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Conformational energy computations on the structure of collagen-like poly(tripeptide)s at various
levels of structural complexity, carried out mostly in the laboratory of the authors, are reviewed. Poly-
(Gly-Pro-Pro) was used as the main model for collagen, although other sequences have also been
investigated. An exhaustive study of regular single- and triple-stranded conformations has been pos-
sible because of the small number of independent variables. The proposed role of -bend formation in
single strands in post-translational prolyl and lysyl hydroxylation has been confirmed. The computed
triple-stranded structure with the most favorable energy agrees closely with an observed single crystal
structure and with proposed models derived from fiber diffraction studies on collagen. This struc-
ture is favored even in the presence of hydration. Computations on the packing of triple helices have
indicated that specific residue-residue interactions are crucial in stabilizing the observed parallel pack-
ing of triple helices in microfibrils. The computations have predicted that hydrogen bonds involving
hydroxyl groups of Hyp residues stabilize the aggregation of triple helices. This series of studies
confirms the working principle that complicated protein structures can be investigated by considering
successively structural elements of increasing levels of complexity.
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I. INTRODUCTION

Theoretical analysis of protein conformations results in an improved understand-
ing of the interactions that determine protein folding, and it can lead to predictions
concerning the structure and stability of proteins.*? The scope of theoretical stu-
dies has expanded over the last 25 years from oligopeptides to entire protein mole-
cules and to protein-protein association. Several significant steps of progress in our
laboratory have been achieved in collaboration with Professor Tatsuo Ool, ranging
from computations on the stability of a-helices*® to the analysis of the flexibility
of a protein molecule® and to a novel treatment of the thermodynamics of hydration
of proteins.® It gives us great pleasure to dedicate this review to Professor Tatsuo
Ooi-on the occasion of his retirement.

We summarize here the main results of the ongoing investigation in our labo-
ratory of one particular protein, collagen. The conformational energy computations
have been carried out at various levels of structural complexity. The work on col-
lagen serves as a good illustrative example of the potential and scope of conforma-

* To whom requests for reprints should be addressed.
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tional energy computations.

The structure of collagen can be described as a hierarchical order of self-as-
sembly of repeating structures at various levels. The smallest such structural unit
occurs at the level of the covalent structure, corresponding to the Gly-X-Y tripeptide.
The regular repetition of the conformation of this unit along a polypeptide chain
constitutes the regular helical structure of the individual polypeptide strands. = Three
helical strands assemble into the triple-helical collagen molecule. The molecules
associate laterally and longitudinally to form microfibrils. These, in turn, form
fibrils which continue to aggregate and constitute various forms of connective tissue.
The reader is referred to recent reviews for detailed descriptions of the structure
of collagen”™® and, in particular, of the energetics and thermodynamics of self-
assembly™.

The sequence of our conformational energy computations, summarized here,
has been designed to follow this hierarchical structure. It proceeded from the con-
formational analysis of oligopeptides to that of higher-level structures. So far, it has
reached the level of pairs of packed triple helices, serving as a model for microfibril
formation. Starting from the known conformational properties of individual amino
acid residues™® (blocked at both termini to represent a residue in the interior of
a polypeptide chain), we have analyzed first the conformational preferences of Gly-
X-Y tripeptides and of their oligomers.®"® Based on these results, the preferred
regular helical structures for single-chain (Gly-X-Y), polypeptides were deduced.
These, in turn, formed the basis for determining the energetically most favored ways
of assembling three regular chains, according to various symmetry criteria.*”®
The conformational flexibility of various amino acid side chains in positions X and
Y™ and the rigidity of the triple helix as a function of its sequence™ have also been
analyzed.

Following this, the energetically most favorable ways of packing two triple hel-
ices have been computed,’®® and the important role of the hydroxyprolyl residue
in stabilizing the packing has been pointed out.® The effects of hydration on the
stability of the structures have also been considered.?

Short non-triple-helical sequences (the telopeptides) that occur at both ends of
the molecule will not be considered in this review, even though they also play an
important role in collagen self-assembly.”~9

Poly(Gly-Pro-Pro) is the simplest polypeptide sequence resembling collagen.
Because of the frequent occurrence of Pro and Hyp in positions X and Y, respec-
tively, any model for the conformation of the collagen molecule and for higher levels
of assembly must be consistent with the conformational constraints inherent in the
Gly-Pro-Pro or Gly-Pro-Hyp sequence. Low-energy conformations for these se-
quences allow the substitution of any other amino acid in positions X and Y, cor-
responding to the natural collagen sequence, because any conformation that is per-
mitted for Pro (or Hyp) is accessible for any other residue as well, but the converse
is not necessarily true. For this reason, poly(Gly-Pro-Pro) is used frequently as a
model in experimental and theoretical studies of the conformational properties of
collagen.”™'®  Every stage of our computations summarized here was first carried

(399)



G. NtMeTHY and H.A, SCHERAGA

out on the (Gly-Pro-Pro) tripeptide or on poly(Gly-Pro-Pro), and these models were
then applied to other sequences as well.

Throughout this work, atomic coordinates and energies were computed with
the original®® (ECEPP) or revised® (ECEPP/2) version of the “Empirical Confor-
mational Energy Program for Peptides.” A recently developed hydration shell
model®®) was used to compute the free energy of hydration. Interactions between
triple helices were computed by a general method developed for the analysis of pack-
ing of helices.??

II. SINGLE-STRANDED GLY-X-Y POLYPEPTIDES

A. Regular Conformations of Poly(Gly-Pro-Pro) and Poly(Gly-Pro-Hyp)

Miller and Scheraga have carried out an exhaustive search for all regular low-
energy conformations of the (Gly-Pro-Pro), molecule.”® Only 80 conformations
were found within an energy range of 15.0 kcal/mol of the Gly-X-Y repeat unit.
26 of them fell within an energy range of 3 kcal/mol of repeat unit. The exhaustive
computation was made feasible by the following special features of the problem.
The allowed conformational space of the Gly-Pro-Pro tripeptide is strongly limited.
Because of the constraint of the ring, there exist only five minimum-energy back-
bone conformations for Pro (or Hyp) residues, even though cis-trans isomerization
of the preceding peptide bond can occur, in contrast to other residues for which

1.2 Furthermore, the conformation of the residue

the cis form has a high energy.
preceding Pro is also limited, because of steric constraints.”® Therefore, a com-
plete search of conformational space was possible for di- and tripeptides.

A randomly coiled poly(Gly-Pro-Pro) chain still would possess an enormous
number of conformations. On the other hand, for the purposes of analyzing the
assembly of the chains into triple-stranded molecules (Sec. III), only regular chain
- conformations had to be considered, in which all Gly-X-Y units have the same con-
formation.”® Therefore, all possible conformations of the Gly-Pro-Pro tripeptides
were computed and inserted into a regular chain structure. The latter step allowed
the elimination of a few tripeptide conformations that could not be extended into a
regular polymer structure, because of steric hindrance between successive tripeptides.

The results showed that the poly(Gly-Pro-Pro) molecule has considerable flexi-
bility, in spite of the severe constraints caused by the Pro residues, and that numerous
low-energy single-chain conformations that contain cis peptide bonds exist.'®

Recently, the free energy contribution of hydration was incorporated into the
computation,” using a newly developed hydration shell model.?*® This contribu-
tion does not result in an alteration of the dihedral angles of the minimum-energy
conformations, but it reduces the range of the free energy differences between various
conformations by a factor of two. Thus, the presence of hydration enhances the
flexibility of the ensemble of single chains.

The dihedral angles and relative energies of the single-strand conformations of
(Gly-Pro-Pro), and of (Gly-Pro-Hyp), are identical, both in the absence and presence

of hydration."? The free energy of hydration for a given conformation of a Gly-
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Pro-Hyp peptide is about 4.5 kcal/mol of GXY unit lower than for the correspond-
ing (Gly-Pro-Pro) conformation, as a result of the favorable hydration of the 4-Hyp
residue, but this does not affect the conformational distribution.

B. Regular Conformations with Other Sequences

Similar computations have been carried out for other sequences that can serve
as general models of collagen, viz. for (Gly-Pro-Ala), and (Gly-Ala-Pro),, in which
a non-imino acid is substituted in positions Y or X, respectively.”® The poly-
(tripeptide) conformations were generated by combining all minimum-energy con-
formations of the constituent dipeptides.”
single-chain structures is roughly doubled, as a result of the increased flexibility of

Ala, as compared with Pro.

The number of régular low-energy

C. Post-translational Hydroxylation and g-bend Formation

Our computations have demonstrated that there is a very high probability of
occurrence of a #-bend at the Pro-Gly position in the Pro-Pro-Gly-Pro tetrapeptide
and that the #-bend can also be accommodated in single-stranded poly(Gly-Pro-Pro),
while the probability of #-bend formation is very low at the Gly-Pro position.?
This result supports the hypothesis®? that a #-bend at Pro-Gly is required for post-
translational hydroxylation of Pro during the biosynthesis of collagen, before assem-
bly of the chains into the triple-helical structure. It also explains the observed speci-
ficity for hydroxylation of Pro in position Y, to the exclusion of position X. Further-
more, similar computations have shown that a hydrogen bond between the OH of
Hyp and the G=O of the preceding Gly residue stabilizes the f-bend conformation
as well as a partially extended conformation that may be a kinetic intermediate in
the formation of the triple helix.®

It has also been suggested® that a f-bend may play a role in the preferential
post-translational hydroxylation of Lys residues in position Y. Computations on
Lys-containing tetrapeptides have indicated that they exist as an ensemble of many
conformations, but that a g-bend is one of the favored conformations, and the type
of B-bend formed depends on the position (X or Y) of the Lys residue.®

III. STRUCTURE AND STABILITY OF THE TRIPLE HELIX

A. Three-stranded Poly(Gly-Pro-Pro) Structures

Three equivalent regular poly(Gly-X-Y) chains can be assembled into a three-
chain structure in various ways, corresponding to various symmetry arrangements.
%1% These include coiled coils (forming a triple helix) with screw symmetry and
parallel-chain complexes with either screw or rotational symmetry. In principle,
coiled coils with rotational symmetry would also be possible, but they are sterically
less satisfactory.

The energy has been computed for all possible ways of arranging three identical
(Gly-Pro-Pro), chains, starting from the computed low energy conformations (Sec.
II. A) and minimizing the energy of the three-chain structure.’® The structures
considered included the various symmetry arrangements mentioned. ~Coiled-coil
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structures generally had much lower energies than parallel-chain arrangements. The
energetically most favorable structure is a coiled-coil triple helix with all-trans pep-
tide bonds. Its helical parameters are close to the models derived for collagens from
fiber X-ray diffraction measurements.®3® The atomic coordinates of the computed
structure agree with those obtained subsequently from a single-crystal X-ray study®’
of (Pro-Pro-Gly),, to within an r.m.s. deviation of 0.3 A. The total energy of this
structure is at least 4.2 kcal/mol of Gly-Pro-Pro unit lower than that of any other
triple-stranded arrangement, i.e. it is strongly stabilized over other, hypothetical
structures. The inclusion of hydration reduces the free energy difference between
various structures, but the collagen-like triple helix is still more stable than any
other structure, by at least 2.0 kcal/mol of Gly-Pro-Pro unit.?® Other calculations,
using ECEPP, confirmed that the structure with triple-helical parameters closest to

collagen is energetically most stable.®3®

There is a slight improvement in the
fitting of the computed structure to the single-crystal structure if flexibility (i.e.

puckering) of the prolyl ring is allowed.

B. Other Three-stranded Poly(tripeptide) Structures

Identical conclusions have been reached for poly(Gly-Pro-Hyp)™ and for poly
(Gly-Pro-Ala)™® as for poly(Gly-Pro-Pro). Essentially the same collagen-like triple
helix has the lowest energy for all three poly(tripeptide)s, with a somewhat larger
value of the angular repeat for the poly(Gly-Pro-Ala) structure. For poly(Gly-Ala-
Pro), on the other hand, several packing arrangements have comparable energies,
including triple-stranded coiled coils and parallel-strand structures.”® This agrees
with film diffraction data for the latter polypeptide which showed that films with
both kinds of symmetries can occur, depending on the solvent used to prepare the
film.1%%  The result indicates that the balance between several structures with sim-
ilar energies can be shifted by interactions with the solvent.

Tumanyan et al. have carried out computations on all four of these poly(tri-
peptide)s, taking the flexibility of the prolyl ring into account.***? Their conclu-
sions with regard to the structure of the most favorable triple helical structures agree
with those described above. With the use of flexible proline, the computed helical
parameters for poly(Gly-Pro-Pro) and poly(Gly-Pro-Ala) come even closer to each
other. Poly(Gly-Ala-Pro) and poly(Gly-Ala-Ala) were found to be similar to each
other and somewhat more flexible than the other structures, in agreement with the
result for poly(Gly-Ala-Pro), cited above.

The presence of 4-Hyp instead of Pro in position Y enhances the thermal stability
of the triple helix both in collagen and in synthetic model poly(tripeptide)s.~*)
The stabilization cannot be attributed to direct interactions, such as hydrogen bond
formation, between the hydroxyl group of Hyp and backbone atoms of the triple
helix, as demonstrated by both conformational energy computations and the ster-
%48  The mere presence of water around the
triple helix, expressed in terms of a hydration-shell model, does not provide an ex-
planation of the stabilization.”> On the basis of the geometry of the triple helix,
several models have been proposed that demonstrate that a water molecule, spectfically

eochemical consideration of models.
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hydrogen-bonded to ihe hydroxyl group, could form a bridge to backbone carbonyl
groups.®™  We plan to investigate the energetics of such localized interactions with
water.

On the other hand, Hyp in position X decreases the thermal stability of the
triple helix.*®
dration of poly(Gly-Hyp-Pro) is also to be studied.

No explanation is available for this effect. The possible role of hy-

C. The Effect of Local Substitutions

Most of the conformational energy studies cited have been carried out on re-
peating poly(tripeptide)s. Substitution of individual residues at particular positions
in a poly(Gly-Pro-Pro) or poly(Gly-Pro-Ala) triple helix could conceivably have a
destabilizing effect because of changes in the residue geometry (bond lengths and
hond angles), steric effects, or altered non-covalent interactions. Acutally, how-
ever, it was found that changes in the helix geometry and in intra- and interchain
energies are very small when such substitutions are made.®® As a consequence, it
is possible to use the poly(tripeptide) models for the study of the general physical
properties of triple-helical collagen. Computations with flexible prolyl ring geome-

try corroborate this conclusion.*?

D. Conformational Preferences of Side Chains

We have shown that the placement of a residue (into position X or Y) and
the nature of neighboring residues in the same and neighboring strands may have a
profound effect on the conformational freedom of side chains in the triple helix.'?
The presence of a bulky neighbor (especially an imino acid) can reduce the number
of allowed conformations of the side chain and alter the relative energies of the re-
maining ones. Intra- and interchain interactions are strongly sequence-dependent.
Thus, side chains in position X interact sterically with an imino acid in position Y
of the same strand, so that the presence of Pro (or Hyp) in position Y restricts their
conformational freedom. Their interactions with the other strands are negligible,
however. The opposite is seen for side chains in position Y. Their conformation is
not influenced by the nature of residues in position X in their own strand, but they
are strongly constrained by the presence of Pro in the neighboring strand. Although
every amino acid residue can be accommodated in any position in the triple helix,
large differences exist in the conformational freedom of various side chains, depending
on their placement and on the nature of their neighbors. Observed preferences” of
some amino acids for positions X or Y can be correlated with these differences, for
example the preference of Leu and Phe for position X or Thr for position Y.

These preferences were also seen in model studies®®*? and also in stereochemi-

cal (hard-sphere) computations,®®V.

A gquantum-mechanical study of collagen-
like tripeptides reached similar conclusions about the comstraining role of Pro in
position Y and about the preference of Phe and Ile for positiori X, from the com-
parison of side-chain conformational freedom in various single-stranded tripeptide

sequences.5
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E. The Entropy of Local Destabilization of the Triple Helix

There is recent evidence that sequence-dependent transient local destabilization
of the triple helix may occur at particular locations along the natural collagen se-
quence.’® Most of this evidence has come from studies of proteolytic cleavage.?*~5"
Collagenase cleaves collagen at a Gly-Ile or Gly-Leu peptide bond at a specific loca-
tion, in a region of 12 amino acids not containing Pro and Hyp, but not at other
Gly-Ile peptides along the sequence. Several other proteolytic enzymes also act
specifically in the same region.® It has also been suggested that the triple helix
in two other regions of similar length, not containing Pro and Hyp, may be relatlvely
less stable, and that their flexibility plays a role in fibrillogenesis in vitro.®

Existing theories for the triple helix-coil transition either deal with short trlple
helices®®® in which the unfolding can be assumed to occur in a zipper-like fashion
from either end of the helix, without internal loop formation, or apply only in the
limit of an infinitely long chain.®” The latter study has indicated that the entropy
of formation of loops may make a significant contribution to the heat capacity of
collagen, suggesting that loops are not to be neglected in collagen.

In a preliminary analysis of the formation of small internal loops, we have
carried out a computer simulation study to estimate the effect of ring closure and
of excluded volume on the entropy of loop formation in a triple helix.®? For chain
lengths of about 30 residues, the probability of internal loop formation is only about
10 times lower than the probability of unwinding from the end of the triple helix.
The possibility of internal loop formation must, therefore, be considered in detailed

analyses of the stability of collagen.

IV. THE PACKING OF TRIPLE HELICES

In fibrils of type I collagen, the triple-stranded molecules associate into a par-
allel array.”® The arrangement in the axial ordering is well established.®® Neigh-
boring molecules are staggered longitudinally by an axial translation of D=670 A,
which corresponds to 234 or 235 residues or 1/4.4 of the length of each triple helix.
The precise mode of lateral organization is less well understood® and several ar-
rangements have been proposed. According to one of the most favored proposals,
bundles of five triple helices form microfibrils, which in turn aggregate to fibrils.®
In another view, a quasi-crystalline, near-hexagonal array of slightly tilted molecules
has been proposed.®% In both models, the rod-like triple helices pack fairly tight-
ly against their lateral neighbors.

As the initial step in the analysis of the energetics of the aggregation of collagen,
we have carried out conformational energy computations to establish the most fa-
vorable ways of packing two collagen-like poly(tripeptide) triple helices.?»?"
the computations will be extended to higher aggregates.

The relative position and orientation of two rigid bodies (e.g. two triple helices)
can be defined in terms of six variables.”**” Three of them describe the position
in terms of the components of the vector connecting the midpoints (or appropriate
reference points) of the two helices. The orientation can be specified by three

Later,
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Euler angles of rotation. In the present context, two of these angles (@ and r)
represent rotations of the two helices about their own axes, while the third one (£)
is the angle of relative orientation of the helix axes. Among these, the Euler angle
B (or the equivalent, but coordinate-independent orientation angle £, derived from
it) is the most significant parameter for the description of the packing.®? It ranges
from 0° for parallel helices to 4-180° for antiparallel helices. Because of the screw
symmetry of collagen-like poly(tripeptide) triple helices, several combinations of the
other five variables (with the same £,) can correspond to essentially the same set
of interactions between the two helices.

A. The Packing of Poly(tripeptide) Triple Helices

We have analyzed the modes of packing of two (Gly-Pro-Pro),, triple helices of
various lengths, with n=3, 4, nd 5.2 For very short helices (n=3), many dif-
ferent packing arrangements with similar energies can be found, and £, can take
a wide range of values. On the other hand, when the helices are longer (n=5), a
very strong energetic preference is seen for a family of near-parallel packing ar-
rangements, with £,=—10°, to the exclusion of other packings, including the an-
tiparallel ones. This result agrees with the observed parallel orientation in fibrils of
type I collagen.”® Fiber X-ray diffraction data on collagen indicate that the
molecules are tilted at a small angle, about 5°, relative to the axis of the microfibril.®
This tilting is consistent with the computed angle of orientation.

The packing of several triple helices would also require them to be near-parallel
ot near-antiparallel, because of geometrical constraints on the close packing of rods
(as seen, e.g. from the theory of crystallization of polymer rods®), but these con-
straints would not be able to-differentiate between the two orientations. The ob-
served preference for near-parallel packings is, therefore, an energetic consequence
of specific residue-residue interactions between the triple helices and in particular
of the presence of many imino acid residues in position Y.

The latter conclusion has been corroborated by computations on the packing of
two poly(Gly-Pro-Ala) triple helices.”” In addition to near-parallel arrangements
that are similar to those computed for poly (Gly-Pro-Pro), some low-energy near-
antiparallel arrangements have been found. Therefore, it appears that preference
for parallel packing requires the frequent occurrence of imino acids.

B. Stabilization of the Packing by Hyp

Repetition of the computations® with (Gly-Pro-Hyp)s indicated that the same
near-parallel packing arrangement is preferred as for (Gly-Pro-Pro);. The stabilify
of this arrangement is enhanced, however, because the OH groups of Hyp in posi-
tion Y can be accommodated in the space between the two triple helices without
any steric hindrance and they can form weak hydrogen bonds with a carbonyl ox-
ygen of the neighboring triple helix. The interaction energy between the two triple
helices becomes more favorable by 1.9 kcal/mol per Hyp residue. The possibility
of such a hydrogen bond has been proposed on the basis of model construction®
and studies of the proteolytic susceptibility of collagen fibers.”® OQur computation

(405)



G. NtMETHY and HLA, ScHERAGA

represents the first demonstration that Hyp can make a direct energy contribution to
the stabilization of collagen microfibrils.

This prediction is an important new finding because it sheds light on the role of
hydroxyproline in collagen assembly. As discussed above, the observed thermal sta-
bilization of the isolated triple helix by Hyp in position X is not due to direct in-
teractions of OH groups of Hyp with atoms of the triple helix, and hence it must
be mediated by interactions with water. In contrast, the contribution of Hyp to
the stabilization of the assembly of triple helices arises from direct interactions in-
volving Hyp. The presence of Hyp in position Y is known to stabilize collagen
fibrils, as seen from the elevation of the shrinkage temperature of tendons.*? The
computation reported here provides an explanation of these experimental results.

In the case of (Gly-Hyp-Pro);, the packing energy is weaker because of un-
favorable steric interactions.?’) Therefore, the calculations predict that the substi-
tution of Hyp for Pro in position X should decrease the stability of collagen aggre-
gates.

V. CONCLUSIONS

Conformational energy computations have elucidated the energetic reasons for
many observed features of collagen structure at various levels. They have led to new
predictions, such as the role of Hyp in stabilizing fibril structure. The analysis of the
packing of triple helices represents the first application of conformational energy
computations to the energetics of a supramolecular assembly in fibrous proteins, and
it shows the way for the further analysis of collagen assembly.

In addition, the work reported here is an example that confirms and extends
a working principle that has been proposed earlier,”? viz. that it is possible to ac-
count for many features of packing arrangements and other higher-level assemblies
of polypeptide structures in terms of the conformational properties of the component
structures without requiring the inclusion of all long-range interactions at all stages.
The principle can be extended to account for both intra- and intermolecular inter-
actions.
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