArelease of polysome-associated procollagen. Eight
150 cm? flasks of 3T6 fibroblasts were labeled for 30 min with
14C-proline after an overnight incubation in unlabeled DMEM.
Polysomes were collected as described in Experimental Proce-
dures. Prior to the final ultracentrifugation to pellet the poly-
somes 20 mM EDTA was added to half of the sample in order to
dissociate ribosomal subunits. Both EDTA-treated and un-
treated polysomes were subjected to SDS-PAGE and Western
blotting with anti-N-propeptide (SP1.D8). After staining, blots
were exposed to X-ray film for 4 weeks. Lanes 7-3 (A) represent
the fluorogram and lanes 7'—3" (B) represent the Western blot.

emphasize the important point that the poly-
somes pelleted by high speed centrifugation con-
tained many strongly 4C-proline labeled na-
scent proteins other than collagen. Thus, while
collagen might represent a high proportion of
the protein secreted from the 3T6 cells, collagen
synthesis accounts for only a small fraction of
the total (cell + secreted) protein synthesis at
any particular time.

One possible explanation of the high content
of the full length pro «1(I) chains on the poly-
somes (and relatively low content of shorter
length, incomplete chains) could have been that
during the cell lysis step of polysome isolation
some of the secreted extracellular procollagen,
or some of the completed intracellular collagen
in the process of secretion, interacted and pel-
leted with the polysomes. To examine this possi-
bility, 3T6 cells were cultured for 24 h in DMEM
as described above. Instead of labeling with 4C-

- -+

Lanes 1 and 1': labeled procollagen collected from the media of
376 cells (the positions of pro o1(l), pN a1(l), and pro «2(l)
chains are indicated); lanes 2 and 2': proteins comprising the
untreated polysome pellet; and lanes 3 and 3': proteins remain-
ing in the “'polysome” pellet after EDTA-treatment. The West-
ern blot (lane 2') shows that nearly full length pro a1(I) chains
are prominent in the untreated polysomes, while the fluoro-
gram (lane 2) shows abundant proline labeling in many very
large as well as low M, proteins. EDTA-treatment (lanes 3 and
3") dissociated pro a1(l) chains and most other nascent polypep-
tides from the polysome pellet.

proline at this point, the culture media was
replaced with fresh DMEM containing exog-
enous “C-labeled type I procollagen. Polysomes
were collected from these cells after 4 h incuba-
tion. The radioactivity of the polysomes and the
recovered “C-procollagen in the media were de-
termined. Virtually no activity above back-
ground was found in the polysome pellet, and
there was essentially quantitative recovery of
the “C-procollagen radioactivity in the media,
Table 1, in agreement with similar experiments
by Kirk et al. [1987]. Thus, the presence of the
nearly full length pro a1(I) chains on the poly-
somes was not an artifact of polysome prepara-
tion.

The Dynamics of pro a Chain Production

The high concentration of polysome-associ-
ated near-full length nascent pro al(I) chains
had been noted earlier in chick embryo fibro-
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Fig. 3. Demonstration of the specificity of SP1.D8 for pro anti-N-propeptide (SP1.D8). After staining, blots were exposed

a1(l) and pNa1(I) chains. "C-proline labeled type [ procollagen
was ammonium sulfate-precipitated from the media of 3T6
fibroblasts. Precipitates were resuspended in collagenase buffer
and digested with either buffer (control lanes 7 and 1"); collage-
nase (lanes 2 and 2') or chymotrypsin (lanes 3 and 3'). Protein
digests were subjected to SDS-PAGE and Western blotting with

blasts [Kirk et al., 1987; Veis and Kirk, 1989],
but not to such an extent. The content of these
chains was found to be dependent on the pre-
incubation conditions and the capacity of the
cells to secrete the procollagen. As shown below,
after 24 h incubation in the same media, synthe-
sis of new collagen was totally inhibited in the
3T6 cells, probably the result of a buildup of
N-propeptide in the 24 h-conditioned media
[Horlein et al., 1981; Perlish et al., 1985]. Re-
placement with fresh, unconditioned media al-
lowed renewed secretion and synthesis of colla-
gen. In essence, the 3T6 cells could be
synchronized with respect to their synthesis and
secretion of type I procollagen. This phenom-
enon permitted studies of the build-up of the
polysome-associated collagen chains.
Specifically, after 3T6 cells were cultured for
24 h in unlabeled DMEM, the media was re-
placed with fresh media containing 2 pCi/ml of
H1C-proline. Cells were labeled for the times
indicated in the caption of Figure 5, then cyclo-
heximide was added to block further chain elon-
gation and lock the nascent chains on the poly-
somes. Next, the cells were lysed and the post-
nuclear supernatant was fractionated into
polysome pellet and post-ribosomal supernatant
pools. The secreted media was collected at each
time point. Samples from each of the 3 pools at
each time point were loaded onto 6% acrylamide
gels and, after electrophoresis, electroblotted
onto nitrocellulose and stained with the SP1.D8.

to X-ray film for 2 weeks. Lanes 1-3 (A) represent the fluoro-
gram and Lanes 1'-3’ (B) represent the Western blot of the
protein digests. The migration positions of a1(l)-, a2(1)- colla-
gen chains, and pN a1(l) and pro «1(l) chains are indicated.
SP1.D8 showed no reaction with pro a2(1)- or a2(l)-chains.

Autoradiograms of the blots were then obtained
and densitometric analysis was applied. Figure
5 shows the incorporation of the “C-proline into
the polysome pellet as a function of time. As
seen in panel A the incorporation of proline into
nascent polysome pellet-associated proteins was
not detectable for the first 15 min. At 30 min a
number of labeled bands were evident and some
were collagenase sensitive (Fig. 5B, 0.5
h + lanes). Notably, the most heavily labeled,
collagenase sensitive band was that correspond-
ing to the near-full length band seen in Figure
2(A,B), indicating that this band was accumulat-
ing on the polysomes at a faster rate relative to
any of the lower weight collagenase-sensitive
bands. This concentration effect became more
evident as labeling time increased. While lower
weight collagenase-sensitive bands also increased
in content to detectable levels over the 4 h
period, none of the intermediate weight collage-
nase sensitive bands approached even 50% of
the labeling intensity of the near-full length pro
al(I) band. On the other hand, several other
polysome pellet-associated proteins that were
not collagenase sensitive also accumulated
steadily and were as intensely proline labeled as
the full-length pro al(I) band. Components at
M, 120,000, 97,000, and 47,000-46,000 were
especially prominent (see arrowheads, Fig. 5B).

SP1.D8-stained immunoblots of the same gels
were very revealing (Fig. 6). At the zero-time
point, where no new radioactivity was detect-
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Fig. 4. In vitro translation of pro a1l and pro o2 in vitro
transcribed RNAs. Fluorographs of 6% PAGE of the polysomes
recovered from rabbit reticulocyte lysate in vitro translations of
the in vitro transcribed RNAs from human pro «1(l) and pro
a2(l) cDNAs. Lane 1, pro a1(l). Lane 2, pro a2(l). The migration
positions of protein standards and media pro a1(l)- and pro
a2(l)-chains are indicated. Identical amounts of RNA were used
under identical translation conditions. Neither the pattern of
peptides nor the intensities (indicative of translation efficiency)
were comparable.

able, the SP1.D8 showed a single, heavily reac-
tive band at the =pro al(I) position. This non-
radioactive antibody-reactive band gradually
diminished in intensity until it was depleted
below detectable limits between 30 and 60 min
(Figure 6B). The concentration of this compo-
nent subsequently increased so that it was again
detectable at the 2 hour time period. There was
a parallel rise in radioactivity of this band dur-
ing the same period, indicating that it repre-
sented newly synthesized protein.

Upon completion and folding within the ER
the collagen moves through the Golgi and into
secretory vesicles for export to the extracellular
space. In the pelleting procedure, the polysome

fraction is separated from the ‘“post-ribosomal”’
intracellular pool. This provided the opportu-
nity to determine the relative rates of movement
of the newly synthesized collagen from the ER,
through the post-ribosomal intracellular com-
partments and into the extracellular media. The
relative intensity of both the radioactivity and
immunostaining of the collagenase-sensitive,
near-full length pro «1(I) band at each time
point was determined by densitometric scan-
ning of the fluorograms and immunoblots for
each pool as a function of labeling time. As
shown in Figure 7B, at the point where the
media was changed (zero time) both polysome
and intracellular pools held substantial amounts
of SP1.D8-reactive pro al chain (non-radioac-
tive). Thus, the synthesis block effected by the
conditioned medium led to an initial accumula-
tion of collagen in both intracellular pools. The
intracellular post-ribosomal pro a1-pool content
decreased markedly during the first 15 min, as
the intracellular collagen was secreted. Deple-
tion of the polysome-associated pro a1 was slower
but those chains transferred to the intracellular
compartment, with the result that the intracel-
lular pool was increased. By 60 min the transfer
was complete so that the polysome-associated
pro al pool had dropped to a near zero level
while the post-ribosomal pool was increased.
Within 2 h of the media change the post-
ribosomal pool had decreased and by 4 h, the
intracellular pool was virtually cleared from the
cell. Thus, in the absence of feed-back regula-
tion of secretion, the movement of completed
collagen from the intracellular compartment is
rapid and collagen is not retained within the
cell. However, a portion of the newly synthe-
sized pro al(I)-chains are retained in the poly-
some-associated pool. Synthesis of new nascent
polysome-associated collagen was not detected
until 30 min after the media was changed and
the unlabeled polysome-associated collagen had
begun to transfer to the intracellular pool
(Fig. 6).

Secreted (non-radioactive) collagen was de-
tected in the extracellular media by SP1.D§
staining 15 min after the addition of fresh me-
dia. It’s content increased slowly as the intracel-
lular pool was cleared. After 120 min of labeling,
the rate of increase in the extracellular pool was
greater than the rates of collagen accumulation
in either the polysome-associated or intracellu-
lar pools. At some later point which has not yet
been determined, the rates of synthesis and
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Fig. 5. Radioactive labeling of the nascent procollagen-
synchronization of translation initiation after release of inhibi-
tion. 3T6 cells were cultured for 24 h in unlabeled media. The
conditioned media was removed and fresh "#C-proline labeling
media was added for the various times indicated. Polysomes
were then isolated and subjected to SDS-PAGE. The resolved
proteins were transferred to nitrocellulose and fluorographed.
Before loading into the gels, each polysome preparation was
divided in two. One half was digested with bacterial collagenase
(+) the other served as buffer control (—). In A, the first three
lanes represent molecular weight standards, standard procolla-
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gen isolated from the media of 3Té fibroblasts, and standard
procollagen digested with collagenase, respectively. In B, the
first two lanes represent the molecular weight standards and
the procollagen standard, respectively. The migration positions
of pro a1(l), pro «2(l) and pN a1(l) collagen are indicated. No
radioactive labeling was detected for the first 15 min but there
was a prominent collagenase digestible nascent chain near the
pro a1 (1) position by 1 h. Arrowheads mark prominent collage-
nase resistant, labeled chains which also increased in density
with time. (See also Fig. 9.)
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TABLE 1. Control for Contamination of
Polysomes With Secreted Procollagen*

CPM

Incubation time Polysome
Minutes associated Media
0 — 26,000
5 —_ 24,600
10 — 28,500
15 — 23,600
30 19 16,600
60 11 21,400
120 17 17,800
240 22 25,400

*Cell were incubated in unlabeled DME media. After 24 h,
the media was removed and replaced with fresh media
containing 14C-labeled procollagen prepared by ammonium
sulfate precipitation from the media of a separate culture.
The cells were incubated for the periods indicated, then
lysed in the usual manner. The polysomes were harvested
and counted for radioactivity. The media was also collected
and subjected to ammonium sulfate precipitation. The radio-
activity of the recovered procollagen was determined. The
CPM in column 2 were obtained after subtraction of the
background. Essentially no radioactivity was recovered in
the polysome fraction.

secretion must begin to slow in response to the
conditioning of the media. The radioactivity data,
Figure 7A, which describe only the freshly syn-
thesized pro al(I) chain content, provide similar
insights. The presence of newly synthesized full-
length chains on the polysomes is not seen until
15 min after release of the synthesis block, but
they are rapidly released to the intracellular
compartment. Between 1 and 2 h, however, the
radioactivity in the polysome-associated near-
full length pro al(I) chains exceeds that of the
post-ribosomal chains in the secretory pathway.

Pulse-Chase Analysis
of Polysome Associated Collagen

The synchronization of collagen synthesis af-
ter 24 h of culture, followed by release of the
secretion-synthesis block, was repeated with one
modification. After the 24 h culture in cold me-
dia, fresh, unconditioned media containing 14C-
proline was added for 30 min, then chased with
fresh media containing unlabeled proline. The
polysome, intracellular and media pools were
collected as in the previous protocol. Gels were
run, Western blotted and stained with SP1.D8.
These pulse-chase polysome pellet pool data (not
shown) duplicated that in Figure 7B, with a
clearance of polysome-associated pro a1(I) chains
at 60 min.

The pulse-chase polysome radioactivity data
are shown in Figure 8. Polysome-associated la-
beled proline in pro a1(I)-chains was maximal at
the start of the chase period but decreased until,
at about 60 min total elapsed time (30 min
chase), a minimum labeling level was reached.
However, this level did not decline to zero. A low
level of radioactive pro «al(I)-chains remained
associated with the polysomes for the entire 4 h
chase period, many times longer than required
for synthesis and secretion of a procollagen mol-
ecule. These data agree with those of Kirk et al.
[1987] who showed that a 15 min chase period
was not sufficient to clear radiolabeled pro o
chains from chick tendon polysomes.

Nature of the Polysome-Retained Collagen

A surprising aspect of the radiographic data of
Figure 5 was that the pro o1(I) and pro «2(I)-
chains did not appear to accumulate on the
polysomes in the expected 2:1 ratio after synchro-
nized renewal of collagen synthesis. This is espe-
cially apparent in Figure 5B in the 2h and 4h
lanes. Figure 9 shows an enlargement of the pro
a regions for these gels. The arrows mark the
putative positions of full-length, fully processed
pro o1(I) and pro a2(I) chains. As shown both
visually and by densitometric analysis, there
was no dense band corresponding to polysome-
associated pro a2(I) to match the accumulated
intensity of the very prominent pro a1(I) band
at either time point, in spite of the fact that an
appropriate 2:1 pro al:pro o2 ratio was main-
tained in the labeled secreted media procollagen.
This is a further indication that while the nor-
mal heterotrimer was produced, the individual
pro al(I) and pro «2(I) messages and/or nascent
chains were not translated or processed in the
same manner.

A second important observation was that the
polysome-associated near-full length pro «1(I)
band was not homogeneous in composition. The
SP1.D8-stained bands were broad and variable
in width. The bands obtained at different times
after release of the synthesis block by media
change were analyzed by densitometry. The
broad polysome-associated pro a1(I) band seen
at zero time in Figure 6A had the complex
structure shown in the densitometer scan in
Figure 10 (solid line). In contrast, 2 h after the
initiation of new synthesis, the SP1.D8-stained
a more narrow single band which migrated in
the same position as the low M, component of
the 0 h peak (dashed line, Fig. 10). Similar
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Fig. 6. Western blots of pro alpha 1(1) nascent chains showing chains had accumulated on polysomes during the prelabeling
their accumulation and release over the course of labeling. The incubation, but were released and secreted between 30 and 60
nitrocellulose blots described in Figure 5 were immunoblotted min post-labeling. After 60 min, newly synthesized pro a1(l)
with 5P1.D8 antibody. The migration positions of pro «1(), pro chains begin to reaccumulate.

a2(l), and pN «1(l) are indicated. Near-full length pro a1(i)
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Fig. 7. Movement of pro «i(l) chains between polysome-
associated, intracellular and extracellular pools. The fluoro-
grams depicted in Figure 5 and Western blots shown in Figure 6
were scanned with a densitometer and the area corresponding
to the near-full length pro a1(l) chains were quantitated for
each time point. The intracellular, non-polysome-associated
material from each time point (supernatants obtained after
ultracentrifugation of cell lysates) were also collected and elec-
trophoresed, Western blotted, fluorographed, and scanned. A:
The density of radioactive near-full length pro «1(l) chains as a
function of time in the polysome-associated (closed circles) and
intracellular (open squares) pools. B: The density of SP1.D8
immunolabeling of the pro a1(l) chains as a function of time.
Closed circles and dashed line—nascent chains bound to poly-
somes. Open squares—intracellular pool. Closed triangles—
extracellular pool. A small quantity of collagen was released to
the extracellular pool within 30 min of release of the synthesis
block but the level remained constant for almost 2 h. However,
within the cell, transfer from the polysome associated pool to
the intracellular, postribosomal pool was evident, causing a
transient increase in the intracellular pool.

analysis of the autoradiograms of the pulse-
chased polysomes at 10 min and 4 h showed that
the first detectable radioactive band corre-
sponded to the low molecular mass region (zone
1, Fig. 10) of the zero-time pro «l(I)-band,
whereas at 4 h the peak of radioactivity had
moved to the higher mass zones (ILIII). These
data show that the components in zone I are
more newly synthesized than the components of
region III. Thus, the components of the wide
immunostained polysome-associated pro al(I)-
related band had accumulated at discrete points
of chain elongation and/or post-translational

modification. Final chain completion and re-
lease of the polysome-associated pro a1(I) chains
take place at a slower rate than the initial elon-
gation rate at which the nascent chains are
synthesized.

Post-Translational Modification
of the Polysome-Associated Collagen

Effects of hydroxylation and triple-helix
inhibitors. The relationship between nascent
chain cotranslational modification and poly-
somal nascent chain retention was investigated
by examining the effects of the hydroxylation
inhibitor a,a’-dipyridyl; the triple-helix forma-
tion inhibitors cis-4-hydroxy-L-proline and 3,4-
dehydroproline; and the N-glycosylation inhibi-
tor tunicamycin. Each of these inhibitors was
incubated with 3T6 cells in unlabeled DMEM
for at least 4 h. The cultures were then labeled
for 30 min with “C-proline. In the case of cis-
hydroxyproline, labeling was also carried out
with 4C-lysine.

cis-Hydroxyproline is incorporated to the ex-
tent of only about 14 residues per nascent colla-
gen a-chain and does not interfere with the
hydroxylation of the remaining prolines [Rosen-
bloom and Prockop, 1971]. However, subse-
quent intracellular triple-helix formation and
secretion are affected. Figure 11A shows the
fluorograph of 14C-lysine-labeled polysomes. Con-
trol *C-lysine-labeled procollagen from culture
media clearly demonstrated the positions of pro
a1(I), pNal(I) and pro a2(I) chains (lane 3). The
pro al(I) and pNal(I) of the cell media were
sharply delineated by the SP1.D8 staining (lane
3'). The SP1.D8 staining of the control and
cis-hydroxyproline treated polysome-associated
bands (lanes 1' and 2') showed similar pro a1(I)
bands. As anticipated [Rosenbloom and Prockop,
1971], cis-hydroxyproline appeared to have little
effect on the incorporation of labeled proline
into the nascent collagen, data virtually identi-
cal to controls were obtained with *C-proline
labeling (Fig. 11B, lanes 5, 5). The distributions
of protein within the cis-proline and non-treated
polysome-associated pro al(I) peaks were simi-
lar, except that the apparent molecular weight
of the cis-proline treated cell polysomes was
shifted to a slightly lower M, range (Fig. 12A).

a,a’-Dipyridyl inhibition of hydroxylation
broadened the SP1.D8-reactive polysome-associ-
ated pro a1(I) band (Fig. 11B, lane 4') somewhat
but shifted the entire band to a lower M, range
(Fig. 12B). Incorporation of 3,4 dehydroproline
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Fig. 8. Pulse-chase experiment demonstrating the retention of
newly-synthesized pro a1(l) chains on the polysomes as long as
4 h postlabeling. Polysomes from the synchronized 376 cells
were isolated after "#C-proline labeling for 30 min, followed by
a chase with DMEM containing unlabeled proline for the vari-
ous time periods indicated. Each of the polysome-associated
and extracellular pro «1(I) chains were blotted on to nitrocellu-
lose and exposed to X-ray film for fluorography. Autoradio-
grams were analyzed by densitometry, then arbitrary densitom-

similarly reduced the apparent molecular
weights of all components of the peak (Figures
11B and 12C), but the band width was markedly
narrowed. Uitto and Prockop [1974] reported
that in addition to blocking triple helix forma-
tion, 3,4-dehydroproline reduced hydroxylation
by as much as 87% of control values. The differ-
ences in M, are consistent with the known depen-
dence of a-chain electrophoretic mobility on the
extent of collagen hydroxylation. The presence
of the retained polysome-associated pro al(I)-
related components at nearly the same levels in
control and treated polysomes suggest that nei-
ther hydroxylation reactions nor triple-helix for-
mation are the primary basis for the retention of
this fraction on the polysomes.

Figure 13 compares the contents of the intra-
cellular, post-ribosomal pools from control cells,
aa'-dipyridyl, cis-hydroxyproline, 3,4 dehydro-
proline, and EDTA treated cells. As indicated
earlier, treatment of the cells with EDTA dis-
rupts the polysomes and releases the bound
collagen from the polysome pellet into the post
ribosomal supernatant. This was evidently the
case as comparison of lanes 2 and 3 of the
fluorogram in Figure 13A demonstrates. The
putative pro al band was stronger in the EDTA
post ribosomal supernate than in the untreated
cell supernate. This was confirmed by the heavier

eter units were plotted versus both chase time and total elapsed
time (chase time + 30 min). *C-labeled polysome-associated
pro a1(1) chains (open circles, dashed line) decreased with chase
time, but their content plateaued after 60 min. Even after a 4 h
chase time, they were not yet released from polysomes. Radio-
labeled extracellular procollagen first appeared after 20 min
chase, plateaued, then increased sharply after 60 min chase
time (closed circles, solid line).
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Fig. 9. Simultaneously synthesized near-full length nascent
pro al1(l) and pro «2(l) nascent chains are not present in a
polysome-associated state in a 2:1 ratio. After 2 or 4 h of
coordinated synthesis, as shown if Figure 5B, a prominent
polysome-associated pro a1(l) band is quite evident, but no
equivalent polysome-retained pro «2(l) band is present. The
appropriate regions of lanes 2, 3, 4 and 5 of Figure 5B were
subjected to densitometry, as shown on the right. The collage-
nase-sensitive full-length pro a1 and pro a2 bands were identi-
fied. It is evident that the pro a1:pro a2 > 2:1.
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Fig. 10. Near-full length polysome-associated pro a1(l) na-
scent chains are not homogeneous. The near-full length pro
a1(l) nascent chain appearing at zero labeling time (solid line)
and at 4 h post-labeling (dashed line) (see Fig. 6) were scanned
with a densitometer after immunostaining with the SP1.D8. The
multinodal nature of the peak occurring at zero time indicates
that pro a1(l) chains in several elongation or processing states
were present on the translation inhibited polysomes. After 4 h
post-labeling, the retained unlabeled pro (1) had been cleared
and only newly accumulated pro a1 was retained. The radioac-
tivity data (Fig. 5) also showed that translation had resumed but
only the fastest migrating, lowest M, newly synthesized species
was present. Three zones of M, are evident within this complex
band retained or accumulated on the polysomes.

staining of the EDTA treated supernate pro al
band with SP1.D8 (lanes 2’ and 3’). The a«'-
dipyridyl treatment also increased the intracel-
lular, post ribosomal content of pro al-chains.
However, much more of the intracellular colla-
gen was held within the ER in every treatment,
except for the EDTA disruption of the poly-
somes.

Effects of Glycosylation Inhibition

Tunicamyecin is an inhibitor of N-linked glyco-
sylation. Each pro a(I) chain has a single N-
glycosylation site in it’s carboxyl-propeptide re-
gion [Clark, 1979]. To determine the effect of
C-propeptide-region glycosylation, 3T6 cells were
treated with tunicamycin prior to labeling with
14C-proline. In contrast to the minor effects of
the helix region hydroxylation and triple-helix
inhibitors, tunicamycin had a marked effect on
the polysome-associated chain size distribution.
As seen in Figure 14A (lanes 1’ and 3'), three
new SP1.D8 labeled bands with apparent M, less
than that of the completed pro al(I)-chain ap-
peared after tunicamycin treatment in addition
to the typical pro al(I)-band. The proteins in
these bands were collagenase digestible (lane 4")
and heavily “C-proline-labeled (Fig. 14A, com-

pare lanes 1 and 2 with lanes 3 and 4) and hence
represented an accumulation of newly synthe-
sized chains. Thus, inhibition of the C-propep-
tide N-glycosylation reveals at least 3 processing
stages for the polysome-associated pro al(I)-
chains that are reflected in changes in apparent
M.. The difficulties in determining the molecu-
lar mass of the pro al(I)-chain from gel electro-
phoresis arise from the double complexities of
mixed globular and helix regions and different
extents of chain processing [Sandell and Veis,
1980]. The apparent M, values for the glycosyla-
tion inhibited intermediates range from 150K to
164K based on globular protein standards. On
this same basis the highest mass of the final
retained chains would be 175K.

Densitometric tracings of the SP1.D8 labeled
bands, Figure 14A, lanes 1’ and 3, showed (Fig.
14B) that the typical pro a1(I) polysome band
had the same intensity and structure in both
inhibited and control polysome pellets. The con-
centrations of the lower M, collagenase-sensi-
tive bands were well above the SP1.D8 detection
limits in the tunicamycin-inhibited polysomes.
The presence of the low M, bands in addition to
the “full-length” paused chains suggest that
processing through the final pause (complex high
M, band) and the ultimate release of the nascent
chain from the polysome is not related to N-
linked carboxyl-propeptide glycosylation. No ra-
dioactive collagen was detected in the *C-Pro
labeled tunicamycin-treated cell media. Thus,
the heavily radiolabeled polysome-associated col-
lagenase-digestible components produced by tu-
nicamycin treatment of the 3T6 cells (lane 3" of
Fig. 14A), were not secreted but were retained
at the polysome-ER level during the 4h labeling
period (data not shown).

Disulfide Bonding
in the Polysome-Associated Collagen

Two methods were used to assess the pres-
ence of disulfide bonding among the near-full
length polysome-associated pro a1(I)-chains. Fol-
lowing the procedure of Kirk et al. [1987], the
polysome pellet components collected after a 30
min labeling period were passed over Q-Sepha-
rose columns under denaturing conditions. Iodo-
acetamide was added to the solutions to prevent
artifactual disulfide bond interchange. The col-
umn flow-through fraction (FT) contained poly-
some-associated but tRNA-free chains. The re-
tained fraction (RT) contained the nascent,
elongating tRNA-bound chains. Aliquots of each
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Fig. 11. Effects of hydroxylation and triple helix inhibitors on were collected after preincubation of 3T6 fibroblasts with either

polysome-associated pro a1(l) chains. A: Polysomes were col-
lected after preincubation of 3T6 fibroblasts with cis-hydroxypro-
line (both an hydroxylation and triple helix formation inhibitor)
and labeling with *C-lysine. Polysomes were Western blotted
and stained with SP1.D8 then exposed to X-ray film for 4 weeks.
Lanes 7-3 represent fluorograms of labeled polysomes, while
lanes 1'-3" represent immunoblots. Lanes 1 and 1, untreated
polysomes; lanes 2 and 2’, polysomes from cis-hydroxyproline-
treated cells; lanes 3 and 3, standard procollagen isolated from
the media of 3T6 fibroblasts. The migration positions of pro
al(l), pro a2(1), and pNa1(l)-chains are indicated. B: Polysomes

chromatographic fraction were either counted
directly, or Western blotted under reducing and
non-reducing conditions.

In an alternate procedure with the same objec-
tive, the components of the polysome pellets
were precipitated with CTAB. The anionic cova-
lent complexes of tRNA and nascent chains were

cis-hydroxyproline, the hydroxylation inhibitor a,a dipyridyl, or
the triple helix inhibitor 3,4 dehydroproline and labeled with
14C-proline. Polysomes were Western blotted and stained with
SP1.D8 then exposed to X-ray film for 4 weeks. Lanes 1-6
represent fluorograms of labeled polysomes, while lanes 1'-6’
represent immunoblots. Lanes 1 and 1’, standard procollagen;
lanes 2 and 2, untreated polysomes; lanes 3 and 3', polysomes
treated with EDTA before pelleting; Polysomes collected from
either, a,a dipyridyl (lanes 4 and 4'), cis-hydroxyproline (lanes 5
and 5') or 3,4 dehydroproline (lanes 5 and 5') treated cells.

precipitated (equivalent to the Q-Sepharose RT
fraction), while the other polysome-associated
components remained in the supernatant
(equivalent to FT). Table II shows that the two
methods did not yield identical results. About
50% of the counts were precipitated by CTAB
whereas only 36% of the counts were bound to
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Fig. 12. Densitometer scans of polysome-associated pro al(l)
near-full length chains collected from inhibitor-treated cells.
Western blots in Figure 10B were scanned and inhibitor-treated
polysomes (lanes 4'-6') compared to controls (lane 2'). Dashed
lines represent A: cis-hydroxyproline, B: o, dipyridyl, and C:
3,4 dehydroproline treated cells. Solid lines represent controls.
Hydroxylation inhibition caused faster migration of nascent pro
a1(l} chains, while triple helix inhibition caused little change in
migration or amount of pro o1 (1) nascent chains.

the Q-Sepharose (RT). Kirk et al. [1987] had
found =75% of counts from labeled chick em-
bryo fibroblasts in a comparable QAE-Sephadex
RT fraction, but a shorter 15 min labeling pe-
riod had been used.

Each of the fractions from both procedures
was subjected to gel electrophoresis, run under
reducing and non-reducing conditions, and West-
ern-blotted. The SP1.D8 reactive bands were
analyzed semi-quantitatively by densitometry.

Full-length pro a-chains were present in both
the Q-Sepharose FT and CTAB-supernatant
fractions. Both FT and CTAB-supernatant frac-
tions yielded a component corresponding to pro
o-chain trimer under non-reducing conditions,
but this component was not present under reduc-
ing conditions. The SDS-PAGE gels of RT and
CTAB precipitate fractions yielded essentially
identical patterns under reducing and non-
reducing conditions, with no evidence of pro
a-chain trimer.

The SP1.D8-reactive pro a and pro a-chain
trimer contents in each FT and CTAB-super-
nate gel lane were analyzed semi-quantitatively.
As shown in Table I1I, approximately 30% of the
total SP1.D8-reactive protein in these non-
tRNA containing fractions appeared to be disul-
fide-linked, compared to 40% bonding in total
polysome preparations prior to CTAB precipita-
tion or RT-FT fractionation. It should be noted
that use of the above procedure with standard,
fully completed and secreted procollagen iso-

lated from the cell culture media consistently
yielded a value of 50% disulfide bonding. Thus,
since the secreted procollagen is presumed to be
fully disulfide bonded, it is likely that this ap-
proach may provide an underestimate of the
level of disulfide bonding in the polysome-
associated fraction.

DISCUSSION

The main features of the synthesis of a poly-
peptide chain are well known. They involve,
sequentially, the assembly of the first 80S ribo-
somal unit at the start codon of the mRNA,
initiation of synthesis, movement of the initi-
ated ribosomal assembly along the mRNA via
repetitive translocations of the peptidyl-tRNA
from the ribosomal A to P sites with correspond-
ing chain elongation [Moazed and Noller, 1989],
possible cotranslational modification of the na-
scent polypeptide chain, and finally, at the mRNA
termination codon, release of the ribosomal as-
sembly and completed polypeptide chain. The
released start codon is a site for reinitiation of a
new peptide chain. Each initiation, reinitiation,
and translocation step may be regulated by inter-
actions with other cytosolic protein factors or by
the secondary structure of the mRNA. The large
mRNA required for the synthesis of a high mo-
lecular weight protein may be read simulta-
neously by a number of ribosomal assemblies,
thus, the rate of production of a polypeptide
chain can be further regulated by the density of
reading of the message. At the same time, the
folding of the nascent chain may be modulated
by interaction with various accessory, chaper-
one, proteins.

Synthesis of a protein destined for secretion
extracellularly adds additional layers of complex-
ity, the first of which requires the insertion of
the nascent polypeptide chain into the ER com-
partment. This is accomplished by interaction of
the nascent signal peptide (SP) and its ribo-
somal translocon (R) with the complex called the
signal recognition particle (SRP) [Walter and
Blobel, 1981; Walter and Johnson, 1994]. This
interaction arrests further elongation until the
SRP-R-SP complex is bound to the ER surface
by ER membrane-associated SRP receptors
[Wolin and Walter, 1988; 1989]. Upon insertion
of the nascent chain into the lumen of the ER
cotranslational processing of the nascent chain
and folding take place within the sequestered
ER compartment, divorced from the cytosolic-
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Fig. 13. Effect of inhibition of hydroxylation and triple helix
formation on intracellular «1(l) procollagen. Post-ribosomal
supernatants from the polysomes pelleted in Figure 10B were
Waestern blotted, stained with SP1.D8, and exposed to X-ray
film. Lanes 1-6 represent autoradiograms of labeled intracellu-
lar proteins, while lanes 1'~6" represent immunoblots of a1(l)
chains. Lanes 1 and 1': standard procollagen. Lanes 2 and 2":
intracellular material from untreated cells. Lanes 3 and 3"

face synthesis reinitiation, chain elongation and
translocation events.

If, as in the case of procollagen I, the secreted
molecule is a heteromeric construct requiring
the products of translation of two genetically
distinct mRNAs, then a mechanism must also
exist to target the separate gene products to the
same ER compartments. Further, since the
chains must fold at the same time to form the
compound helix, the interaction of the nascent
chains must be well-regulated.

The very elegant study of the rate of synthesis
of collagen chains carried out by Vuust and Piez
[1972] gave compelling evidence that synthesis
of the helical regions of the type I al and a2-
chains were carried out in parallel and gave rise
to the hypothesis that their synthesis was some-
how coordinated. More recently, coordinate chain
synthesis has been viewed as dependent on the
coordinate expression of the pro al(I) and pro
a2(I) genes, based on data which indicated that
pro «1(I) and pro a2(I) steady-state mRNA lev-
els were maintained at close to a 2:1 ratio [de
Wet et al., 1983; Vuust et al., 1985]. Olsen and
Prockop [1989] demonstrated, however, that the
pro al(I):pro a2(I) transcription ratio could vary
and reach levels as high as 4:1 in cultured hu-
man fibroblasts, depending on culture condi-
tions. It was noteworthy that changes in tran-
scription levels were restricted to the pro o1(I)
mRNA. Nevertheless, the apparent steady-state
mRNA levels were maintained at an approxi-
mate 2:1 ratio under all conditions. Olsen and
Prockop postulated that some posttranscrip-
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supernatants of cell lysates treated with EDTA before pelleting
(equivalent to nascent + intracellular chains); Lanes 4 and 4', 5
and 5, 6 and 6': intracellular material from o,a dipyridyl,
cis-hydroxyproline or 3,4 dehydroproline treated cells, respec-
tively. There are very low levels of intracellular pro a1 (*) in the
post-ribosomal supernatant from untreated cells but a greater
amount in the EDTA treated cells.

4

tional regulation mechanism was necessary to
explain the discrepancy, however, the assump-
tion of a direct relationship between message
levels and translation rates for both chains con-
tinues to exist.

Hu et al. [1995a] demonstrated that while
translations of the pro a1(I) and pro «2(I) mes-
sages proceeded independently in cell-free, mem-
brane-free translation systems, their transla-
tion became coordinately altered in the presence
of nascent chain insertion-competent micro-
somes. This led to the suggestion that there
were interactions which bring the two pro «
chain translational complexes to the same ER
compartment and enhance the efficiency of het-
eromeric chain selection and folding. It was also
shown that, both in cell-free systems and in
cells, ribosomal loading on the pro «1(I) and pro
a2(I) messages was not identical, and apparent
synthesis pause sites were not identical. Thus,
while the translational systems were co-local-
ized they were not coordinated with respect to
individual chain synthesis.

Nascent pro a chain interaction, within the
restricted environment of the ER lumen, also
shows specific regulation. Hu et al. [1995b]
showed that the ER-resident collagen specific
chaperone, hsp47, interacts specifically with the
pro a1(I) amino propeptide while it had no spe-
cific binding to the pro «2(I) chain. They pro-
posed that the hsp47 had its main function in
preventing pro «1(I) homotrimer formation, in
essence allowing completed pro «2(I) chains the
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Fig. 14. Tunicamycin inhibition of N-glycosylation of pro a1(1)
nascent chains. Polysomes were collected from 376 fibroblasts
labeled for 30 min with '“C-proline either in the absence
(Tun—=) or presence (Tun+) of tunicamycin (an inhibitor of
N-linked glycosylation). The resulting peptides were Western
blotted, stained with SP1.D8, and the blots fluorographed. A:
Lanes 1-5 represent the fluorogram, while lanes 1'-5' represent
the resulting immunoblot. Lanes 1 and 1', polysomes collected
from untreated cells; lanes 2 and 2’, collagenase digest of
polysome-associated peptides; lanes 3 and 3’, polysomes iso-

lated in the presence of tunicamycin; lanes 4 and 4’, collage-
nase digests of tunicamycin treated polysomes; lanes 5 and 5/,
standard type | procollagen. The migration positions of a1(l)-,
a2(1)-, and pNal(l)-chains are indicated. B: Lanes 1’ and 3’
were scanned with a densitometer and compared. Tunicamycin-
treated polysomes (dashed line) showed several collagenase-
sensitive, faster migrating peptides (arrows) which accumulated
in addition to the standard near-full length a1(I) chains seen in
untreated control polysomes (solid line).
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TABLE II. Total 14C-Proline Incorporated
Into Covalent Polysome
Peptidyl-tRNA-Complexes

CTAB
Total  Precipitate or % of counts

polysome Q-Sepharose intRNA-
4C-Pro retained containing
CPM CPM complexes
CTABI 128,200 67,750 48.7
CTABII 90,800 47,500 47.7
CTABIII 103,750 54,250 52.3
Q-Sepharose 126,960 81,254 36.0

TABLE II1. Disulfide Bonding in tRNA-Bound
and tRNA-Free Polysome Pellet Fractions

% of total % S-S
CPM bonded
CTAB-supernatant 39.6 28.2
Q-Sepharose FT 70.0 30.2
Total polysomes 39.7
Media standard procollagen 50.4

opportunity of interacting with completed pro
al(I) chains.

The studies presented here were undertaken
with the objective of understanding the chain
elongation phase of collagen synthesis more
clearly in terms of the differences in pro « chain
synthesis rates, and examining the effects of
nascent chain cotranslational processing.

A salient feature in the data presented above
was the marked differences in the elongation
and processing of the nascent pro al(I) and pro
a2(I) chains in 37T6 cells. These cells do produce
and secrete type I procollagen heterotrimer with
a 2:1 pro a(I):pro a2(I) chain ratio, as demon-
strated explicitly in Figure 3A, lane 3. Yet, when
one examines equivalent fluorograms of the
intact polysomes which should contain all of
the nascent chains of both types, there is, in-
stead, an overabundance of high molecular
weight pro al(I)-chains as demonstrated in Fig-
ures 5 and 9.

The sensitivity of the Western blotting proce-
dure, using SP1.D8, was not sufficient to detect
the lower molecular weight nascent pro al(I)-
chains which must have been present in the
polysome pellets (Fig. 6B). Only the single, very
prominent band near the migration position of
full-length pro al(I)-chain was evident. We do
not have an antibody which will similarly exclu-
sively detect the pro a2(I)-chain. However, one

can postulate that if the pro «1(I) and pro o2(I)-
chains had been synthesized in coordinated fash-
ion, then a 0.5 equivalent amount of near-full
length pro «2(I) should have been present. Con-
sequently if the pro «l(I) band was strongly
present in a fluorogram, then a near-full length
pro «2(I) band should also have been observed.
As seen in Figure 9, at 2 and 4 h after initiation
of new collagen synthesis in the synchronized
3T6 cells, a polysome-associated dense, collage-
nase-sensitive radioactive band was present at
the pro al(l) position, while only a minor pro
o2(D)-chain band was evident. The extracellular
newly secreted collagen obtained under the same
conditions nevertheless did show a 2:1 pro a1(I):
pro «2(I) ratio of radiolabel density, as did the
post-ribosomal intracellular pool. Only those
molecules with the correct heterotrimer compo-
sition appear to leave the ER-compartment.
Thus, the nascent full length pro a2(I)-chains
could not have accumulated on the polysomes in
the same fashion as the pro al(I)-chains.

The polysome-associated proteins obtained in
the pelleting procedure contain the entire set of
nascent proteins being assembled and processed
by the cell at the time of cell lysis. While it is
common to think of 3T6 cells and other fibro-
blasts as having collagen as their major product,
and this is true relative to the components des-
tined for the extracellular matrix, it is obvious
from Figures 2 and 5 that nascent procollagen I
chains represent only a small portion of the total
nascent polypeptides at any one time. Labeling
with proline may suffice for identification of the
secreted procollagen, but other intracellular pro-
line-containing proteins are made in such abun-
dance that the nascent collagen chains of all
sizes are difficult to discern. Nevertheless, as
shown in Figure 5, it is possible to pick out a few
specific bands of radioactivity which are collage-
nase-digestible. The appearance of multiple dis-
tinct collagenase-digestible bands with M, < pro
a-chain size is evidence that synthesis pauses
are a feature of nascent collagen-chain elonga-
tion in cells. The differences in pause sites and
polysomal accumulation of the nascent chains of
the two mRNAs was evident in independent cell
free translations (Fig. 4), as reported by Hu
et al. [1995al.

The pro al(I)-chain is not the only polysome-
associated protein which increased in content
with time after labeling. Polypeptides with M,’s
of 120,000, 97,000, and 47,000 steadily in-
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creased in content over the 4 h labeling period
examined (Fig. 5B). It is likely that the 47 K M,
component was the pro a1(I)-specific chaperone,
hsp47 [Hu et al., 1995b]. A comparable 47 K
protein was not detected among the ammonium
sulfate precipitated extracellular media pro-
teins.

If collagen hydroxylation is inhibited, collagen
accumulates in the ER and secretion is blocked.
However, Veis and Kirk [1989] reported that
underhydroxylation during synthesis did not
have any apparent effect on the distribution of
putative pause sites on polysome-associated col-
lagen chains. This was substantiated in the pres-
ent work. Although the apparent molecular
weights of the polysome-associated underhydrox-
ylated chains were reduced, the hydroxylation
and triple-helix formation inhibitors did not in-
crease the amount of the polysome-associated
full-length pro al(I)-chains. Detailed analysis of
the chain distribution within the major poly-
some-associated pro a1(I) band did indicate (Fig.
12) hydroxylation-related processing which
broadened the range of apparent M,. Some sig-
nificantly lower M, pro al(I)-related compo-
nents were present. There was no radiographic
evidence to suggest that the rate of elongation of
the pro a2(I)-chain was significantly altered by
underhydroxylation.

Blocking triple helix formation with proline
analogs did not alter the polysomal nascent chain
distributions or cause the chains to accumulate
in the postribosomal compartment, thus regula-
tion of chain elongation is not related to the
process of triple helix formation.

Tunicamycin was the only agent which did
cause a significant alteration in the apparent pro
al(I) pause sites. Major accumulations of na-
scent polysome-associated paused peptides, at
levels sufficient for antibody detection, were
noted after 4 h incubation of the cells with
tunicamycin. There is only one N-glycosylation
site with an oligosaccharide M, of 2,000-2,200
on each of the pro a-chain C-propeptides {Clark,
1979]. Thus, it was surprising to see that at
least three additional pro a1(I)-chain pause sites
were so prominent (Fig. 14). It is not clear at
this time whether this was the result of a direct
effect of tyunicamycin on the nascent procolla-
gen chain glycation, or an indirect effect result-
ing from a defect in glycosylation of some other

component important in the nascent chain pro-
cessing, such as a chain elongation factor [Duk-
sin and Bornstein, 1977] or a chaperone or other
accessory protein.

A Model for Pro a Chain Synthesis Coordination
and Interaction During Procollagen |
Heterotrimer Formation

The considerations presented above lead to
the conclusions that the pro a1(I) and pro a2(I)
chains of procollagen I are coordinated in synthe-
sis by the process of parallel targeting of the
respective mRNAs to the same ER compart-
ments, but that the rates of chain elongation are
not coordinated. The pro «1l(I) nascent chain
interacts with hsp47 within the lumen of the ER
in a different fashion than does the pro a2(I)
chain. The translation of the pro a1(I) mRNA is
more efficient than that of the pro o2(I) chain,
but the nearly completed pro a1(I) chains are
held up and accumulate on the polysome. Pro
o2(I) chains within the same compartments are
not held up, but at, or near release may interact
with the pro a1(I) chains and form the heterotri-
mer which then moves on to the Golgi in the
secretory pathway. Chain processing per se
within the ER lumen does not affect either the
rate of chain elongation or the pattern of synthe-
sis pauses. The polysome-retained excess pro
al1(I) chains can either form a low level of [pro
al(I)]; homotrimers which proceed to secretion
through the Golgi route or are degraded intracel-
lularly. Bienkowski et al. [1978] have shown
that 10 to 15% of newly synthesized collagen
never becomes secreted but is degraded intracel-
lularly, although the pathway of that degrada-
tion process has not been determined. The poly-
some retained pro al(I) chain which never
becomes triple helical may be the source for this
background of intracellularly degraded collagen.
These considerations are summarized in the
scheme shown in Figure 15. This scheme points
out the three major problem areas which need
further investigation: the basis for the coordi-
nated pro al(I)-pro a2(I) chain targeting to the
ER; the basis for the strong synthesis pause-
polysome retention of the near-full-length pro
a1(I) chains; and, the mechanism whereby the
pro a2(I) chain successfully competes with pro
a1(I) chain in the homotrimer-heterotrimer com-
petition.
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Fig. 15. A schematic representation of the points of intersec-
tion between pro a1(1) and pro a2(1) chains and their ribosomal
complexes during their synthesis. In this scheme chain synthe-
sis begins in the cytosol as usual for secretory proteins with the
independent assembly of the first ribosome on each mRNA and
initiation of chain elongation. We propose that after interaction
of the nascent signal peptide with a SRP, and the consequent
transient elongation arrest, the first unique event takes place
with a clear cut [Hu et al., 1995a] but mechanistically unknown
interaction or set of interactions which targets each initial
translocon to the surface of the same ER compartment. Each
polypeptide chain is inserted through the ER membrane and
elongation continues independently, and at a somewhat differ-
ent efficiency for each chain. The amino-terminal propeptide of
the pro «1(l) chain interacts specifically with the ER resident
chaperone hsp47 [Hu et al., 1995b], preventing pro a1(I) chain
interactions. The usual steps of cotranslational processing (hy-
droxylation, O-linked glycosylation) follow. At a point near
complete chain elongation, but before release of the chains
from their polysomal complexes [Veis et al., 1985] the nascent
pro al1(h and pro a2(l) chains interact to form large polysome
complexes. In this model, the elongation rates and synthesis
pausing are governed by events taking place on the cytosolic
face of the ER while the interactions between the colocalized
complexes take place at the membrane or within the ER fumen.
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Near the completion of the more efficient synthesis of the pro
a1(l) chains a small fraction of the chains are shunted off to a
paused state, held on the polysomes. The less efficiently com-
pleted pro «2(l) chains, however, interact directly with other
pro a1(l) chains to form the heterotrimers. The hsp47 is re-
leased for recycling within the ER and triple helix is formed. The
released triple helical heterotrimers then move to the Golgi for
further secretory processing. A portion of the paused pro a1(1)-
chains may form triple helix and move as homotrimers in a
parallel fashion along the secretory pathway. Cells which have
been engineered to block pro a2(I)-mRNA readily form [pro
o1(l)]3 homotrimers [Marsilio et al., 1984; Lee et al., 1988].
Hsp47 is again released during this process. Finally, the pro
al(l) chains retained for too long a period (consuming pro
a1(l)-mRNA and reducing pro a1(l)-chain potential net synthe-
sis) are degraded intracellularly [Beinkowski et al., 1978]. The
thickness of the arrows at the completion of elongation is meant
to represent the relative amounts going to each pathway. This
model emphasizes the need to examine the basis for the
coordinated pro a1(1)-pro a2 () chain targeting to the ER and the
basis for the strong synthesis pause-polysome retention of the
near-full length pro «1(l) chains, which are likely to have
cytosolic regulatory factors, and the mechanism whereby the
pro a2(l) chain successfully competes with pro a1(l) chain in
the homotrimer-heterotrimer competition within the ER fumen.
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