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ABSTRACT  Polyribosomes containing nascent [3H]pro-
line-labeled collagen chains were isolated from chick embryo
fibroblasts in culture. These nascent chains were n_earlx com-
pletely hydroxylated, as indicated by the presence of [*H}hy-
droxyproline and high hydroxyproline /prtﬁine ratios. The po-
lyribosomes were suspended in D;O at 15° and the infrared
spectrum was determined using a reference cell containing
collagen-depleted polyribosomes in D0, matched to equal RNA
content. The amid‘:eo I and amide II bands were observed. When
the polyribosomes were heated in D20 at 44° in the infrared
cells, the N-D amide II absorbance at 1480 cm™! increased
markedly, indicating that H — D exchange had occurred. Col-
lagen-depleted polyribosomes showed no such changes in ab-
sorbance at 1450-1480 cm~! upon heating. Polyribosomes re-
covered from the infrared ceﬂ: after treatment at 44° and
cooling still contained collagen, as indicated by their [*H]hy-
dro line content. These data indicate that nascent collagen
bound to the polyribosomes can assume a hydrogen-bonded
structure. Taken with prior data showing that the nascent col-
lagen was also resistant to pepsin digestion, it is suggested that
the collagen examined is in triple-helix conformation. Because
the nascent polyribosome-bound collagen is nearly fully hy-
droxylated, it must be considered that triple-helix farmation can
occur between nascent chains while they are attached to the
endoplasmic reticulum surface and that chain association and
triple-helix formation in vivo may well occur before rather than
after release.

Recent studies have demonstrated that the thermal stability of
the collagen triple-helix is directly related to the degree of
hydroxylation of the constituent peptide chains (1). Because it
has also been found that hydroxylation of proline ceases when
the collagen peptide-chains are in triple-helix conformation (2),
triple-helix formation has clearly occurred after hydroxylation.
It has been hypothesized that hydroxylation takes place in the
cisternal space of the endoplasmic reticulum after release of
the nascent chains from their ribosomes, and hence, that tri-
ple-helix formation is a late event in which separated chains
must find each other and register properly (3). This postulate
was reached on the basis of the susceptibility of nascent poly-
ribosome-bound or newly released protein to pepsin diges-
tion.

Isolated polyribosomes from chick embryo fibroblasts do
commit a major part of their synthesis machinery to procollagen
production, but we have demonstrated (4, *) that only about
80% of the newly synthesized protein of the polyribosome
fraction is in peptides with the typical collagen triplet -Gly-X-Y-
-repeat sequences. We have also shown, in support of other
studies (5-7), that both proline (4, *) and lysine (8) in sequences
of nascent polyribosome-bound collagen are hydroxylated.
Treatment of [*H]proline-labeled polyribosomes containing
hydroxylated nascent collagen with pepsin releases about 67%
of the radioactivity but only about 28% of the hydroxyproline.

* A. G. Brownell and A Veis, unpublished data.
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The remaining hydroxyproline was released only after treat-
ment of the polyribosomes with purified bacterial collagenase
(4, *). Moreover, the pepsin-resistant collagen was nearly fully
hydroxylated. These data were taken to signify that pepsin-
resistant, and hence presumably triple-helical, collagen could
be formed while nascent collagen chains were still bound to
polyribosomes. This conclusion has many implications in con-
sidering the in vivo processes of chain registration and triple-
helix formation.

The enzyme probe techniques, while widely used, are nev-
ertheless indirect measures of the triple-helix conformation.
Another property of collagen chains in triple-helix formation
is the presence of hydrogen bonds of interchain character.
Native collagens, or collagen-fold triple-helix units, placed in
DO retain the characteristic infrared N-H deformation amide
IT band at 1565 cm™!. This is replaced by an absorbance of
about 1450 cm™! upon denaturation and substitution of N-D
for N-H hydrogen bonds. This transformation is readily mea-
sured, even for low levels of collagen-fold formation (9). We
therefore set out to examine by infrared absorbance measure-
ments the D — H exchange process in the polyribosome-bound
nascent collagen chains. Estimates of the amount of collagen
on the ribosomes suggested that their exchange spectra might
be detectable if suitable blanks could be used.

These studies show directly that triple-helix formation can
occur among nascent collagen chains while they are still at-
tached to the polyribosome, because N-H hydrogen bonds
persist until denaturing temperatures are reached, at which
time the N-D amide II absorbance is increased.

EXPERIMENTAL PROCEDURES

Polyribosomes with Nascent Collagen. The procedures for
isolation of chick embro fibroblasts, their culture, labeling with
[3H]proline, disruption, and subcellular fractionation, and su-
crose density gradient fractionation of the polyribosomes have
all been described in detail (4, 8,*). It is important to emphasize
that the temperature was dropped to 4° immediately after
protein synthesis was stopped by the addition of cycloheximide
to the culture, and the cells were dislodged by trypsinization.
Gradients were centrifuged at 2-4°, but the gradient frac-
tionation was at room temperature (about 25°). Polyribosomes
were isolated on a preparative scale using large 38.5-ml gra-
dients in an SW27 rotor. Still, to obtain sufficient material, the
polysomes from several gradients had to be combined for each
study. The combined polysome fraction was diluted in buffer
without sucrose and pelleted by low-speed centrifugation.

In order to be sure that the polysomes utilized contained
bound nascent collagen even after thermal denaturation,
[3H]proline-labeled polysomes were used. The polysomes were
collected from the infrared cells after the conclusion of the
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exchange experiments and hydrolyzed in 6 M HCI for 20 hr.
The hydrolysates were examined in an amino acid analyzer
utilizing a stream splitting device. Radioactivity attributable
to hydroxyproline, and hence the presence of collagen, was thus
determined directly.

Polyribosomes Cleared of Collagen. Polyribosomes were
digested with bacterial collagenase (CLSPA grade, Worth-
ington) further purified by the method of Peterkofsky and
Diegelmann (10). The digestions were done in a 0.01 M Tris
(pH 7.4), 024 M KCl, 0.01 M CaCl;, and 0.01 M
Mg(CH3COO0)2-4H30 buffer, made 2.5 mM in N-ethyl-
maleimide to inhibit other nonspecific proteases. At least 90%
of the hydroxyproline is released from the ribosomes by this
treatment*. Moreover, the polysomes remain undegraded by
the collagenase, in contrast to exposure to either ribonuclease
or a protease such as trypsin (4).

Collagen and Gelatin for Reference Spectra. Acid-soluble
collagen was extracted from rat-tail tendon with 0.5 M acetic
acid and purified by repeated precipitation with 10% NaCl.
Gelatin was prepared by thermally denaturing the acid-soluble
collagen.

Infrared Spectra. An aliquot of pelleted polysomes was
suspended in 2 ml of D30, of which 0.2 ml was injected into the
infrared cells. Spectra were obtained using a Beckman IR-12
spectrophotometer. One hundred-fold vertical scale expansion
was used for selected regions. Transmission spectra were ob-
tained with the photometer in the double beam mode with DO
or collagenase-treated polysomes in the reference cell. Water
jacketed FH-01 cells (Research and Industrial Instruments Co.,
London) were used with Irtran-2 windows (International
Crystal Laboratories, Irvington, N.J.).

The water flow was arranged so that the temperature could
be alternated between two levels during the course of an
analysis. Spectra were taken at 15°; the photometer was then
set at the absorption maximum of interest, 1480 or 1565 cm™L.
The temperature was raised to 44° in both sample and reference
cells to denature the collagen or other proteins and all contents
were held at that temperature for 10-30 min. After exchange
was complete, the temperature was returned to 15° and, after
thermal equilibration, the spectrum was recorded. The final
cycling to the original measurement temperature was required
for quantitation because small dimensional changes in the cell
and mounting were noted on going from 15 to 44°.

RNA Content of Polyribosomes. A modification of the or-
cinol procedure (11) was used to determine the ribonucleic acid
content of the polyribosomes.

RESULTS

The sucrose density gradient distribution of the post-mito-
chondrial supernatant fraction of the fibroblasts is illustrated
in Fig. 1. Gradient fractions 1 through 22 were pooled in order
to obtain sufficient polyribosomes, although this pool obviously
contains a heterogeneous range of polyribosome sizes. These
polyribosomes did contain [3H]hydroxyproline and, hence,
collagen triplet sequences that had been hydroxylated. The
average [3H]hydroxyproline/[3H proline ratio, R, was 0.11.
After collagenase treatment R decreased to 0.03, indicating that
most of the collagen was removed. The collagenase digestions
were carried out in dialysis bags* and, although most of the
hydroxyproline was removed as dialyzable peptides, the su-
pernatant obtained after centrifugation of the retentate con-
tained larger peptides with an R of 0.22, showing preferential
release of the collagen from the polyribosomes.

Control Experiments. Measurement of the RNA content of
the polyribosomes showed them to have about 0.4 ug of RNA
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F1G. 1. Density gradient distribution of post-mitochondrial su-
pernatant containing polyribosomes. Fractions were collected man-
ually and the absorbance of each was read at 260 nm. This plot rep-
resents the average of five similar gradients. The fractions from 5
through 21, up to the dashed line, were taken for infrared analysis.
All fractions in this region contained [*H]hydroxyproline, but R was
greater for the lower number fractions. All of the material in fractions
5-22 could be moved under the monosome peak by the action of ri-
bonuclease. -

per ug dry weight. Thus, the first concern was to determine if
the constitutive ribosomal proteins would obscure the spectra
in the amide I-amide II range and if these proteins themselves
would show H-D exchange under the conditions of collagen
denaturation. The spectrum of collagenase-treated polyribo-
somes in D20 at 15° compared to D2O in the reference beam
shows strong absorbance due to protein in the 1700-1400 cm™!
region (Fig. 2, spectrum A). Nevertheless, when the reference
cell is filled with an equivalent amount of collagen-depleted
polyribosomes on the basis of RNA content, the spectrum can
be blanked out quite effectively (Fig. 2, spectrum B) without
loss in total transmission. The spectrum of the collagen-depleted
polysomes in D20 is unaffected by temperature cycling from
15° to 44° to 15°, indicating that either all the hydrogens are
readily exchangeable or that those that are not are not made
exchangeable by heating to 44°.

The most serious question is that of sensitivity. Is there
enough collagen on the polysomes to be detected? A standard
amount of about 690 ug of polysomes was suspended in 2 ml
of D50, corresponding to about 175 X 10~8 umol of ribosomes,
assuming that the ribosome assembly has a weight of about 4
X 10° ug/mol. As indicated earlier, about 30% of the nascent
protein produced is in -Gly-X-Y- triplet sequences. Because the
procollagen contains substantial quantities of nontriplet se-
quences, we can estimate that approximately 50% of the protein
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FiG. 2. Infrared spectrum of collagenase-treated polyribosomes
in D,0. A. Spectrum obtained at 15°, or at 15° after heating to 44°
for 15-30 min in the infrared cell, using D;O alone in the reference
cell. B. Spectrum of polyribosomes at 15° when the sample and ref-
erence cells contain collagenase-treated polyribosomes of equal RNA
content.

being produced is in procollagen chains, or about 50% of the
ribosomes are producing collagen. Nascent chains in all stages
of elongation are present at any instant; on average, each
ribosome would thus contain the equivalent of a half-completed
chain or 50 X 103 ug of collagen triplet sequence per mol of
ribosome, yielding a very approximate 4.5 ug of collagen per
690 ug of polysomes, less than 1%. Fig. 3 shows the spectrum
of 225 ug of rat-tail tendon collagen mixed with 500 ug of col-
lagen-depleted ribosomes and blanked with an equivalent
concentration of collagen-depleted polysomes. The collagen
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Fi1G. 3. Infrared spectrum of rat-tail tendon collagen in D20 in
the presence of collagen-depleted polyribosomes and blanked with
collagen-depleted polyribosomes. Collagen (225 ug) in 500 ug of po-
lyribosomes. (—) Spectrum at 15°, native collagen. (- - - -) Spectrum
at 15° after conversion to gelatin by heating to 44° in the cell. Without
scale expansion and in the presence of the polyribosomes the amide
II N-H band is obscured compared to spectra obtained in systems
without polysome material present (9). However, the increase in amide
11 N-D is large and unmistakable upon conversion of the collagen to
gelatin.
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Table 1. Relative changes in absorption at the 1480 cm™
N-D deformation absorbance upon heating at 44°

Sample* AA 480 cm-1/A6s cm'lT
Rat-tail tendon collagen 1.09
Polysome-bound collagen 1.00

* Collagen-containing polysomes and rat-tail tendon collagen plus
collagen-depleted polysomes.
t AAHSOcm“ = (Adenatured, 1480 cm~1 — Abaseline, heated, l5°) -

(Anative, 1480 cm=! —  Abaseline, 15°). A1675em=1 = (A1675em-1 —
Abaseline)-

spectrum is readily visible at this high collagen concentration
although in the presence of the polyribosomes the 1565 cm™!
difference spectrum absorbance of the N-H amide I was not
very prominent. A small amount of HyO associated with the
rat-tail tendon preparation gave a background H-O-D ab-
sorbance at 1480 cm~!. The minimum amount of collagen
whose spectrum could be seen without scale expansion was at
a concentration of 25 ug in 690 ug of polyribosome, or about
3% of the total polyribosome weight. However, using the
100-fold scale expansion available on the IR-12, the spectrum
of a suspension of 5 ug of rat-tail tendon collagen in 690 ug of
polyribosomes was readily observable, indicating that the
projected experiment was feasible although we were working
near the limit of our instrumentation. No difference spectrum
was detectable at maximum sensitivity at a level of 1 ug of
collagen per 690 ug of polyribosomes.

Denaturation of the collagen by heating to 44° and then re-
cooling produced a spectrum (Fig. 3) in which, as expected (9),
the carbonyl, amide I absorbance was nearly unchanged while
a large increase in absorbance at the N-D amide II region at
1480 cm™! was very prominent. Clearly, exchange had oc-
curred on heating.

Two technical difficulties made quantitation difficult at these
low concentrations. First, small changes in cell dimensions and
alignment on temperature cycling caused shifts in the spectrum
baseline that were not identical from run to run. Second, the
small but variable amounts of HzO present in the control rat-tail
tendon collagen dried simply by lyophilization altered the
absorbance ratios (A 1480 cm-1, Native)/(A 1660 m-1, Dative) from
control run to control run, but this did not affect the increase
in A 1480 cm-1. We therefore chose to quantitate the extent of
denaturation in terms of AA 1480 cm-1/A1660 cm-1, implicitly
assuming that the absorbance at 1660 cm™! is proportional to
the collagen concentration (9). This calculation avoids the
problem of differences in HyO content of different preparations
because the measurements in the native and denatured states
are made on the same collagen preparation without removal
from the infrared cell. This calculation also minimizes a further
difficulty in the case of the polysome-bound collagen. Pepsin
digestion experiments (4, *) indicated that only about 70% of
the collagen was pepsin resistant, that is, 30% was presumably
in a nontriple-helical form with amide hydrogens available for
rapid exchange as soon as the polysomes were exposed to D2O.
Thus, in this situation a “native state” absorbance at 1480 cm™!
might be expected. The term AA 1480 cm-1/A 1660 cm-1 Would,
however, still be a measure of the additional exchange of amide
N-H to N-D after heating to 44° in the collagen-containing
polyribosomes as compared with collagenase-cleared polyri-
bosome reference sample, otherwise treated identically.

Exchange of Polysomes with Nascent Collagen. The
spectra of collagen-containing polyribosomes, blanked with
collagen-depleted polysomes containing the same absolute
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FI1G. 4. Infrared spectra of collagen-containing polyribosomes
in D,O using collagen-depleted polyribosomes in the reference cell.
(—) Spectrum at 15°, before heating. (- - - -) Spectrum at 15° after
heating to 44° and then cooling to 15°. The only marked change is in
amide II absorbance. Expanded scales measurement X55. The %
transmission figures are relative only, not absolute.

amounts of RNA, are compared at maximum scale expansion
in Fig. 4 before and after the polysomes were heated in the
infrared cell. In Fig. 4 the two spectra are adjusted to make up
for baseline shift so that the 1660 cm~! (C = 0) absorbances are
matched for the initial and 44° denatured states. As in the case
of native rat-tail tendon collagen in the presence of the poly-
ribosomes, the 1550 cm™! absorbances are obscured, but the
increase in N-D amide II absorbance at 1480 cm™! is large and
unmistakable, leaving no doubt that additional exchange has
occurred upon heating.

The changes in absorbance at 1480 cm~! are summarized
in Table 1. The relative increase in the N-D amide II absorb-
ance upon denaturation is nearly equivalent in native rat-tail
tendon collagen and nascent polysome-bound collagen.

CONCLUSION AND SUMMARY

The D — H exchange data are clear in demonstrating that
nascent polysome-bound collagen does not exchange D for H
prior to heating above denaturing temperature. In conjunction
with the companion studies (4, *), which show that the nascent
polysome-bound collagen is also resistant to digestion by pepsin,
these data imply that the polysome-bound collagen is in a tri-
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ple-helical state under the conditions of isolation of the poly-
ribosomes. Nascent chains must therefore be sufficiently close
in the polyribosome assembly system to recognize each other
and form a triple helix while still attached to the ribosome.
These data, of course, apply to isolated polyribosomes that have
been cooled immediately after their isolation, and hence, tri-
ple-helix formation may have been an in vitro processing event.
However, because the nascent collagen is also nearly fully hy-
droxylated and glycosylated while on the polyribosome (4, 8,
*), it must be considered that triple-helix formation also occurs
while the nascent chains are attached to the endoplasmic re-
ticulum surface and does not occur after release.

This work was supported by Grant AM13921 from the National
Institutes of Health, National Institute for Arthritis, Metabolic and

Digestive Diseases.

1. Rosenbloom, J., Harsch, M. & Jimenez, S. (1973) “Hydroxyproline
content determines the denaturation temperature of chick tendon
collagen,” Arch. Biochem. Biophys. 158, 478-484.

2. Murphy, L. & Rosenbloom, J. (1973) “Evidence that chick tendon
procollagen must be denatured to serve as a substrate for proline
hydroxylase,” Biochem. ]. 135, 249-251.

3. Grant, M. E,, Schofield, J. D., Kefalides, N. A. & Prockop, D. J.
(1973) “The biosynthesis of basement membrane collagen in
embryonic chick lens,” J. Biol. Chem. 248, 7432.

4. Brownell, A. G. (1975) “Ribosomal post-synthetic processing of
procollagen,” Ph.D. Dissertation, Northwestern University.

5. Miller, R. L. & Udenfriend, S. (1970) “Hydroxylation of proline
residues in collagen nascent chains,” Arch. Biochem. Biophys.
139, 104-113.

6. Lazarides, E. L., Lukens, L. N. & Infante, A. A. (1971) “Collagen
polysomes: Site of hydroxylation of proline residues,” J. Mol. Biol.
58, 831-846.

7. Uitto, J. & Prockop, D. J. (1974) “Hydroxylation of peptide-bound
proline and lysine before and after chain completion of the
polypeptide chains of procollagen,” Arch. Biochem. Biophys.
164, 210-217.

8. Brownell, A. G. & Veis, A. (1975) “The intracellular location of
the glycosylation of hydroxylysine of collagen,” Biochem. Bio-
phys. Res. Commun. 63, 371-377.

9. Veis, A., Ghosh, S. & Jacobs, F. (1972) “D-H exchange during
collagen-fold formation. Nucleation processes,” Conn. Tiss. Res.
1, 135-144.

10. Peterkofsky, B. & Diegelmann, R. (1971) “Use of a mixture of
proteinase-free collagenase for a specific assay of radioactive
collagen in the presence of other proteins,” Biochemistry 10,
988-994.

11. Schneider, W. C. (1957) “Determination of nucleic acids in tissues
by pentose analysis,”” Methods in Enzymology, eds. Coldwick,
S. P. & Kaplan, N. O. (Academic Press, New York), Vol. 3, pp.
680-684.



