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Type I procollagen heterotrimer assembly is linked to subtle
differences in the structures of the pro-al(I) and pro-a2(I)carboxyl-propeptides
A R T H U R VEIS*, KEITH A L V A R E S and JAMES P M A L O N E
Division of Oral Biology, Department of Basic and Behavioral Sciences,
Northwestern University, Chicago, IL 60611, USA
e-mail: aveis @nwu.edu

Abstract. The assembly of the type I procollagen heterotrimer is initiated by an
interaction between the carboxyl propeptides, with triple helix folding proceeding in
the C ---)N direction. The pro-al(I)-C-propeptides can interact with self to form the
homotrimer or with pro-a2(I)-C-propeptide to establish the heterotrimer. The two
propeptides are similar in length and have about 65% identity in sequence.
Nevertheless, we proposed that differences in interaction between propeptides might
account for the in vivo selection of heterotrimer formation rather than homotrimer
formation. To test this hypothesis we have determined the probable structures of.the
human C-propeptides by molecular modeling and energy minimization using
Molecular Simulations Insight, Discover 95.0/3.0, and Biopolymer programs. The
propeptide structures were constrained with the two known intrachain disulfide bonds
in each case. The two structures were globally similar, with three distinct structural
domains (G-I, L, G-II) in each case. A few crucial Pro residues and other sequence
differences, however, produced different structures in each domain. The different
interaction profiles of the three domains may be of crucial importance for heterotrimer
selection.
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1. I n t r o d u c t i o n
The assembly of the procollagen I heterotrimer begins by an interaction of the carboxyl
propeptides 1 within the endoplasmic reticulum (ER) compartment 2. The triple helix is
then propagated from the associated C-propeptides to the N-terminus 3,4 Since in systems
in which the pro a2(I) chains are not expressed or translated, the pro ctl(I) appear to
readily form stable homotrimeric molecules, some mechanism for the preferential
selection the heterotrimer must be operable. There seem to be three alternatives. The first
possibility is that there are specific direct and strong interactions between the pro a l ( I )
and pro a2(I) C-propeptides. Second, the interactions of the pro a2(I) C-propeptides with
themselves must be weak or form unstable homotrimers 5, favoring the heterotrimer, or
third, there may be specific ER-resident chaperone proteins that block the self-interaction
of the pro a2(I) C-propeptides. Our recent study 6 showed that the pro ct2(I)
C-propeptides could readily interact with self in vitro and in vivo, and suggested that
different ER-resident chaperone proteins might bind specifically to the C-pro a l ( I ) and
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C-pro a2(I) propeptides. Thus it was necessary to compare the structures of the two
propeptides to determine the source of the potential interaction differences.
We have approached this problem by using the known sequences of the human
C-propeptides and modeling their structures. The two, propeptides are similar in length,
246 residues for the C-pro al(I) and 247 for the C-pro a2(I). They have 60.6% sequence
identity and very conservative homology for an additional-21.7%. However, the
remaining residues have non-conservative differences. The models, as described below,
show that although they are of similar global structure, the two propeptides are different
in structure detail and stability, and thus might well have the potential for differential
interactions.
2. Modeling
The sequences of the human C-propeptides were entered into the Molecular Simulations
Insight program, with Discover 95-0/3.0 and Biopolymer software, using a Silicon
Graphics Indigo 2 R4000 X/Z system (Biosym/MSI, San Diego, CA). The two
propeptides were minimized separately, starting from a trans extended chain structure. In
each case the two known intrachain disulfide bonds linking the appropriate cysteine
residues were imposed as specific structural constraints. The minimizations were carried
out using the general Consistent Valence Forcefield (CVFF) in a Steepest Descents
Gradient followed by a Conjugate Gradient until the r.m.s, deviation was below 0.001 in
each case 7.
3. Results and discussion
The sequences of the human C-type I collagen propeptides are presented as aligned
sequences in figure 1. Principal regions of difference are in the most amino-terminal
region where the a2 has 3 additional residues and in the region near residue 100 in each
peptide, where 2 additional residues appear in the a l sequence. The additional sequences,
in both cases, contain a Pro residue, with strong structure determining implications. The
distinctively placed Pro residues throughout the peptides are highlighted. The arrows
show the intrachain disulfide linkages that are established in the native structures. These
form two loops in each peptide, a large loop created by bonding Cal81 ---) C~1 244 and
C~283 ~ Ca2245, and internal loops C~1152 --) C,~l 197 and Ca2153 "-) Ca2198.
During minimization, the C-pro a 1(I) sequence converged slowly to a net total energy
o f - 3 5 5 kcal/mol. The C-pro a2(I) sequence converged more rapidly (10,000 iterations)
but to a lesser net total energy of -187 kcal/mol. The overall structures of the two
peptides are shown in figure 2, in which it is evident that both peptides have similar
overall structures. Each begins with an extended chain, random coil domain (R) that
includes the Cys residues not involved with intra chain folding (Residues: a l , 1 --~ 71;
a2, 1 -->74). This is followed by a folded region, G-I, through a l 118 and a2 117,
respectively. These peptide strands continue through a "linkage" domain, Lfo~w,rdthrough
to a l 148 and a 2 149. Another highly folded domain, G-II, proceeds through residues a l
212 and a2 213, The folding changes the chain direction and the final peptide segment
turns back to complete the Cys 244-Cys 81 or C245-C84 disulfide bond, respecti.vely.
The strand, virtually the same length as Lforwardbecomes part of the L domain, L~cv~e,
creating the possibility of anti-parallel beta sheet segments. The domains in each
propeptide are in the order R-(G-I)-Lfo~ward-(G-II)-L........
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Figure 2. The calculated models of the C-propeptides. The color-coding is as follows: Red - the N-terminal random chain domain, to a l C 3 6 ;
G r e e n - continuation of the random chain domain to a lC71; B l u e - globular domain G-I, to a l C 1 1 8 ; Y e l l o w - linkage domain Leo~w~, to
a l C 1 4 8 ; White - globular domain G-II, to a l C 2 1 2 ; Red - linkage domain Lreverseto a l C 2 4 6 . The comparable a 2 propeptide sequences are also
specified. The positions of the Cys residues in each chain are indicated specifically. Globular domain G-I is in blue, Globular domain G-II is in
white. The directions of the chains (N --~ C) in the L domain are indicated by the yellow and red arrows. (Adapted and modified from ref. 6.)
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Figure 3. Analysis of the conformations of the two propeptides, based on the calculated ~b and ~0 peptide bond rotation angles. The R, G-I, L, and G-II
domains are indicated. The fl-strand regions are ir/dicated by the arrows, random coil domains are represented by a line. Note that there are no a helical
conformations. The folded regions, that lead to limited accessibility of solvent or interacting ligands to the peptide backbone, are represented by the intensity of
the shading of along the chain background. These are clearly the G-I and G-II domains. The symbols of "most favored", "allowed", "generous" and
"disallowed" for each amino acid show that the majority of each calculated sequence (in this first approximation) is in a favored or allowed domain. This is
particularly true for the chain segments in the L domains.
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Computations of the acceptability of the tp-~0 rotational angles for each residue, based
on the proposed secondary structures, are summarized in figure 3. The most striking
feature of both chains is the complete absence of sequences in the a-Helix conformation.
The majority of the R and G domains are in folds and turns which are allowed, but which
do not have extensive regular structures. The L domain, with its anti-parallel chains in the
disulfide-linked structures, is especially interesting. In the anti-parallel array the Lfo~ward
and L~evers~sequences have matched sets of equivalent t-structure segments. The C:pro
a2(I) has a higher degree of t-structure in the L domain than does the C-pro al(I), and
would hence be a more rigid structure. Circular dichroism studies of the recombinant
propeptides confirm the conclusion ttiat C-pro a2(I) has a higher t-structure content than
C-pro a l ( I ) 6.
The G-I and G-II domains are also quite different. Space filling models (not shown)
confirm the estimated more limited accessibility of the G-II domain of C-pro a2(I) as
compared with C-pro al(I), and the different interaction surfaces.
These preliminary structure analyses, which must now be confirmed by direct
measurements on the recombinant C-propeptides, are nevertheless quite consistent with
the hypothesis that the interactions between the C-propeptides with each other and,
potentially, with other cell proteins, are indeed specific. That is, the C-pr0 a l ( I ) and
C-pro a2(I) structures are not identical. Their intrinsic interaction potentials are likely to
be of importance in the chain selection process that governs type I procollagen
heterotrimer formation.
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