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Formation of Hydroxyproline 
in Collagen 

Proline is incorporated into peptides 
before it is hydroxylated. 

Sidney Udenfriend 

Collagen, a most important com- 
ponent of animal connective tissue, 
comprises about one-third of body pro- 
tein. It is not only the most abundant, 
but one of the most unusual animal 
proteins, since it is devoid of cysteine 
and tryptophan and contains more 
than 30 percent glycine and such un- 
usual amino acids as hydroxyproline 
and hydroxylysine. In animal tissues 
hydroxyproline and hydroxylysine are 
essentially found only in collagen. The 
formation of collagen is therefore of 
interest not only as a problem in pro- 
tein biosynthesis, but also as one in 
the biosynthesis of these unusual amino 
acids. 

In 1949 Stetten (1) made an obser- 
vation that has long puzzled research- 
ers in collagen biochemistry. She re- 
ported that when N1--labeled hydroxy- 
proline was fed to rats it was not in- 
corporated into collagen, whereas in 
prior studies with Schoenheimer (2) 
she had shown that labeled proline 
could serve as a precursor of collagen 
hydroxyproline (Fig. 1). This finding 
did not appear to be in accord with 
the concept that free amino acids were 
the precursors of proteins. However, 
the observation was verified in experi- 
ments not only with intact animals but 
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disagreement as to the exact nature of 
the substrate. Our group has published 
a number of reports indicating that 
hydroxylation occurs after the proline 
is incorporated into peptide linkage. 
These reports present evidence that a 
proline-rich, hydroxyproline-deficient 
protein accumulates when hydroxyla- 
tion becomes the rate-limiting reaction 
and show that such a protein can serve 
as a substrate for hydroxylation. On 
the other hand, several laboratories have 
reported that in various systems in 
vitro hydroxyprolyl-sRNA (soluble 
RNA) appears after incubation with 
labeled proline (6). It is the purpose 
of this article to present and evaluate 
the experimental findings relating to the 
site and mechanism of proline 
hydroxylation. 
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Mechanism of Hydroxylation 

A great deal of information con- 
cerning the overall mechanism of hy- 
droxylation has been obtained with in- 
tact chick embryos. Thus it was shown 
that the hydroxyl moiety of collagen 
hydroxyproline is derived from molec- 
ular oxygen and not from water (13). 
Data from one of the studies with 0218 
and H2018 are shown in Table 1. These 

studies provided the first evidence that 

proline is converted to hydroxyproline 
by an oxygenase enzyme. Further stud- 
ies were carried out with proline-3,- 
4-H3, from which a direct-displacement 
type of hydroxylation should release 

only one tritium atom from carbon 
No. 4. Reports from different labora- 
tories were not in agreement, and some 
questioned the uniformity of labeling 
of the different batches of commercially 
prepared proline-3,4-Ha (14). This 

problem was resolved, however, when 

Fujita et al. (15) synthesized cis- and 
trans-4-monotritio-proline and showed 
that only the tritium atom trans to the 
carboxyl group was lost during hy- 
droxylation. This verified the hypothe- 
sis that hydroxyproline formation is 

catalyzed by an oxygenase and showed 
that the entering hydroxyl group direct- 
ly displaces one hydrogen atom. It 
was later shown that trans-4-fluoropro- 
line could be incorporated into collagen 
and converted to hydroxyproline; this 

finding indicates that the hydroxyl group 
can also displace a fluorine atom (16). 
It has already been shown that aromatic 
hydroxylases can displace fluo- 
rine atoms when they are substituted 
for those hydrogen atoms which are 
displaced by the hydroxyl group at the 
site of hydroxylation (17). 

Nature of the Substrate 

Although the above studies gave val- 
uable information as to the mechanism 
of oxidation, they did not indicate the 
nature of the substrate for hydroxyla- 
tion. Further advances in this lab- 
oratory were made possible by two im- 
portant developments. The first was the 
introduction of a specific and repro- 
ducible method by which hydroxy- 
proline could be measured and which 
became the basis for a procedure for 
the simultaneous assay of the radioac- 
tivity in the proline and hydroxypro- 
line in tissue hydrolysates (18). The 
second and more important advance 
was made by Peterkofsky (19), who 
attained, for the first time, a cell-free 
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Fig. 1. Conversion of proline to hydroxy- 
proline. 

system which was capable of convert- 
ing proline-C14 to collagen hydroxy- 
proline-C14. This was done with super- 
natant fractions derived from homog- 
enates of whole 8- to 9-day-old chick 
embryos by centrifugation at 15,000g. 
When these two assay procedures were 
applied to the cell-free system so as 
to measure formation of protein-bound 
hydroxyproline from free proline-CT4, 
it was shown that the factors usually 
required for protein systhesis were re- 
quired by the system. A requirement 
for oxygen was also demonstrated. How- 
ever, it was observed that the appear- 
ance of protein-bound hydroxyproline- 
C14 did not begin for about 30 min- 
utes, whereas incorporation of pro- 
line-C14 was essentially complete at this 
time. The lag between the appearance 
of proline and that of hydroxyproline 
in the chick-embryo protein made pos- 
sible a number of interesting experi- 
ments (Fig. 2). First, there was no 
requirement for oxygen until proline- 
C14 had already been maximally in- 
corporated into protein. Second, the ef- 
fects of ribonuclease had already be- 
come negligible before hydroxyproline 
began to appear in the collagen. Con- 
sistent with this was the finding that 
whereas puromycin inhibited incorpo- 
ration of proline-C-4 into protein-bound 
proline and hydroxyproline when add- 
ed at the start of the incubation, it had 
no effect when added at the end of 
the 30-minute lag period. This was 
before collagen hydroxyproline-C14 had 
begun to appear. These findings, which 

Table 1. Incorporation of 0,18 and H.O1' into 
collagen hydroxyproline. Chick embryos were 
exposed to 02'S or H2018 of known composi- 
tion for 24 hours. The collagen was extracted, 
the hydroxyproline isolated, and its 018 con- 
tent determined. The estimated values are 
approximations based on the 016 content of 
precursor and the extent of dilution. 

Excess 018 
in hydroxyproline 

Precursor (atom percent) 

Estimated Found 

H.0O18 0.40 0.000 
H,20o .60 .007 
Ois 1.00 .57 
O218 1.00 .36 

are summarized in Fig. 2, indicate that 

hydroxylation occurs after the prolyl- 
sRNA (soluble RNA) step of protein 
synthesis. If hydroxyprolyl-sRNA were 
a necessary intermediate, then ribonu- 
clease should have degraded it and 
inhibited the appearance of collagen 
hydroxyproline. Addition of puromycin 
at the end of the lag period should 
also have prevented the incorporation 
of a hydroxyprolyl-sRNA into protein 
if such a moiety were accumulating 
during the lag period. This did not 
occur. Furthermore, the fact that oxy- 
gen was not needed during the lag pe- 
riod indicated that hydroxylation of a 
nonprotein proline intermediate was not 
the reason for the lag. The conclusion 
consistent with these findings was that 
a proline-rich, hydroxyproline-deficient 
protein, free or ribosome-bound, ac- 
cumulated as a substrate for hydroxy- 
lation. 

Modification of Procedure 

The above evidence would have been 
conclusive in itself had it been possible 
to isolate the small amounts of newly 
formed collagen or hydroxyproline-de- 
ficient intermediate from other proteins. 
However, the isolation procedure used 
in the above studies actually yielded 
newly synthesized protein which was 
only about 10 percent collagen, as 
shown by the ratio of proline-C"1 to 
hydroxyproline-C14 (20). It was obvi- 
ous that if the studies were based on 
pure collagen isolated from each in- 
cubation mixture definitive results 
could be obtained. This was not pos- 
sible, however, since the amounts of 
newly formed collagen or proline-de- 
ficient protein in these studies were so 
small. The availability of a highly spe- 
cific collagenase preparation offered an 
alternative approach to this problem. 
Collagenase obtained from Clostridium 
histolyticum has been shown to attack 
only collagen and gelatin. Keller and 
Mandl (21) tested many other proteins 
and found none which were substrates 
of the bacterial collagenase. We ob- 
tained this enzyme from commercial 
sources and purified it so that the prepa- 
ration released peptides only from col- 
lagen and gelatin. We found that the 
proportions of proline and hydroxypro- 
line in the peptides released by col- 
lagenase were the same as in the original 
protein, there being no fractionation 
of imino acids during proteolysis. The 

original assay procedure was there- 
fore modified in the following manner. 
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After the fortified chick-embryo sys- 
tem had been incubated with proline- 
C14, the proteins were precipitated with 
cold trichloroacetic acid, washed several 
times with cold trichloroacetic acid, ex- 
tracted with hot trichloroacetic acid, 
and then dialyzed against water. Col- 
lagenase was then added and incu- 
bated with the isolated mixture of pro- 
teins to hydrolyze the collagen to pep- 
tides. To the resulting mixture of pro- 
teins and peptides was added an equal 
volume of 20-percent tannic acid, and 
the precipitated proteins were removed 

by centrifugation. The supernatant so- 
lution, which contained peptides de- 
rived solely from collagen, was hydro- 
lyzed in 6N HCI, and the proline and 
hydroxyproline were isolated and as- 
sayed for radioactivity. About 50 per- 
cent of the proline, hydroxyproline, 
and glycine in collagen or gelatin ap- 
peared as peptides soluble in 10-per- 
cent tannic acid after such treatment. 

When this procedure was followed 
in experiments in which chick embryo 
microsomes were incubated aerobically 
with proline-C'4 for 2 hours (as in 

Fig. 2), the ratio of proline-C14 to 

hydroxyproline-C 4 in the isolated 
imino acids approached unity, indi- 

cating that the imino acids released by 
the collagenase-tannic acid procedure 
were derived exclusively from collagen 
(20). Of even greater interest was the 

finding that, when the microsomes were 
incubated for only 30 minutes (through 
the lag period) in a nitrogen atmos- 

phere, peptides of proline-C14 were 
released by the collagenase-tannic acid 

procedure but there were practically 
no hydroxyproline-C14-containing pep- 
tides. Collagenase can degrade sim- 

ple peptides having an internal -glycine- 
proline- sequence (22), and peptidyl 
hydroxyproline is not required for its 
action. These findings gave further 

proof, therefore, that a hydroxyproline- 
deficient "collagen-like" protein accu- 
mulated during incubation of the chick- 

embryo system with proline. The valid- 
ity of this additional proof depended, 
of course, on the specificity of the 
bacterial collagenase. Although no other 
protein substrates have yet been found 
for this collagenase, the specificity of 
the overall method was established 
even further by utilizing as a con- 
trol an amino acid which is not found 
in collagen. When tryptophan-C'4 
was incubated with the chick-embryo 
system, it was incorporated into pro- 
tein, some of which was extracted 
into hot trichloroacetic acid. How- 
ever, none of the protein-bound tryp- 
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tophan-C14 was released as trypto- 
phan-C14-containing peptides by col- 
lagenase. Furthermore, none of the 
proline-C14 incorporated into Escheri- 
chia coli ribosomal protein was released 
as soluble peptides by the collagenase- 
tannic acid procedure. It may therefore 
be concluded that the hydroxyproline- 
C14-deficient, proline-C'4-labeled col- 
lagenase substrate which accumulates 
in chick embryo microsomes on incu- 
bation with proline-CI4 during the 30- 
minute lag period represents a protein 
or polypeptide related to collagen. 
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This conclusion was strengthened 
even further in subsequent studies by 
Peterkofsky and me (23). Chick em- 
bryo microsomes, prepared so that they 
contained only protein-bound proline- 
C14, were isolated, washed to remove 
soluble materials, stored for some time, 
and subsequently incubated in oxygen, 
so that part of the protein-bound pro- 
line-CT4 was converted to protein-bound 
hydroxyproline-C14. Shortly thereafter, 
Prockop and Juva (24) reported simi- 
lar experiments in which substantial 
quantities of bound proline-C14, in a 
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Fig. 2. Appearance of proline-C14 and hydroxyproline-C'1 in microsomal protein of the 
cell-free chick-embryo system incubated with proline-C14; effects of anaerobiosis, ribo- 
nuclease, and puromycin. 
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protein formed on incubation of chick 
embryo tibias with proline-C14, were 
converted to protein-bound hydroxy- 
proline-C14 when incubated with ho- 
mogenates of whole chick embryos. 
More recently Juva and Prockop (25) 
incubated synthetic repeating polymers 
(pro-C14-gly-pro)n (26) of molecular 
weight 4,000 and 15,000 with chick 
embryo homogenates and demonstrated 
that several percent of the proline-C14 
was hydroxylated. 

Incorporation of Labeled Proline 

All these findings show conclusively 
that chick-embryo homogenates can ac- 
cumulate a hydroxyproline-deficient, 
collagen-like protein on incubation with 
proline-C14 and that they contain a 
proline hydroxylase capable of hydroxy- 
lating proline residues within a pro- 
tein or polypeptide chain. 

If the proposed mechanism is cor- 
rect, the hydroxyproline-deficient pro- 
tein should accumulate in other col- 
lagen-forming systems as well as in 
chick-embryo homogenates. This is ac- 
tually the case. We have recently ex- 
amined a large number of collagen- 
forming systems, including guinea pig 
granuloma, hen oviduct, fetal rabbit 
skin, and 15-day-old chick embryos 
(27). All these tissues, minced or 
homogenized, incorporated proline-C14 
into a protein which contained little or 
no hydroxyproline-C14 but which was 
degradable by collagenase. Such a pro- 
tein accumulated in the tissues when 
hydroxylation was impaired for any rea- 
son such as lack of oxygen, deficiency 
of ascorbic acid, or destruction of the 
labile oxygenase (27). 

A number of heretofore unexplained 
observations can now be explained. 
Thus Stone and Meister (9) reported 
that minced scorbutic granuloma pro- 
duced a collagen which, upon incuba- 
tion with proline-C14, was labeled only 
in the proline residues. These observa- 
tions are best explained by the forma- 
tion, during incubation, of a hydroxy- 
proline-C14-deficient "collagen" which 
coprecipitates with "old" hydroxypro- 
line-C12-containing collagen already 
present in the tissue before incubation. 
Urivetzky et al. (28) reported similar 
findings with homogenates of fetal rab- 
bit skin. They also degraded the col- 
lagen with collagenase and isolated the 
tripeptide gly-pro-hyp, which was la- 
beled only in the proline residue. Their 
observations can be explained in the 
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same way as those of Stone and Meister 
with one addition. The "old" collagen 
which Urivetzky et al. isolated after in- 
cubation most likely contained traces 
of newly formed proline-CI4-labeled, 
hydroxyproline-deficient protein. The 
gly-pro-hyp isolated from collagenase 
digests in which only the proline resi- 
due appeared to be labeled was most 
likely a mixture of unlabeled "old" gly- 
pro-hyp and traces of gly-pro-C14-pro- 
C14 which was derived from the newly 
formed hydroxyproline-deficient inter- 
mediate. In our laboratory we have 
shown that gly-pro-hyp and gly-pro-pro 
are not readily separated by paper or 
column chromatography. 

A few of the characteristics of the 
hydroxyproline-deficient protein are 
known. In all the systems investigated 
in this laboratory the protein remains 
associated with the microsomes, from 
which it can be extracted in a number 
of ways. The gelatinized hydroxypro- 
line-deficient "collagen" is nondialyz- 
able, is precipitable with tannic acid, 
and can be attacked by collagenase. 
Prockop and Juva (24) used various 
buffers to extract the hydroxyproline- 
deficient protein formed by chick em- 
bryo tibias in tissue culture. They 
found that it behaved as a large mole- 
cule (molecular weight approximately 
100,000 to 200,000). Comparable stud- 
ies were recently reported by Lukens 
(29). In studies with other tissues, dia- 
lyzable hydroxyproline-containing pep- 
tides have been detected during experi- 
mental studies of collagen biosynthesis 
(30). 

Appreciable information is also avail- 
able concerning the proline hydroxy- 
lase of chick embryo. Peterkofsky and 
I (23) showed that the enzyme was 
present in the microsomes. When mi- 
crosomes were washed, activity was 
lost and could be partially restored by 
addition of ascorbic acid or reduced 
tetrahydropteridines plus a heat-stable 
factor from the supernatant; Fe+ + was 
also implicated. Prockop and Juva (24) 
dissociated the enzyme activity from 
microsomes and observed stimulation 
by Fe++. These and earlier findings 
suggest that proline hydroxylase is an 
oxygenase similar to the enzymes that 
hydroxylate phenylalanine, tyrosine, and 
tryptophan. In this instance, however, 
the substrate is not the free amino 
acid but part of a polypeptide. 

Although the studies described above 
clearly indicate that proline is hydrox- 
ylated in peptide linkage during col- 
lagen biosynthesis, there have been a 

number of reports which are apparently 
inconsistent with such a mechanism. 
Mainly these have concerned the 
isolation of labeled hydroxprolyl- 
sRNA from a variety of systems which 
were incubated with proline-C14 (6). 
In this laboratory we looked carefully 
for such an intermediate since we, too, 
thought it was the most probable site 
for hydroxylation. However, as was 
pointed out above, we have been unable 
to isolate or detect hydroxyprolyl- 
sRNA in chick-embryo homogenates or 
extracts which were capable of con- 
verting proline to collagen hydroxy- 
proline. There have been no reports 
that a hydroxyprolyl-sRNA can be in- 
corporated into collagen, and recently 
Lukens (31) has reported many un- 
successful attempts to detect its for- 
mation. 

More recently, Manning and Meister 
(32) presented evidence that, in 
minced guinea pig granuloma that has 
been incubated with proline-C14, some 
hydroxyproline-CI4 appears at the ami- 
no acyl end of a peptide chain that 
is still attached to the ribosome. They 
also reported that, in the presence of 
sufficient puromycin to inhibit proline 
incorporation, appreciable hydroxyla- 
tion occurred when the proline was 
present in smaller ribosomal-bound pep- 
tides. They concluded that proline is 
hydroxylated while bound in peptide 
linkage and still attached to the ribo- 
some. 

Peptidyl Proline Hydroxylation 

Our findings and those from the lab- 
oratories of Prockop, Lukens, and 
Meister can be explained by a mechan- 
ism which is shown diagrammatically 
in Fig. 3. Proline is activated and con- 
verted to prolyl-sRNA, which then at- 
taches itself to the ribosome and is 
incorporated into a ribosomal-bound 
peptide. When the ribosomal-bound 
peptide reaches a definite size and con- 
tains appropriate sequences which can 
be recognized by the hydroxylase, cer- 
tain proline residues are hydroxylated 
to hydroxyproline residues. However, 
in the absence of oxygen, ascorbic acid, 
or the hydroxylating enzyme (33) the 
ribosomes form a proline-rich, hydrox- 
yproline-deficient protein. In the chick- 
embryo system this protein can be hy- 
droxylated by subsequent introduction 
of appropriate conditions for hydroxy- 
lation. 

Apparently the hydroxyproline-de- 
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ficient protein can be hydroxylated 
even after separation from the ribosome 
and after the addition of inhibitors of 
protein synthesis. Furthermore, some of 
the prolines in synthetic polymers such 
as (pro-gly-pro), can also be hydroxyl- 
ated. It would appear, therefore, that 
the substrate specificity of proline hy- 
droxylase is to a large extent deter- 
mined by a peptide sequence. Conceiv- 

ably the attachment to the ribosome 
may have some additional effect on the 
rate or site of hydroxylation. 

Conclusion 

Since lysine is no doubt hydroxylated 
by a comparable mechanism, a general- 
ized scheme for hydroxylation may be 
considered. The ribosome accepts am- 
ino acyl sRNA molecules destined for 
collagen. As polymerization proceeds, 
two conditions begin to be met which 
allow proline and lysine residues in 
peptide linkage to become substrates 
for the hydroxylase: (i) the peptide 
grows to a minimum size, and (ii) the 

two amino acids become incorporated 
into definite sequences which can be 
recognized by the specific hydroxylases. 
In the presence of sufficient hydrox- 
ylating enzymes and cofactors, hydrox- 
ylation keeps pace with peptide syn- 
thesis so that when the protein chain 
is completed it is fully hydroxylated. 
Under such conditions hydroxylation 
occurs during the process of translation. 
When hydroxylation is limited, ribosom- 
al peptide-synthesizing mechanisms are, 
for a time at least, unaffected and con- 
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Fig. 3. Scheme for the hydroxylation of proline during collagen biosynthesis. 
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tinue to elaborate the usual chain, 
which is, however, deficient in or de- 
void of hydroxylated residues. No 
large quantities of unhydroxylated "col- 
lagen" have been accumulated experi- 
mentally. We have even suggested that 
the rate of hydroxylation may be a con- 
trolling factor in collagen synthesis 
(23). However, certain worms normal- 
ly make a collagen in which almost 
all the imino acid residues are proline 
(34). It should be noted that collagen 
is composed of two different peptide 
chains and that each contains hydroxyl- 
ated amino acids. The same enzyme 
may be responsible for hydroxylation of 
both chains. 

The hydroxylation of an sRNA ami- 
no acid is a process at least as complex 
as the hydroxylation of an amino 
acid in peptide linkage. Hydroxylation 
of a partial or completed protein chain 
represents only one of many modifica- 
tions of proteins that are known to 
occur. These include disulfide-bond for- 
mation, N-acetylation, O-phosphoryla- 
ti,on, glycosylation, and O-sulfation. 
These modifications, which undoubtedly 
occur after the peptide chain of a pro- 
tein has been completed, are important 
in developing the final specific structure 
of the protein. 

Information about specific protein- 
modifying enzymes may prove to be of 
great practical value. In the field of 
cancer chemotherapy scientists have at- 
tempted to block protein synthesis at 
early stages by inhibiting the formation 
or the action of nucleic acids. The gen- 
eral idea is that tumor cells grow faster 
than normal cells and will therefore 
be more susceptible to inhibitors of 
protein synthesis. However, nucleic acid 
synthesis at this early stage is hardly 
a specific approach. In adult animals 
the turnover of most of the collagen is 

very slow (35), but collagen prolifer- 
ates rapidly at sites of wounds, irrita- 
tion, or tumor growth. It appears 
that the hydroxylases for "collagen" 
proline and lysine would be excellent 
targets for achieving specific inhibition 
of synthesis of this protein or at least 
for modifying its properties. In adult 
animals, inhibitors of these enzymes 
should have little effect except in tu- 
mors or the scar tissue of healing 
wounds. Should such inhibitors be- 
come available they will be of great 
value as tools and conceivably as 
therapeutic agents. 
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