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The folding and assembly of procollagen occurs within
the cell through a series of discrete steps leading to the
formation of a stable trimer consisting of three distinct
domains: the N-propeptide, the C-propeptide and the
collagen triple helix flanked at either end by short
telopeptides. We have established a semi-permeabilized
cell system which allows us to study the initial stages
in the folding and assembly of procollagen as they
would occur in the intact cell. By studying the folding
and assembly of the C-propeptide domain in isolation,
and a procollagen molecule which lacks the C-propep-
tide, we have shown that this domain directs the initial
association event and is required to allow triple helix
formation. However, the essential function of this
domain does not include triple helix nucleation or
alignment, since this can occur when the C-propeptide
is substituted with a single transmembrane domain.
Also the telopeptide region is not involved in triple
helix nucleation; however, a minimum of two hydroxy-
proline-containing Gly-X-Y triplets at the C-terminal
end of the triple helix are required for nucleation to
occur. Thus, the C-propeptide is required solely to
ensure association of the monomeric chains; once these
are brought together, the triple helix is able to nucleate
and fold to form a correctly aligned triple helix.
Keywords: haemagglutinin transmembrane domain/
procollagen folding/trimerization

Introduction

Procollagen molecules fold and assemble through a series
of distinct intermediates which can be characterized by
their extent of modification, disulfide bonding status and
polymeric state (Bulleid, 1996). The essential features of
the folding and assembly pathway can be summarized as
follows. As the individual polypeptide chains are co-
translationally translocated across the membrane of the
endoplasmic reticulum (ER), intra-chain disulfide bonds
are formed within the N-propeptide and hydroxylation of
proline and lysine residues occurs within the triple helical
domain (Kivirikko et al., 1992). Once the polypeptide
chain is fully translocated into the lumen of the ER, the
C-propeptide folds, with the final conformation being
stabilized by the formation of intra-chain disulfide bonds
(Doege and Fessler, 1986). The proα-chains then associate
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via the C-propeptides to form a trimeric molecule which
can be stabilized by the formation of inter-chain disulfide
bonds (Schofieldet al., 1974; Olsenet al., 1976). The
formation of inter-chain disulfide bonds is not a pre-
requisite for further folding, as mutating the cysteine
residues involved has no effect on assembly or triple helix
formation (Bulleid et al., 1996). The triple helix then
nucleates and folds in a C- to N- direction, with the
N-propeptides finally associating and, in some cases,
forming inter-chain disulfide bonds (Bruckneret al., 1978).

Clearly the C-propeptide plays a crucial role in the
early stages of procollagen assembly, being responsible
for the initial interactions between chains, and thereby
driving chain assembly. These interactions also ensure the
‘type-specific’ assembly of individual procollagen chains.
It has been known for some time that a single cell can
synthesize several different procollagen types and yet they
only ever assemble in a type-specific manner. Thus, these
chains are able to discriminate between each other to
enable the selective association of the various procollagen
types. The specific amino acids responsible for this select-
ive association of chains have been identified recently
(Leeset al., 1997), but it is not clear if these are the only
residues required to stabilize the trimeric structure formed.

Although the C-propeptide clearly directs the associ-
ation of the individual chains, its role in ensuring triple
helix formation and conferring the correct alignment of
the individual chains has still to be determined. For the
non-fibrillar collagens, such as type XII, most of the
C-propeptide can be removed without preventing chain
association and triple helix formation (Mazzoranaet al.,
1994). For fibrillar collagens, studies with inhibitors of
prolyl 4-hydroxylase which prevent proline hydroxylation
and, therefore, triple helix formation have shown that
chain assembly can be broken down into two distinct
steps, namely the formation of a trimeric molecule by
association at the C-propeptide, followed by triple helix
nucleation (Ba¨chingeret al., 1981). For type XII collagen,
the nucleation and association events appear to be intim-
ately linked, as no association of the C-propeptide domain
is seen in the presence of inhibitors of prolyl 4-hydroxylase
(Mazzoranaet al., 1992, 1996).

This study sets out to address the role of the
C-propeptide domain of fibrillar collagens in the initial
association of the proα-chains along with nucleation of
the triple helix and alignment of the chains in the triple
helical domain. To facilitate these studies, we have used
a procedure to permeabilize selectively the plasma mem-
brane of cells grown in culture, which releases the cytosol
whilst retaining a functionally intact ER (Wilsonet al.,
1995). These semi-permeabilized cells can then be
included instead of microsomal membranes in a conven-
tional cell-free translation system. Using this system, the
translocation, disulfide bond formation and assembly of a
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Fig. 1. (A) Schematic diagram indicating the domains present within the various recombinant molecules described in the text. The domains identified
include the authentic N-propeptide, C-propeptide and C-telopeptide from the proα1(III) chain and a truncated triple helical domain encoding 192
amino acids (Lees and Bulleid, 1994). A region rich in hydroxyproline residues is also identified towards the C-terminal end of the triple helical
domain. Chevrons indicate deleted domains in the C-propeptide and telopeptide-minus constructs. (B) Amino acid sequence at the C-terminal region
of the triple helical domain of recombinant molecules used in this study. Proline residues with an asterisk are in the Y position of a Gly-X-Y triplet
and, therefore, have the potential to become hydroxylated. Solid vertical bars denote the boundaries of the C-telopeptide region. The C-proteinase
cleavage site is between Gly and Asp.

type III procollagen ‘mini-gene’ into a correctly aligned
thermally stable, triple helical molecule has been reconstit-
uted, mimicking the processes as they would occur within
an intact cell (Bulleid et al., 1996). By constructing
procollagen molecules lacking either the C-propeptide, or
containing the C-propeptide alone, we have demonstrated
that this domain is necessary and sufficient to ensure chain
association. However, we show that a transmembrane
domain can substitute for the C-propeptide, allowing the
formation of correctly aligned triple helical molecules.
This demonstrates that the C-propeptide is not required
for the nucleation and alignment of the individual chains.
We also show that the C-telopeptide region is not involved
in chain interactions. Rather, at least two hydroxyproline
residues are required at the C-terminal end of the triple
helical domain in order to ensure nucleation.

Results

A fibrillar procollagen chain can be divided into three
individual folding domains, i.e. the N- and C-propeptides
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and the triple helical region (Figure 1A). This study
utilized a procollagen type III ‘mini-chain’, designated
proα1(III)∆1, which encodes the N-propeptide, including
the amino-terminal signal sequence, a truncated triple
helical domain and the C-propeptide (Figure 1A). The
triple helical region in proα1(III)∆1 contains 192 residues
compared with 1023 amino acids in the full-length protein.
The deletion in the triple helical domain preserves the
Gly-X-Y triplet consensus and is not predicted to alter
the folding of the chains. Previous experiments have
shown that procollagen ‘mini-chains’ translated in the
presence of SP cells are efficiently translocated, modified
and, in the case of proα1(III)∆1, assembled into a correctly
aligned triple helix (Bulleidet al., 1996).

The role of the C-propeptide in procollagen folding

and assembly

Our initial aim was to investigate whether the C-propeptide
of procollagen is sufficient to drive the initial association
of the individual proα-chains. To address this aim, we
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Fig. 2. Synthesis of the C-propeptide domain in the presence and
absence of SP cells. RNA coding for the C-propeptide domain was
translated in a rabbit reticulocyte lysate in the absence (lanes 1 and 3)
or presence (lanes 2 and 4) of semi-permeabilized HT1080 cells (SP
cells). SP cells were isolated by centrifugation and solubilized prior to
electrophoresis. Products of translation were separated by SDS–PAGE
on a 10% polyacrylamide gel either with (lanes 1 and 2) or without
(lanes 3 and 4) reduction with 50 mM DTT. Commercial radiolabelled
molecular weight markers used were phosphorylase B (97.4 kDa),
bovine serum albumin (69 kDa),γ-globulin subunit 1 (53 kDa),
ovalbumin (46 kDa) andγ-globulin subunit 2 (22.5 kDa).

made a cDNA construct derived from the proα1 chain of
type III procollagen coding for the entire C-propeptide
with the C-telopeptide fused to the signal sequence for
targeting to the ER (Figure 1A and B). We also included
the first three amino acids (QEA) from the authentic
sequence to ensure efficient signal peptide cleavage after
translocation of the polypeptide across the ER membrane.
An RNA transcript was prepared and expressed in a
cell-free system comprising a rabbit reticulocyte lysate
optimized for the formation of disulfide bonds supple-
mented with semi-permeabilized HT1080 cells (SP cells).
We have shown previously that SP cells can carry out the
initial stages in the folding, post-translational modification
and assembly of procollagen (Bulleidet al., 1996).

When the RNA coding for the C-propeptide construct
was translated, a single major product was observed with
an apparent mol. wt of 32 kDa as deduced by SDS–PAGE
(Figure 2, lane 1). Minor lower molecular weight products
are due to initiation of translation at internal sites within
the coding sequence and are often seen afterin vitro
translation. When SP cells were included in the translation
reaction, a translation product of reduced mobility with
an apparent mol. wt of 35 kDa was synthesized (Figure
2, lane 2). This difference in mobility is due to a
combination of the addition of an oligosaccharide side
chain and the removal of the signal sequence, as was
demonstrated by an increase in mobility of the translation
product following endoglycosidase H digestion (results
not shown). When the same translation products were
separated by SDS–PAGE without prior reduction, higher
molecular weight products were observed (Figure 2, lanes
3 and 4). In the absence of cells, a large aggregate that
does not enter the separating gel can be seen, which
suggests that the translation product synthesized under
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Fig. 3. Comparison of the folding and assembly of proα1(III)∆1 and
the C-propeptide-minus chains. (A) RNA coding for proα1(III)∆1
(lanes 1 and 3) and the C-propeptide-minus construct were translated
in a rabbit reticulocyte lysate in the presence of SP cells. After
translation, SP cells were isolated by centrifugation, solubilized and
the translation products separated by SDS–PAGE through a 7.5% gel
either under reducing (lanes 1 and 2) or non-reducing (lanes 3 and 4)
conditions. Radiolabelled molecular weight markers used were bovine
serum albumin (69 kDa) and ovalbumin (46 kDa). (B) Translations
were carried out as described for (A). Isolated SP cells were
solubilized and digested at 30°C with a combination of chymotrypsin
(250 µg/ml) and trypsin (100µg/ml). The reactions were stopped by
the addition of soybean trypsin inhibitor, and acidified by the addition
of HCl to a final concentration of 100 mM. Samples were incubated
with pepsin (100µg/ml), the reactions being stopped by neutralization
with Tris base (100 mM). Digestion products were separated by
SDS–PAGE on a 12.5% gel. Lane 1, digestion products from the
proα1(III)∆1 translation. Lane 2, digestion products from the
C-propeptide-minus translation. Radiolabelled molecular weight
markers used were ovalbumin (46 kDa), carbonic anhydrase (29 kDa)
andβ-lactoglobulin (18.4 kDa).

these conditions forms non-native inter-chain disulfide
bonds. However, in the presence of cells, a distinct band
with an apparent mol. wt of 114 kDa corresponding to a
trimer was observed. This indicates that when the polypep-
tide chain is translocated into the ER the C-propeptide
domain folds correctly and can associate to form native
inter-chain disulfide bonds. This demonstrates that the
C-propeptides, in the absence of any sequence other
than the C-telopeptide, can associate and form disulfide-
bonded trimers.

To determine whether the C-propeptide domain was
necessary for assembly of the proα-chains, we constructed
a molecule which lacked the C-propeptide but which
retains the signal sequence, N-propeptide, a truncated
triple helical domain and the C-telopeptide with the
sequence terminating at the procollagen C-proteinase
cleavage site (Figure 1A and B). When RNA coding for
the parental molecule, proα1(III)∆1, was translated in the
presence of cells and separated by SDS–PAGE under
reducing conditions, a single translation product was seen
(Figure 3A, lane 1). This product migrated as an inter-
chain disulfide-bonded trimer when separated without
prior reduction (Figure 3A, lane 3). We have demonstrated
previously that this represents a correctly folded triple
helical molecule with inter-chain disulfide bonds stabiliz-
ing the structure in both the N- and C-propeptides;
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minor products seen represent inter-chain disulfide-bonded
trimers linked only at the C-propeptide (Bulleidet al.,
1996). Further confirmation that a triple helix was formed
can be shown by treating the translation products with a
combination of trypsin, chymotrypsin and pepsin. The
resistance to digestion of the triple helical domain demon-
strates correct folding (Bruckner and Prockop, 1981) and
is evidenced by a protease-resistant polypeptide with an
apparent mol. wt of 28 kDa which corresponds to the
truncated triple helical domain present in proα1(III)∆1
(Figure 3B, lane 1). When a similar analysis was carried
out on the C-propeptide-minus construct, no inter-chain
disulfide-bonded trimers were seen (Figure 3A, lane 4),
even though the cysteine residues known to form inter-
chain disulfide bonds at the C-terminal end of the triple
helical domain were present in the construct (Figure 1B).
However, a faster migrating polypeptide was observed
when the translation products were separated without prior
reduction (Figure 3A, compare lanes 2 and 4). This is due
to the formation of intra-chain disulfide bonds, probably
in the N-propeptide (Bruckneret al., 1978), which result
in a more compact structure with a faster mobility than
the fully reduced polypeptide. When the C-propeptide-
minus translation products were treated with proteases, no
resistant peptide remained (Figure 3B, lane 2), confirming
that in the absence of a C-propeptide, the chains do not
associate and, therefore, the triple helical domain does not
fold correctly.

What are the requirements for triple helix
nucleation?
Having established that the C-propeptide is sufficient and
necessary for the correct association of procollagen chains,
we then addressed the sequence requirements for nucle-
ation of the triple helical domain. It has been postulated
previously that the C-telopeptide may play a role in
ensuring both the nucleation of the helical domain and
chain alignment (Doege and Fessler, 1986; Dion and
Myers, 1987). As this region of 25 amino acids was also
present in our C-propeptide construct, it is conceivable
that it may play a role in the initial association of the
chains. To address this point, we constructed a cDNA
which encodes the same sequence as the parental proα1-
(III) ∆1 chain apart from the C-telopeptide region which
is deleted (Figure 1A and B). RNA coding for this
telopeptide-minus construct was translated in the presence
of SP cells and analysed for the ability to form inter-chain
disulfide-bonded trimers (Figure 4, lanes 1 and 3). The
results clearly show that under non-reducing conditions a
trimer is formed (Figure 4, lane 3). A protease-resistant
fragment corresponding to the triple helical domain
remained after protease digestion, demonstrating that a
correctly aligned triple helix had formed (Figure 4, lane
2). When the same protease-treated sample was separated
without prior reduction, a slower migrating peptide was
seen (Figure 4, lane 4) which corresponds to an inter-
chain disulfide-bonded trimer of the protease-resistant
fragments. The formation of inter-chain disulfide bonds
at the C-terminal end of the triple helix is a clear indication
that the triple helix not only has folded but also that the
chains are aligned correctly. Thus, these results demon-
strate that the C-telopeptide plays no role in either the
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Fig. 4. Folding and assembly of the telopeptide-minus chains. RNA
coding for the telopeptide-minus construct was translated in a rabbit
reticulocyte lysate in the presence of SP cells. SP cells were isolated
and solubilized and either separated by SDS–PAGE directly (lanes 1
and 3) or treated with proteases (lanes 2 and 4) prior to separation.
Samples were separated on a 10% gel either under reducing (lanes 1
and 2) or non-reducing (lanes 3 and 4) conditions. Commercial
radiolabelled molecular weight markers used were phosphorylase B
(97.4 kDa), bovine serum albumin (69 kDa),γ-globulin subunit 1
(53 kDa) and ovalbumin (46 kDa).

initial association of the chains or in triple helix nucleation
and alignment.

It is clear that hydroxylation of proline residues in the
collagen triple helix is a necessary prerequisite for triple
helix formation (Berg and Prockop, 1973). Analysis of
C-terminal Gly-X-Y triplets at the C-terminal end of
collagen triple helices reveals that they are rich in proline
residues in the Y position and, therefore, have the potential
to be hydroxylated by prolyl 4-hydroxylase. The proα-
chain of type III collagen has six proline residues in this
region that potentially can become hydroxylated (Figure
1B). To determine the role that these residues play in
nucleation of the chains, we first deleted this region to
create a construct we termed hyp-minus. It should be noted
that the truncated triple helical domain of proα1(III)∆1
contains 29 potential hydroxyproline residues (15% of
total amino acids) and that the hyp-minus construct still
contains 23 of these residues (13.2% of total amino acids).
This percentage of potential hydroxyproline residues in
the hyp-minus construct should still be sufficient to form
a stable triple helix. Thus, when a procollagen chain with
a sequence with an even lower percentage of hydroxy-
prolines was synthesized in SP cells it was still able to
form a thermally stable triple helix (Leeset al., 1997).
When RNA coding for the hyp-minus polypeptide was
translated in the presence of SP cells, an inter-chain
disulfide-bonded trimer was formed (Figure 5A, compare
lanes 2 and 7). However, this trimer migrated with a
slower mobility than the parent molecule (Figure 5A,
compare lanes 6 and 7), which suggests that inter-
chain disulfide bonds had formed in the C- but not the
N-propeptide. This would give rise to a trimer covalently
linked at only one end and, therefore, having a higher
hydrodynamic volume (Fessleret al., 1981). Thus it would
appear that the triple helical domain did not nucleate and
fold in this case, a conclusion that was confirmed when
the translation products were treated with proteases. As
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Fig. 5. Analysis of the folding and assembly of hydroxyproline
recombinants. RNAs coding for proα1(III)∆1 (lanes 1 and 6),
hyp-minus (lanes 2 and 7), hyp-1 (lanes 3 and 8), hyp-2 (lanes 4 and
9) and hyp-3 (lanes 5 and 10) were translated individually in a rabbit
reticulocyte lysate in the presence of SP cells. Cells were isolated by
centrifugation and either separated by SDS–PAGE directly on a 7.5%
gel (A) or treated with proteases prior to separation on a 12.5% gel
(B). Samples were separated under reducing (lanes 1–5) or non-
reducing conditions (lanes 6–10). Radiolabelled molecular weight
markers were as used in Figure 3.

can be seen (Figure 5B, lanes 2 and 7), no protease-resistant
fragments remained after digestion. This demonstrates that
the six Gly-X-Y triplets at the C-terminal end of the triple
helical domain are not required for the initial association
of the chains but are necessary to allow triple helix
nucleation and folding.

To ascertain the minimum number of Gly-X-Y triplets
required to nucleate the triple helix, we made a series of
constructs where we deleted five, four or three of the
original six triplets. We called these hyp-1, hyp-2 and
hyp-3, respectively, to indicate the number of potential
hydroxyproline residues in this region (Figure 1A and B).
When RNA coding for these individual constructs was
translated in the presence of SP cells, inter-chain disulfide-
bonded trimers were formed (Figure 5A, compare lanes
3–5 with 8–10). However, only hyp-2 and hyp-3 were
able to form the faster migrating trimer seen with the
parent molecule, which is indicative of inter-chain disulfide
bonds having formed in the N-propeptide. This would
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suggest that only these constructs were able to nucleate
the triple helix, thereby allowing triple helix folding. This
was confirmed when the translation products were treated
with proteases. Protease-resistant fragments remained after
digestion of the hyp-2 and hyp-3 polypeptides but not the
hyp-1 polypeptide (Figure 5B, lanes 3–5). A comparison
of the proportion of the translation products remaining
after digestion (Figure 5A and B, compare lanes 4 and 5)
would suggest that the efficiency of triple helix formation
was lower with the hyp-2 than the hyp-3 polypeptide.
This indicates that the additional hydroxyproline residue
present in the latter construct increases the interaction of
the polypeptide chains at the C-terminal end of the
triple helical domain. Importantly, the protease-resistant
fragment formed after digestion of these polypeptides is
disulfide bonded (Figure 5B, lanes 9 and10), indicating
that the helix is correctly aligned. Thus, at least two
hydroxyproline-containing Gly-X-Y triplets are required
at the C-terminal end of the triple helical domain to ensure
nucleation, folding and the correct alignment of the
collagen triple helix.

Can the triple helical domain nucleate without the
C-propeptide?
Our results demonstrated that the triple helical domain
requires a nucleation sequence, hydroxyproline-containing
Gly-X-Y triplets, in order to assemble and fold. We also
showed that, in the absence of the C-propeptide, this
nucleation event could not occur. This could be due to the
C-propeptide also having a role in triple helix nucleation or
it could simply be due to the C-propeptide being required
to bring the chains together in close proximity to allow
the nucleation event to occur. We decided to address
this question by replacing the C-propeptide with the
transmembrane domain from the trimeric molecule influ-
enza virus haemagglutinin. We would predict that this
would anchor the collagen-derived triple helix at the ER
membrane and would not interfere with the folding of this
domain. We replaced the entire C-propeptide domain up
to the C-proteinase cleavage site with this transmembrane
region to give rise to a construct which we termed HA-
trans (Figure 1A and B). When RNA coding for this HA-
trans polypeptide was translated in the presence of SP
cells, a proportion of the translation products formed inter-
chain disulfide bonds (Figure 6A, lane 4). The chains which
did not form inter-chain disulfide bonds did, however, form
intra-chain disulfides, as evidenced by a faster migration
of the monomer (Figure 6A, compare lanes 2 and 4).
This indicates that the N-propeptide of HA-trans folded
correctly and that some of the monomers were able to
associate to form inter-chain disulfide bonds. The effici-
ency of this association was less than that seen with the
parent molecule (Figure 6A, lanes 3 and 4). To determine
if the triple helical domain of HA-trans had formed, the
translation products were treated with proteases. The
results clearly demonstrate that a correctly aligned triple
helix is formed and that it is aligned correctly, as evidenced
by a protease-resistant fragment, which is inter-chain
disulfide-bonded, remaining after digestion (Figure 6B,
lane 4). This fragment has a mobility identical to that of
the fragment produced from the parent molecule, indicating
that a trimer is formed. Again the efficiency of trimeriz-
ation was less than that seen with the parent molecule;
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Fig. 6. Analysis of the folding and assembly of HA-trans recombinant.
RNAs coding for proα1(III)∆∆1 (lanes 1 and 3) and HA-trans (lanes 2
and 4) were translated in a rabbit reticulocyte lysate in the presence of
SP cells. Cells were isolated by centrifugation and either separated by
SDS–PAGE directly on a 7.5% gel (A) or treated with proteases prior
to separation on a 12.5% gel (B). Samples were separated under
reducing (lanes 1 and 2) or non-reducing conditions (lanes 3 and 4).
Radiolabelled molecular weight markers were as used in Figure 2.

this relative efficiency was, however, variable between
different preparations of SP cells. Thus, the triple helical
domain can nucleate to form a correctly aligned helix in
the absence of the C-propeptide. The essential function
of the C-propeptide in chain association during biosyn-
thesis can, therefore, be reproduced by a transmembrane
domain, albeit at a lower efficiency, indicating that the
main role of the C-propeptide during triple helix formation
is to ensure that the chains are brought close enough
together to allow nucleation of the helix to occur.

Discussion

The folding and assembly of procollagen molecules in the
ER has been shown to involve an initial association of
the individual proα-chains at the C-propeptide, followed
by a nucleation of the triple helical domain at its C-terminal
end, ensuring correct alignment of the chains. Evidence
to support this assembly pathway comes from experiments
carried out on the biosynthesis of procollagen under
conditions which prevent sufficient hydroxylation of pro-
line residues to enable a thermally stable triple helix to
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form (Berg and Prockop, 1973). Under these conditions,
an intermediate in the folding pathway is observed which
is a non-helical trimeric molecule stabilized by the form-
ation of inter-chain disulfide bonds in the C-propeptide
(Bächingeret al., 1981; Fessleret al., 1981). Once this
intermediate becomes hydroxylated, the triple helix folds,
demonstrating the requirement for proline hydroxylation
in order for the nucleation event to occur. As a consequence
of the nucleation event occurring at the C-terminal end of
the triple helix, this domain folds in a C- to N- direction,
the directionality of the process being confirmed by the
studies on the refolding of denatured type III collagen
(Bächingeret al., 1980). This general mechanism of helix
formation can also be applied to the non-fibrillar collagens
such as type XII, which also requires an association event
to occur prior to helix formation (Mazzoranaet al., 1994).

Our results demonstrate that chain association and
helix nucleation during assembly are directed by distinct
domains within the polypeptide chain. The essential func-
tion of the C-propeptide is to drive the initial association
event to form a trimer, a function which can be comple-
mented to a certain extent by the replacement of this
complete domain with the transmembrane domain from
influenza virus haemagglutinin. The role of this transmem-
brane domain in the assembly of the trimeric haemag-
glutinin molecule is not clear, but it is not essential to
ensure trimer formation (Singhet al., 1990). Interestingly,
the assembly of this molecule seems to be concentration
dependent and occurs as the protein is packaged into
transport vesicles destined for exit from the ER to the
intermediate compartment (Tatuet al., 1995). If the
trimerization of our HA-trans construct is dependent
upon the lateral diffusion of the molecule within the
phospholipid bilayer, rather than a more positive associ-
ation via the C-propeptide, this would explain the modest
efficiency of trimerization of this construct. The ability of
the HA-trans polypeptide to assemble to form correctly
aligned triple helices demonstrates that the C-propeptide
domain is not required specifically to direct the nucleation
event or to ensure chain alignment, a function that has
often been ascribed to this domain in the past (Doege and
Fessler, 1986; Dion and Myers, 1987).

Thus, our data suggest that as long as the triple helical
domains are brought together in the same vicinity, and
are tethered at the carboxy-terminus, they are able to
nucleate and fold. This is in contrast to the situation
when collagen lacking the C-propeptides is refolded after
denaturationin vitro. Unless inter-chain disulfide bonds
are present at the C-terminal end of the chain (as is the
case with type III collagen), then these chains are unable
to fold into correctly aligned helices (Engel and Prockop,
1991). Instead, they associate to form high molecular
weight aggregates consisting of overlapping misaligned
helices which are susceptible to digestion with proteases
(Bruckner and Prockop, 1981). Thus, the specific associ-
ation of the C-propeptides also functions to tether the
chain at one end, thereby preventing misaligned helices
from forming.

Our results also demonstrate that the second assembly
event, the nucleation and alignment of the triple helix, is
clearly directed by the most C-terminal Gly-X-Y triplet
of the triple helix and not by the C-propeptide or the
C-telopeptide. The strict requirement for at least two
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triplets containing hydroxyproline residues within this
region of the helix raises the question as to why other
adjacent Gly-X-Y triplets containing hydroxyproline
residues are unable to nucleate the triple helix. As helix
formation is a co-operative process, one would predict
that a sequence containing at least three hydroxyproline-
containing triplets would be able to nucleate the helix and
allow it to fold. During biosynthesis this clearly is not the
case since the hyp-minus triple helix used here was unable
to form a helix. Although the proline residues in the Y
position of the Gly-X-Y sequences throughout the domain
are hydroxylated, they were unable to nucleate the triple
helix. The ability of the C-terminal triplets to nucleate the
helix could be due simply to the fact that the chains are
also brought closer together at the C-propeptide, thus
allowing nucleation to occur. Alternatively, other mole-
cules such as prolyl 4-hydroxylase (Chessler and Byers,
1992) or Hsp47 (Nakaiet al., 1992) could prevent the
internal residues from nucleating the chains by binding to
the helix. Once the C-propeptide associates, these proteins
could be displaced, allowing the most C-terminal triplets
to nucleate the chains. Clearly further work will need to
be carried out to address this point.

Materials and methods

Construction of recombinant plasmids
Recombinant pα1(III)∆1 has been described previously (Lees and
Bulleid, 1994). Recombinant plasmid constructs were generated by PCR
overlap extension using the principles outlined by Horton (1993). PCR
reactions (100µl) comprised template DNA (500 ng), oligonucleotide
primers (100 pmol each) in 10 mM KCl, 20 mM Tris–HCl pH 8.8,
10 mM (NH4)2SO4, 2 mM MgSO4, 0.1% (v/v) Triton X-100, 300µM
each dNTP. Ten rounds of amplification were performed in the presence
of 1 U of Vent DNApolymerase (New England Biolabs, MA). Recombin-
ant C-propeptide-minus was generated using a 59 oligonucleotide primer
(59 GATTACGCCAAGCGCGCA 39) complementary to the T3 promoter
sequence upstream of the initiation codon in pα1(III)∆1 and a 39
oligonucleotide primer (59 TCGCTAGGTACCCTATTATCCATAATA-
CGGGGCAAAAC 39) complementary to the sequence in pα1(III)∆1 up
to the C-proteinase cleavage site and incorporating aKpnI site to
facilitate subsequent subcloning. PCR yielded a 1200 bp fragment which
was cut withHindIII and KpnI and subcloned into pBS-SK– (Stratagene
Ltd, Cambridge, UK). Recombinants hyp-minus, hyp-1, hyp-2, hyp-3
and the construct pα1(III)∆1-telo- (see below) were generated using a
59 oligonucleotide primer (59 AATGGAGCTCCTGGACCCATG 39)
complementary to a sequence 100 bp upstream of anXhoI site in
pα1(III)∆1 and a 39 amplification primer (59 TCGCAGGGTACCGT-
CGGTCACTTGCACTGGTT 39) complementary to a region 100 bp
downstream of the stop codon in pα1(III)∆1. A KpnI site was incorporated
to facilitate subsequent subcloning. Pairs of internal oligonucleotides, of
which one included a 20 nucleotide overlap, were designed to generate
molecules with precise junctions as delineated in Figure 1B. Overlap
extension yielded a product of ~1000 bp which was purified, digested
with XhoI and KpnI and ligated into pα1(III)∆1 from which a 1080 bp
XhoI–KpnI fragment had been excised. Recombinant telopeptide-minus
was generated by deleting 12 bp from the parental molecule pα1(III)telo-
using thePfuI mutagenesis method. The parent construct pα1(III)telo-
included the last four amino acids of the C-telopeptide PYYG and was
generated before the correct C-proteinase cleavage site was known
(Figure 1B). Recombinant C-propeptide was generated using a 59
oligonucleotide primer complementary to the T3 promoter sequence
upstream of the initiation codon in pα1(III)∆1 as described above and
a 39 amplification primer (59 TCGCAGGGATCCGTCGGTCACTTGC-
ACTGGTT 39) complementary to a region 100 bp downstream of the
stop codon in pα1(III)∆1. A BamHI site was incorporated to facilitate
subsequent subcloning. Pairs of internal oligonucleotides, of which one
included a 20 nucleotide overlap, were designed to generate molecules
with precise junctions to include the signal sequence and the C-telopeptide
as delineated in Figure 1B. Overlap extension yielded a product of
~1100 bp which was purified, digested withBamHI and ligated into
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pBS-SK– which previously had been digested withBamHI. Recombinant
HA-trans was generated using a 59 oligonucleotide primer (59 AATGG-
AGCTCCTGGACCCATG 39) complementary to a sequence 100 bp
upstream of anXhoI site in pα1(III)∆1 and two 39 primers HA1 (59
CAGTGACAGAGAACCTGCTACTGTAGCATAAATGGCAAGGATT-
TGATAAACTCCATAATACGGGGCAAA 39), containing overlap
sequence at the junction site towards the C-terminal end of the
C-telopeptide in pα1(III)∆1, and HA2 (59 CGTTCACTCGGTACCTCA-
GGAGCACATCCAGAAAGAGATCCCAGCCATCATGATTGACAGT-
GACAGAGAACCTGC 39) which contains an overlap with HA1 and
incorporates aKpnI site for ease of subcloning. The result of sequential
amplification with these primers was an ~1000 bp fragment which was
purified, cut withXhoI andKpnI and ligated into pα1(III)∆1 from which
a 1080 bpXhoI–BamHI fragment had been excised.

Transcription in vitro
Transcription reactions were carried out as described by Gurevichet al.
(1987). Recombinant plasmids were linearized and transcribed using T3
RNA polymerase (Promega, Southampton, UK). Reactions (100µl)
were incubated at 37°C for 4 h. Following purification over RNeasy
columns (Qiagen, Dorking, UK), the RNA was resuspended in 100µl
of RNase-free water containing 1 mM dithiothreitol (DTT) and 40 U of
RNasin (Promega).

Translation in vitro
RNA was translated using a rabbit reticulocyte lysate (FlexiLysate,
Promega) for 90 min at 30°C. The translation reaction (25µl) contained
17.5 µl of reticulocyte lysate, 0.5µl of 1 mM amino acids (minus
methionine), 0.5µl of 100 mM KCl, 0.25µl of ascorbic acid (5 mg/ml),
15 µCi of L-[35S]methionine, (NEN, Dreiech, Germany), 1µl of
transcribed RNA and 1µl of (~23105) semi-permeabilized cells (SP
cells) prepared as previously described (Wilsonet al., 1995). After
translation,N-ethylmaleimide was added to a final concentration of
20 mM. SP cells were isolated by centrifugation at 10 000g for 5 min
and the pellet resuspended in an appropriate buffer for subsequent
enzymatic digestion or gel electrophoresis.

Proteolytic digestion
Isolated SP cells were solubilized in 50 mM Tris–HCl, pH 7.4, containing
0.15 M NaCl, 10 mM EDTA, 1% (v/v) Triton X-100 and centrifuged at
10 000g for 5 min to remove cell debris. The supernatant was recovered
and then digested with a combination of chymotrypsin (250µg/ml) and
trypsin (100 µg/ml) (Sigma, Poole, Dorset) for 1 min at 30°C. The
reactions were stopped by the addition of soybean trypsin inhibitor
(Sigma) to a final concentration of 500µg/ml, and acidified by the
addition of HCl to a final concentration of 100 mM. Samples were
incubated with pepsin (100µg/ml) for 2 h at 30°C. The reactions were
stopped by neutralization with Tris base (100 mM) and prepared for
electrophoresis as described below.

SDS–polyacrylamide gel electrophoresis
Samples were prepared for electrophoresis by the addition of SDS–
PAGE loading buffer [0.0625 M Tris–HCl pH 6.8, SDS (2% w/v),
glycerol (10% v/v) and bromophenol blue] in the presence or absence
of 50 mM DTT and boiled for 5 min. After electrophoresis, gels were
dried, processed for autoradiography and exposed to Kodak X-Omat AR
film. Radiolabelled molecular weight markers were either obtained
commercially (NEN, Dreiech, Germany) or by reductive methylation of
lysyl residues using the procedure of Dottavio-Martin and Ravel (1978).
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