
STUDIES ON THE BIOSYNTHESIS OF COLLAGEN 

II. THE CONVERSION OF 14C-L-PROLINE TO 14C-HYDROXYPROLINE BY 

FOWL OSTEOBLASTS IN TISSUE CULTURE 

BY R. H. SMITH, PH.D.,* AND SYLVIA FITTON JACKSON, PH.D. 

(From Medical Research Council, Biophysics Research Unit, Wheatstone Laboratory, 
King's College, London) 

(Received for publication, February 1, 1957) 

INTRODUCTION 

The formation of mature mammalian collagen fibre protein requires the 
incorporation in peptide linkage of, inter alia, 35 residues per cent of glycine, 
12 residues per cent of proline, and 10.5 residues per cent of hydroxyproline. 
According to our present knowledge, in the animal kingdom hydroxyproline 
occurs only in the collagenous group of proteins and in elastin, which contains 
1.5 residues per cent. Some of the characteristic mechanical, physical, and 
chemical properties of collagen fibres may be associated, at least in part, with 
its high content of hydroxyproline (e.g. Gustavson (2)). 

In spite of the high hydroxyproline content of the collagen fibre protein, it 
seems that dietary hydroxyproline is not readily utilised by the intact, adult 
animal in the synthesis of this protein. Stetten (4) fed lSN-labelled (L)-hy- 
droxyproline to intact adult rats and found that the greater part of the 15N- 
labelled material was recovered from the urine. Some of the I~N administered 
was also recovered from the body protein, but the very low isotopic concen- 
tration of the isolated hydroxyproline indicated that in 3 days less than 0.1 
per cent of the hydroxyproline of these rats had been derived from the dietary 
hydroxyproline. A higher concentration of I~N was found in the glutamic acid, 
aspartic acid, and arginine of the body proteins and probably came directly 
from degradation products of the hydroxyproline. The body proline contained 
only traces of 15N indicating that little, if any, of the proline of the body was 
derived from dietary hydroxyproline. In earlier experiments, Stetten and 
Schoenheimer (5) had shown that 15N-labelled proline fed to intact, adult rats 
was readily incorporated into body protein, a significant part of the lSN-la- 
belling appearing in the hydroxyproline fraction of the carcass protein in 3 
days. On the basis of this work, Stetten (4) wrote . . .  "the hydroxyproline of 
proteins is not derived to any appreciable extent from dietary hydroxyproline, 
but rather from the oxidation of proline which is already bound, presumably 
in peptide linkage." 

* Present address: Biochemistry Department, Messrs. British Glues and Chemicals Ltd., 
London. 
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914 STUDIES ON THE BIOSYNTHESIS OF COLLAGEN. II 

I f  t h e  m e c h a n i s m  p r o p o s e d  b y  S t e t t e n  for  t h e  f o r m a t i o n  of h y d r o x y p r o l i n e  

is cor rec t ,  i t  s h o u l d  c o n s t i t u t e  a n  i m p o r t a n t  s t ep  in  t h e  s equence  of r e a c t i o n s  

l ead ing  to t h e  f o r m a t i o n  of t h e  co l lagen  fibre. S t e t t e n ' s  idea,  w i t h  i t s  

f a r  r e a c h i n g  i m p l i c a t i o n s  for  co l lagen  resea rch ,  s e e m e d  to us  to  d e m a n d  evi-  

d e n c e  m o r e  d i r ec t  t h a n  t h a t  o b t a i n e d  f r o m  feed ing  s t u d i e s  w i t h  t h e  i n t a c t  

an ima l .  I n  t h e  p r e s e n t  work  we h a v e  t he r e fo re  s t u d i e d  t h e  a b i l i t y  of co l lagen-  

f o r m i n g  cells (fowl o s t eob la s t s )  g r o w n  in t i ssue  cu l tu re ,  to  f o r m  h y d r o x y p r o -  

l ine f r o m  14C-(L)-proline. 

Experimental Materials 

Growth of Osteoblast Cultures.--Suspensions of osteoblasts, obtained from the frontal bones 
of fowl embryos, were grown on plates as described in the previous paper. 14C-labelled amino 
acids in solution in the culture medium were added at the appropriate times. 

Isotopes.--14C-(L)-proline and 14C-(L)-glutamic acid were uniformly labelled samples, 
prepared from algal protein, and obtained from the Radiochemical Centre, Amersham. The 
specific activities of each were 77 uc. per mg. The labelled proline contained no detectable 
14C-(L)-hydroxyproline or l*C-(L)-glutamic acid when analysed by two-way paper chromatog- 
raphy. 

L-Hydroxyproline (Roche).--was crystalfised three times from aqueous ethanol. 

Methods 

Harvesting Cultures.--The cultures were harvested and washed with 5 per cent trichloro- 
acetic acid solution and 3:1 alcohol-ether mixture as described in the previous paper. The 
efficiency of this method in removing free 14C-labelled amino acids from the tissue was shown 
by control experiments in which 0.2 uc. ~4C-(L)-proline was added to a culture already grown 
at 38~°C. for 24 hours, and which was then incubated at 0°C. for a further 24 hours. I t  was 
assumed that  under the conditions of incubation at 0°C., metabolic activity of the culture 
would be minimal and therefore little or no incorporation of 14C-labelled amino acid into the 
culture should occur. I t  was found that a negligible amount of radioactivity (less than 20 
counts per minute per mg. dry weight) was associated with the tissue after this treatment; 
thus it was demonstrated that  non-specifically bound 14C-(L)-proline was removed by the use 
of trichloroacetic acid and alcohol-ether. 

Amino Acid Analyses.--The tissues were hydrolysed in 6 ~ HC1 as described in the previ- 
ous paper. Proline and hydroxyproline were determined in aliquots of the hydrolysate by the 
method of Chinard (1) and Neuman and Logan (3) respectively. 

Chromatography.--The hydrolysed tissue was analysed by two-way paper chromatography 
as described previously. The efficacy of this method for separating proline and hydroxyproline 
was tested by chromatographing 14C-(L)-proline together with carrier proline and hydroxypro- 
line. A slight trailing of activity could be detected between the proline and hydroxyproline 
spots when 2,000 counts per minute of 14C-(L)-prollne were used, but the contamination of 
the hydroxyproline spot itself by the radioactive proline was less than 0.2 per cent. 

The amino acid spots, after being visualised with ninhydrin, were cut out and eluted with 
3 X 1 ml. portions of water made alkaline with ammonia. The eluates were transferred to 
standard (2.2 cm. diameter) aluminum counting discs and evaporated to dryness on a hot 
plate with a stream of air. 

Radioactivity Measurements.--The radioactive samples were counted with a General Elec- 
tric Company geiger counter, type EHM 2 s, contained in a square lead castle. The window of 
this counter was of mica, having a thickness of 1.7 mg. cm. -~. A quenching probe unit (E. K. 
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R. H. SMITH AND SYLVIA FITTON JACKSON 915 

Cole type NK 558) was used in conjunction with the counting tube, in order to reduce errors 
due to spurious pulses. In view of the low counting rates encountered throughout this work, 
no corrections were necessary for pulses occurring during the quenching period of the probe 
unit. The pulses from the probe unit were counted with a scaler (E. K. Cole type N530 C) 
which also supplied the potential necessary to polarise the counting tube. 

The samples were placed in the castle as close as possible to the counting tube so that 
about 25 per cent of the beta particles emitted by the source were intercepted by the counter 
window. Although some of the beta particles from carbon-14 were absorbed in the air space 
between the source and the counter, and also in the counter window, the proportion so ab- 
sorbed was constant. The samples consisted of small and constant weights of solid material, 
which was spread uniformly over the counting trays. It  was assumed that to the degree of 

TABLE I 

Radioactivity of the A mino A rids from 5 Day Osteoblast Cultures Grown for 3 Days in the 
Presence of x4C- (L)-Proline. 

Amino acid c.P.u, per rag. dry weight of tissue 

Proline 
Hydroxyproline 
Glutamic acid 
Aspartic acid 
Cystine 
Glycine 
Serine 
Threonine 
Alanine 
Valine 
Tyrosine 
Leucine 
Phenylalanine 
Arginine 
Lysine 
Histidine 

1,171 
237 
38 
16 
0 

12 
6 
0 

18 
17 
23 
0 
0 

12 
0 
0 

accuracy achieved, errors due to source absorption~ source scattering, and back scattering, 
were constant, and thus no corrections were made to the observed counting rates. 

RESULTS 

Distribution of Radioactivity in Cultures Grown in the Presence of 14C-(L)-Pro- 
line: 

T a b l e  I gives the  r ad ioac t iv i t y  of the  c o m p o n e n t  amino  acids in the  hy-  

dro lysa tes  of a typ ica l  col lagen-forming os teoblas t  cu l ture  g rown  for 2 days  

in normal  nu t r i en t  and  for a fu r the r  3 days  in the  presence  of 0.2 ~c. 14C-(L)- 
proline.  R a d i o a c t i v i t y  is associa ted chiefly wi th  the  prol ine  and  hyd roxypro -  

line f ract ions ,  a l t hough  small  ac t iv i t i es  are  also shown b y  g lu t amic  acid, as- 

pa r t i c  acid, and  some o ther  fract ions.  As will be  seen later,  more  g lu tamic  
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TABLE II 

STUDIES ON THE BIOSYNTHESIS OF COLLAGEN. I I  

acid is formed by some cultures than the amount  recorded in Table I;  the 
act ivi ty of the aspartic acid fraction appears always to be approximately half 
that  of glutamic acid. 

Rate of Conversion of Proline to Hydroxyproline: 

In  two serial experiments summarised in Table II ,  cultures were grown in 
the presence of 14C-(L)-proline from zero time, and were harvested at intervals 

Age of ct 

On 14C-(L)- 
proline 

addition 

hrs. 

Series A 
0 
0 
0 
0 

916 

Radioactivity 

Proline I Hydroxyproline 

Specific activity C'Yn] ' 
c.P.~./mg, w~!e  

ture 

5.89 X 103 
17.11 X 10 ~ 
12.66 X 103 
12.32 X 103 

Series B 
0 21.9 X 103 
0 27.8 X 103 
0 23.3 X 103 
0 20.5 X 103 

Series C 
48 
48 
48 

48 ard 
144 

18.8 X 103 
9.15 X 103 

16.2 X 103 
22.1 X 103 

58 
78 

113 
134 

92 
130 
188 
237 

159 
206 
296 i 
138 

Specific activity 
c.e.~./mg. 

2.46 X 103 
4.65 X 10 ~ 
4.87 X 103 
7.88 X 103 

5.31 X 10 ~ 
8.12 X 10 ~ 

17.0 X 103 
17.2 X 103 

10.22 X 103 
8.95 X 103 
5.92 X 103 

10.62 X 103 

Ratio of 
tydroxy- 
proline: 
proline 
activity 

0.085 
0.080 
0. 103 
0. 166 

0.072 
0.074 
0. 124 
0.181 

0.113 
0.242 
0.208 
0.112 

Glutamic acid 

Ratio of 
:.P.~. ir glutamic 
whole acid: 

culture proline 
activity 

17.7 0.026 
13.5 0.014 
26.6 0.024 
19.4 0.024 

87 0. 067 
89 .0.050 
70 0. 046 

135 0. 103 

54 0. 033 
20 0. 024 
47 0. 034 

142 0.115 

of up to 72 hours. Maximum weight and proline and hydroxyproline content  
were reached in 24 to 48 hours (the corresponding curves for series A are given 
in Text-fig. 6 of the previous paper), bu t  the activity of the protein-bound 
hydroxyproline continued to increase after this period. The rate of formation of 
protein-bound radioactive hydroxyproline, expressed as increase in counts per 
minute  per hour, plotted against the mean age of the cultures between suc- 
cessive times of harvesting, is seen in Fig. 1. The rate of formation falls ex- 
ponential ly with increasing age, while the rate of incorporation of proline falls 
off rapidly, and there is some loss of radioactivity in the 70 hour culture. 

The rate of incorporation of 14C-(L)-proline and the formation of protein- 
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R. H. SMITH AND SYLVIA FITTON JACKSON 917 

bound hydroxyproline in successive 24 hour periods was studied in cultures 
of different ages, and the results are smnmarised in Table I I I  and Fig. 2. The 
rates of incorporation of proline and the formation of hydroxyproline are 
closely parallel and both decline precipitately in cultures grown for longer 
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FIG. i. (top) Graphs of the rate of increase in radioactivity, counts per minute per hour 
(c.P.M./hour), of hydroxyproline and proline fractions of whole cultures plotted against mean 
age of the cultures between successive times of harvesting. (bottom) Graph of the logarithmic 
rate of increase in radioactivity (c.P.M./hour) of hydroxyproline of cultures plotted against 

14 mean age. C-(L)-proline was added at zero time; in series A each plate received 0.12/~c., and 
in series B each plate received 0.2 ~c. The points given in series A represent single cultures; 
those given in series B, pairs of cultures. The growth curves for A series are shown in Text- 
fig. 6 of the previous paper. 

Formation of 14C-Hydroxyproline by Older Cultures: 
In the serial experiment C (Table II) 14C-(L)-proline was added to the cul- 

tures which had been grown for 48 hours. There was no increase in weight 
after 72 hours, bu t  both the content  of hydroxyproline and its radioactivity in- 
creased after this period (see Text-fig. 2 of previous paper). This increase was 
paralleled by an increase in radioactivity in the hydroxyproline fraction. The 
cultures grown for 7 days showed signs of morphological degeneration, and 
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918 STUDIES ON THE BIOSYNTHESIS OF COLI,AGEN. I I  

formed appreciably more glutamic acid than the younger cultures. In another 
experiment, cultures were grown for 4 days in the normal nutrient and for a 
further 2 days in the presence of fresh medium containing 0.2 #c. ~4C-(L)-pro- 
line per 0.5 ml. Under these conditions the amount of labelled amino acid 
incorporated was small, but appreciable conversion to hydroxyproline was 
obtained (Table IV). In two further experiments there was a very small con- 
version to hydroxyproline between the 4th and 6th days of growth. 

Experiments which show conversions of 14C-(L)-proline to protein-bound 
14C-hydroxyproline by cultures to which the isotope was added after different 
times of growth are also summarised in Table IV. This gives the mean ratios 
of the radioactivities of hydroxyproline to proline and of glutamic acid to 

TABLE III 
Effect of Age of Culture on Incorporation of 14C-(L)-Proline and Formation 

of Hydroxyproline 

Age of culture 

On ]4C-(L)- On 
proline har- 

addition vest- 
ing 

hrs. hrs. 

4 24 
24 48 
48 72 
72 96 

Dry 
weigh~ 

~g. 

0.67 
1.31 
0.94 
0.79 

Radioactivity 

Proline Hydroxyproline Glutamic Acid 

c.P.~, in 
whole 
culture 

933 
1,240 

281 
123 

Specific activity 
c.p.~t./mg. 

22.6 X 10 ~ 
11.93 )< 10 ~ 
4.46 >( 10 ~ 
2.00X 103 

C.P.M, 
in 

whole Specific activity 
cul- c.P.M./mg. 
ture 

155 12.7 X 103 
201 7.65 X 10 ~ 
15 0.93 )< 108 
9.3 0.60 X 10 ~ 

Ratio 
C.P.M. 

hydroxy 
proline: 
proline 

0.166 
0.162 
0.053 
0.076 

c.P.M, in 
whole 

culture 

22 
28 
20 
26 

Ratio 
C,P.M. 

glutamic 
acid: 

proline 

O. 024 
O. 023 
0.071 
0.212 

proline in 26 sets of cultures. The ratio hydroxyproline/proline decreased 
while the ratio glutamic acid/proline increased in the older cultures. 

In a few experiments in which the tissue cultures grew rather poorly and in 
which the percentage collagen content as determined by hydroxyproline assay 
was low, the cultures formed less protein-bound ~4C-hydroxyproline than 
actively growing cultures. For example, two cultures grown for 65 hours in 
the presence of 0.5/~c. l*C-(L)-proline had a mean dry weight of 0.62 mg. and 
the collagen content of 5.6 per cent as compared with approximately 15 per 
cent for an active culture. The ratios of the radioactivities of the hydroxypro- 
line/proline and glutamic acid/proline fractions were 0.052 and 0.056 respec- 
tively. 

The Influence of ttydroxyproline in the Medium on the Conversion of 14C-(L)- 
Proline to 14C-Hydroxyproline: 

If hydroxyproline is not directly utilised by the cell for the formation of 
collagen the addition of relatively high concentrations of free, non-radioactive 
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FIG. 2. Graphs of the rate of increase in radioactivity (c.1,.~./hour) of hydroxyproline and 
proline fractions of cultures plotted as a function of age of cultures between successive t imes 
of harvesting.  14C-(L)-proline (0.2 pc. per culture) was added to pairs of cultures 24 hours  
before harvest ing them. The  growth curves for these cultures are given in Text-fig. 4 of the  
previous paper. 

T A B L E  IV 

Age of culture on 
addition of t4C 
-(L)- proline 

hrs. 

0 to 24 
25 to 48 
49 to 72 

72 
72 

Mean ratio c.y.~t. Hydroxyproline 
Proline 

for time of contact: 

0 to 48 hrs. 48 hrs. 

O.lO8 (4) 
0.078 (9) 
0.061 (3) 
0 .014 (2) 
0.075 (1) 

o. 178 (6) 

0.058 (1) 

Mean ratio c.P.M. Glutamic acid 
Proline 

for time of contact: 

0 to 48 hrs, 48 hrs. 

0 .035 0 .064 
0 .05  
0.102 0.040 
0.101 
0.02 

Numbers  in brackets indicate number  of sets of cultures used. 

T A B L E  V 

Effect of Added Hydroxyproline on Conversion of 14C-(L-)Proline to Hydroxyproline 

Radioactivity 

Amount of hydroxy- 
proline added Proline Hydroxyproline 

~g. 
Specific activity Specific activity Ratio c.P.M. 

C.P.M./mg. c.P.M./mg, hydroxyproline: proline 

0 29.3 X 10' 16.2 X 103 0.107 
25 20.92 X 108 18.2 X 103 0 .109 

100 22.55 X 10 ~ 12.02 X 108 0.096 
250 33.80 X 10 ~ 19.76 X 10 a 0.122 
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920 STUDIES ON THE BIOSYNTHESIS OF COLLAGEN. I I  

hydroxyproline would not be expected to influence the rate of conversion of 
added '4C-(L)-proline to hydroxyproline. If, on the other hand, free hydroxy- 
proline is directly incorporated by the cell, the presence of a high concentra- 
tion would be expected to reduce the amount of proline converted to hydroxy- 
proline. 

In the present experiments each culture plate contained 0.5 ml. of nutrient 
medium, the total free and bound hydroxyproline and proline content of 
which was 10 #g. and 410 ~g. respectively. Table V summarises a serial ex- 
periment in which pairs of cultures were grown for 66 hours in the presence of 
0.5 ~c. 14C-(L)-proline and amounts of non-radioactive hydroxyproline of 0 to 
250/~g. Since the ratio of the activities of hydroxyproline to proline fractions 
was not lowered by these additions, it is concluded that, under these condi- 
tions, proline is utilised preferentially to free hydroxyproline for the formation 
of protein-bound hydroxyproline. 

The Incorporation of 14C-(L )-Glutamic Acid by Osleoblasl Cultures: 

Cultures grown in the presence of '4C-(L)-glutamic acid for 48 hours readily 
incorporated this amino acid, but negligible radioactivity was found in the 
hydroxyproline fraction derived from the tissue. 

DISCUSSION 

Fowl osteoblasts grown in tissue culture in nutrient medium containing 
l*C-(L)-proline incorporated this amino acid in such a way that it was not 
removed by exhaustive washing with trichloroacetic acid; thus it is assumed 
that the labelled proline has been incorporated in peptide linkage into the 
proteins of the cell. It  was considered inadvisable to attempt to isolate colla- 
gen protein from the other proteins of the culture, prior to counting and hy- 
droxyproline assay, since the use of extraction methods might well have led 
to the loss of a collagen precursor of peptide nature. 

Part of the radioactivity was found to appear in the hydroxyproline frac- 
tion of the tissue. Since no hydroxyproline was present in the added proline, 
it is concluded that it was formed by the cell either by direct hydroxylation 
of the proline or by its partial or complete degradation followed by resynthe- 
sis of the labelled fragments. The low radioactivities observed in most of the 
other amino acids would appear to exclude the occurrence of extensive deg- 
radation of the proline into small carbon fragments, for it is improbable that 
these would be preferentially resynthesised into hydroxyproline. 

The formation of protein-bound 14C-hydroxyproline was always accom- 
panied by the formation of glutamic acid and a smaller amount of aspartic 
acid. The proportions of ~4C-hydroxyproline and glutamic acid produced 
varied in different series of cultures, but there was a tendency for more glu- 
tamic acid to be formed as the cultures aged. The oxidative ring cleavage of 

D
ow

nloaded from
 http://jcb.rupress.org/jcb/article-pdf/3/6/913/1618390/913.pdf by guest on 25 April 2024



R. I t .  SMITH AND SYLVIA FITTON J A C K S O N  921 

proline by tissues in vivo and in vitro to give glutamic acid is a well established 
fact (e.g. Weil-Malherbe and Krebs (6)) and was to be expected in the osteo- 
blast cultures. The possibility that glutamic acid is an intermediate in the 
formation of hydroxyproline from proline was excluded by the observation 
that 14C-(L)-glutamic acid, although readily incorporated by the cultures, 
formed negligible amounts of radioactive hydroxyproline. The present ex- 
periments thus point to hydroxyproline arising from direct oxidation of the 
proline in the osteoblasts. 

The failure of relatively high concentrations of free, non-isotopic hydroxy- 
proline to influence the conversion of 14C-(L)-proline to hydroxyproline is in 
agreement with Stetten's finding (4) that in the whole animal free hydroxy- 
proline is not utilised to any appreciable extent in the formation of collagen 
protein. Whether this apparent inability of collagen-forming cells to incor- 
porate efficiently free hydroxyproline in peptide linkage is merely associated 
with the impermeability of the cell to the compound, or with the steric effect 
of the hydroxyl group in preventing peptide bond formation is not at present 
clear. In this connection, however, it is interesting that Wiseman (7) has 
shown that both proline and hydroxyproline are actively absorbed in the 
intestine. 

In the preceding paper it was recorded that in actively growing osteoblasts 
in tissue culture, the dry weight and hydroxyproline content of the tissue 
reached their maxima within the first 48 hours of cultivation. Studies of the 
rate of formation of hydroxyproline from 14C-(L)-proline here described, show 
that the maximum rate of this process also occurs during the early part of the 
growth period, the half-period of the reaction, calculated from the curves 
given in Fig. 1 a, being 22 hours. The experiments summarised in Table II, 
(A) and (B), and in Fig. 1 show, however, that protein-bound 14C-hydroxypro- 
line continues to be formed at a low rate after the tissue has reached its maxi- 
mum dry and hydroxyproline content. A possible explanation of these appar- 
ently contradictory findings is that during the early period of cellular growth 
and rapid formation of protein-bound hydroxyproline, proline peptides from 
the nutrient medium are used in preference to free proline for the formation 
of collagen precursor. Later, when an equilibrium between tissue breakdown 
and resynthesis has been established, and the rate of synthesis of collagen 
precursor is considerably reduced, the isotopically labelled proline may com- 
pete more favourably with the proline peptides of the medium for incorpora- 
tion into the collagen precursor, so that the turnover of the protein is associ- 
ated with a net increase in radioactivity. 

It is interesting that the most rapid rate of formation of protein-bound 
~4C-(L)-hydroxyproline occurs prior to the formation of collagen fibrils, which 
can be distinguished by morphological methods (as described in the previous 
paper) and, when collagen fibrils are apparent, this rate has declined. 
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the work, and to Mr. Brian Richards for general discussion. We are greatly indebted to Miss 
Ruby Hynes for her skilled technical assistance with the chemical determinations; to Miss 
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SUMMARY 

1. Fowl osteoblasts  grown in bulk tissue cultures in the presence of 14C- 
(L)-proline incorporated this amino acid into pept ide  linkage. A significant 
amount  of the incorporated rad ioac t iv i ty  was found in the hydroxyprol ine,  
g lutamic acid, and aspar t ic  acid fractions of the cultures. 

2. The ra te  of format ion of prote in-bound 14C-hydroxyproline from 14C- 
(L)-proline was maximal  in cultures grown for 15 hours and fell exponent ia l ly  
with the increasing age of the cultures. 

3. 14C-(L)-glutamic acid was incorporated by  the osteoblast  cultures, bu t  
no significant amount  was converted to hydroxyprol ine.  
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