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Procollagen molecules have amino-terminal and carboxy-terminal propeptides at the respective ends of the
collagenous triple helix. The carboxy-terminal propeptides enhance and direct the association of proa-chains
into procollagen molecules, but the mechanism of this registration function is still obscure. A hypothesis
concerning the function of disulfide bonding in the assembly of types I, II and III procollagen is put forward

Procollagen propeptide; Procollagen assembly; Protein disulfide isomerase

1. INTRODUCTION

The precursor molecules of collagens, pro-
collagens, consist of three polypeptide chains,
proa-chains, having five domains in their struc-
ture: the amino-terminal propeptide is followed by
a short telopeptide region, after which the triple
helical collagenous domain follows. At the carbox-
yl end of the triple helix another telopeptide region
separates the helical part from the carboxy-
terminal propeptide (for a review see [1]). Type 1
procollagen usually contains proa-chains of two
kinds: two proa;(I)-chains and one proa:(I)-chain,
while type I homotrimers, found in trace amounts
in certain tissues, are composed of three proa;(I)-
chains. Types II and III procollagen consist of
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three identical chains, named proa:(II)- and
proa;(IlI)-chains, respectively (see [1]).

The biosynthesis of collagen is characterized by
extensive co- and post-translational modification
of the newly synthesized polypeptide chains. The
intracellular hydroxylating and glycosylating en-
zymes responsible for these modifications act only
on unfolded proa-chains, the triple helix stopping
these reactions (see [1]). The degree of intracellular
modifications, e.g. proline 3-hydroxylation, lysine
hydroxylation and glycosylation of hydroxylysine
residues, varies between procollagens, type 1
heterotrimers and type III trimers being less exten-
sively modified than type II procollagen and type
I homotrimers (see [1]). This is generally believed
to be mainly due to variation in the time required
for the formation of the triple helical molecules, as
indicated by in vivo measurements, which give
folding times of 10 and 20 min for the pro-
collagens of types I and II, respectively (see [1]).

It has been known for several years that
disulfide bond formation between carboxy-
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terminal propeptides is essential for triple helix
formation (see [1]). The assembly of type III pro-
collagen starts with the association of folded car-
boxyl propeptides and is followed by formation of
interchain disulfide bonds between the carboxyl
propeptides, folding of the triple helix, and forma-
tion of disulfide bonds within the amino-terminal
propeptides [2]. The triple helix folding seems to
proceed from a single nucleus in a zipper-like
fashion, in which the cis/trans isomerization of
peptide bonds adjacent to some proline residues is
the rate-limiting step [3].

In a recent study by Koivu and Myllyl4 [4] it was
noticed that the formation of triple helical
molecules in vitro took 9.4 min for type I pro-
collagen and 17.1 min for type II procollagen in
the presence of protein disulfide isomerase, which
is an enzyme capable of catalyzing the formation
of native disulfide bonds in various proteins. The
formation of interchain disulfide bonds was a
more rapid process with half-times of 3.7 and
11.6 min for type I and II procollagen, respective-
ly. The disulfide bonding was followed by a zero-
order process having constantly a half-time about
6 min and this was thought to be due to the
cis/trans isomerization of peptide bonds. Thus,
the difference between the times required for the
formation of triple helical molecules was due to the
different rates of disulfide bond formation within
the carboxy-terminal propeptides of these pro-
collagen types.

2. HYPOTHESIS OF DISULFIDE BONDING
IN TYPES I-111 PROCOLLAGEN

Newly synthesized proa-chains are in a random
coil structure having free thiol groups in their cys-
teine residues. These are readily oxidized to ran-
dom disulfides in the cell, resulting in a mixture of
disulfide-bonded molecules (see [5]). The random
disulfides are then rearranged into native bonds
during the folding of the secondary structure of the
proa-chains, protein disulfide isomerase catalyzing
these rearrangement reactions. The native in-
trachain disulfide bonds in type I procollagen have
been shown to lie between residues 5—8 and 6-7
{6,7] while residues 1 and 2 are linked by interchain
bonds (fig.1) [7]. Either intrachain [8] or inter-
chain disulfide bonds [7] have been proposed to be
between cysteine residues 3 and 4 (fig.1), but the
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Fig.1. Schematic representation of the carboxy-terminal
propeptides of types I, II and III procollagen. The
telopeptide region lies to the left of the vertical bar and
the carboxy-terminal propeptide to the right. The
collagenous domain, not shown here, is to the left of the
picture. The solid circles indicate cysteine residues, the
numbers of which correspond to their ordinals in the
sequence. It should be noted that type I procollagen
contains two kinds of chain, the proa(I)-chain having 7
cysteine residues as compared with 8 cysteine residues in
the proai(l)-chains. Type III procollagen has three
additional disulfides at the end of the collagenous
domain. The intrachain disulfide bonds are shown
between residues 5—8 and 6—7, while the interchain
disulfides lie between residues 1-2 and 3—4.

nature of these bonds does not affect the
hypothesis proposed here. Unfolded prow-chains
are probably unable to associate and that is why
only intrachain disulfide bonds are formed at this
stage (fig.2B), native bonds being formed between
residues 5—-8 and 6—7 during the folding of the
secondary structure of carboxyl propeptides. The
second cysteine residue in the proa(I)-chain [9] is
missing as compared to the proa;(I)-chain [10]
leaving presumably the first residue as a free thiol
group (fig.2B). After the association of the folded
carboxyl propeptides the negative net charge of
this free thiol enhances its attack on the positively
charged second cysteine residue in one of the
proai(I)-chains forming a native interchain
disulfide bond (fig.2C) (for the factors affecting
disulfide bonding, see [11]). This again leaves the
first residue in this chain free, and it attacks the
second residue in the other proe(I)-chain (fig.2D).
In this way the free cysteine residue is able to
enhance the formation of native interchain
disulfide bonds without any formation of random
pairings. The three proa-chains are now correctly
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Fig.2. Schematic representation of the association of
proa-chains, indicating the mechanism of disulfide
bonding in type I procollagen. Only the carboxy-
terminal propeptides are shown. (A) Unfolded proa-
chains after protein synthesis. (B) Folding of proa-
chains to obtain their secondary structure, intrachain
disulfides being simultaneously formed, resulting in
native disulfides between residues 5-8 and 6—7. Non-
native disulfides exist between residues 1-2 and 3—4 at
this stage. (C) Association of folded proa-chains. (C—E)
Formation of native interchain disulfide bonds. The
asterisks indicate the stage at which the proa-chains are
in order alignment for triple helix folding. The parts of
the propeptides containing intrachain disulfides are
omitted at stages C—E for the sake of convenience.

disulfide bonded and the rest of the interchain
bonds are formed as the folding of the triple helix
begins.

There is a high degree of sequence homology
between the carboxyl propeptides of types I-II1
procollagen [9,10,12,13], the sequence homology
being best preserved around the location of cys-
teine residues. Thus, the folding process in type II
procollagen is most probably very similar to that in
type I procollagen. However, while there is an even
number of cysteine residues in the proa;(II)-chains
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[12] there may be no free thiols in the proa-chains
after the folding of the secondary structure
(fig.3B). That is why the formation of interchain
disulfide bonds probably proceeds more slowly
than in type I procollagen. Moreover, the forma-
tion of native interchain disulfides is presumably
not so favored as in type I, since the free thiol
directing the formation of the native interchain
bonds is omitted. As a result a longer time is re-
quired for disulfide bonding and triple helix for-
mation than in the case of type I procollagen.
There is an even number of cysteine residues
within the carboxyl propeptides of type III pro-
collagen, but there are two additional, adjacent
cysteine residues at the end of the triple helical do-
main (fig.1) [13]. These cannot form an intrachain
disulfide bond due to steric constraints and are left
free during the folding of the secondary structure
of carboxyl propeptides (fig.4B). Association of
the proa;(I1l)-chains may be facilitated by the
hydrophobic telopeptide region, and three
disulfide bonds are rapidly formed between these
residues (fig.4C). The chains are now aligned for
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Fig.3. Schematic representation of the association of

proa-chains in type II procollagen. See the legend to
fig.2 for further details.
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Fig.4. Schematic representation of the association of

proa-chains in type III procollagen. The carboxy-

terminal propeptide and the telopeptide region are
shown. See the legend to fig.2 for further details.

triple helix folding, and the folding begins while
the disulfides in the carboxyl propeptides are still
in the process of formation.

3. DISCUSSION

The above-mentioned hypothesis is able to ex-
plain some questions that have puzzled scientists in
collagen biosynthesis. The variable degree of cer-
tain post-translational modification in different
types of procollagen may be explained, at least
partially, by variable amounts of enzymes catalyz-
ing these modifications in cells synthesizing dif-
ferent collagen types [14]. However, this
explanation alone is not sufficient since while type
I heterotrimers and homotrimers are synthesized
by the same cells, there are significant differences
in the degree of post-translational modification
between these molecules [15]. The proaz(I)-chain is
missing in type I homotrimers and there are no free
thiol groups at the moment of chain association
(fig.3B,C). Thus interchain disulfide bonding is
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probably delayed as in type II procollagen and the
enzymes responsible for the co- and post-
translational modification have more time to
operate resulting in a higher degree of these
modifications as has been found by Uitto [15].
These findings clearly indicate the significance of
the unpaired cysteine residue in the proa»(I)-chain
during the assembly of type I heterotrimers.

Another unresolved problem in collagen biosyn-
thesis is that heterotrimers composed of proa-
chains of both type I and type III procollagen have
never been found, although several cells are able to
synthesize simultaneously these collagen types (see
[1D). The difference in the association and inter-
chain disulfide bonding between procollagen types
I and III however may explain this finding, offer-
ing a rather simple mechanism for the determina-
tion of proa-chains that are to be assembled with
each other.

For a more definitive review of the structure and
function of the carboxy-terminal propeptides of
the major procollagens see [16].
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