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The Bragg reflections seen on the equator, in the X-ray 
pattern of collagen fibrils, have been generally interpre 
as arising from a quasi-hexagonal packing of the triple- 
helical collagen molecules. However, these reflections can 
be 'accurately' indexed only on the basis of a rnueh 
larger monoclinic cell. In this paper 'we outline a 
completely different approach, based on the principle of 
self-similarity, to describe the assembly of rod-like 
molecules of collagen. Assuming that the collagen 
molecules are packed, with local hexagonal site sym- 
metry, but no long range translational order, an 
aperiodic lattice arrangement is described (with only 
the inter-molecular separation as a variable parameter). 
This can account for the observed equatorial X-ray 
pattern as well as the longer range lateral spacings 
seen. in collagen fibrils under the electron microscope. 

HE early 1950s were a major turning point in the 
history of structural biology. It was during this period 

that the alpha helical and beta pleated sheet structures 
for polypeptides and  protein^'.^, the double-helical 
structure for DNA3, and the triple-helical structure for 
~ o l l a g e n ~ - ~  were proposed. The correct clue to the 
molecular structure of collagen was provided by Prof. 
6. N. Ramachandran and Dr G. Kartha in their 
pioneering paper which appeared in Nature, 1954, 174, 
269. The structure had three parallel polypeptide chains 
held together by interchain hydrogen bonds4. Subsequent 
refinement and comparison with X-ray data indicated 
that .the three chains are necessarily coiled-coil5. 
Following the then prevailing dogma, that all the 
available NH groups are to be hydrogen-bonded, a 

a structure with two hydrogen bonds for every three 
residues (the third residue usually being a proline/ 
hydroxyproline residue) was proposed6. The imposition 
of two hydrogen bonds for every three residues resulted 
in a few contact distances between non-bonded atoms 
being less than the sum of their van der Waals radii. 

*For correspondence. 

Relieving of these contacts resulted in a structure with 
one hydrogen bond for every tripeptide of the collagen 
molecule7. However, subsequent theoretical and 
experimental studies indicated that wherever possible, 
additional water-mediated hydrogen bonds may be 
formed between the backbone atoms in neighbouring 
chainss. One of the water molecules can then also 
hydrogen bond to the hydroxyl group of hydroxyproline 
at position three in the repeating sequence Gly-R,-R,, 
thus providing a rationale for the hydroxylation of 
proline residues occurring at this positiong. 

It may not be out of place to record in this special 
issue devoted to biopolymer conformation that the 
criticism of the two-bonded structure of collagen, 
namely, that it contained nonbonded contact distances 
less than the sum of the van der Waals' radii of the 
atoms involved, led us to investigate, in a detailed 
manner, equilibrium or minimum contact distances 
between non-bonded atoms in crystal structures". The 
outcome of the survey was the conclusion that non- 
bonded atoms could come as close as 0.89 of the sum of 
the van der Waals' radii of the corresponding two 
atoms. The repulsion between the two atoms operates 
below this distance and generally, conformations that 
lead to distances between non-bonded atoms below this 
distance, are disallowed. The above analysis of the 
crystal structures for allowed contact distances was 
the basis for the now well-known Ramachandran 
(4-$) plot for polypeptides and proteins11. 

This approach to conformational analysis is a 
negative one. It emphasises the fact that atoms have 
finite sizes and that no two atoms can approach each 
other below a certain distance, called the contact 
distance. Conformations which lead to distances below 
this distance are 'disallowed' and the remaining 
conformations are 'allowed'. It does not grade the 
'allowed' ones. In other words, it does not tell us which 
one among the aIiowed ones is energetically favoured 
or preferred. This is what, classical, semi-empirical or 
quantum chemical conforrnational energy calculations 
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attempt to do to obtain the minimum energy 
c~nformation'~. But then, the evaluation of global 
minimum in a problem with multiple variables, is still 
an unsolved problem. In this context, the application of 
the contact distance criterion is a powerful one, as it 
eliminates all the impossible ones, a t  one step. 

Reverting to the molecular structure of collagen, it 
has now become textbook matter that the collagen 
molecule has a triple-helical coiled-coil structure. This 
molecular structure satisfies all the available physico- 
chemical data and is consistent with the wide angle X- 
ray diffraction data. But collagen fibrils also give rise to 
meridional as well as equatorial reflections in the small 
and medium-angle region. These reflections are interpre- 
ted as due to higher order periodicity along the 
molecular axis and lateral assembly of molecules in  the 
horizontal direction. It is the lateral assembly of 
collagen molecules that we are concerned with, in this 
paper. The wide-angle pattern of collagen gives an 
indication that the diameter of the collagen triple helix 
is about 14 81 and the molecules are probably arranged 
in a hexagonal lattice with the smallest d-spacing 
corresponding to about 12.681. However the whole 
series of higher order reflections in the range between 
12 and 40 A can only be explained on the basis of a 
much larger unit cell of the monoclinic or tetragonal 
typei3-16. In an earlier paper it had been shown that 
these reflections could also arise as subsidiary maxima 
if the collagen fibril has a cylindrical lattice structure1 7* 18. 

Several attempts have been made subsequently to 
accurately index the crystalline equatorial reflections 
and it is clear that the molecular arrangement is only 
quasi-hexagonal and open to different interpretations. 
A detailed analysis has been carried out recently by 
Miller's group, using data in the medium-angle region, 
obtained with a focusing mirror monochromator 
camera19. This study, as well as analysis of stained 
cryosections from collagen fibrils under the electron 
rnicros~ope~~,  have shown that all these dafpa are 
compatible with the Hulmes-Miller quasi-hexagonal 
oacking model15. The observed values reported by 
these workers, for the equatorial (including near- 
equatorial) reflections are listed in Table 1. The basic 
unit cell is monoclinic and has been assigned values of 
a=39.O A, b= 26.7 81 and y = 104.58". Blocks of unit 
cells, which are assemblies of this unit cell (with 
dimensions such as 40 m x 27 n where rn and n have 
small integer values) have been invoked to account for 
the occurrence of periodicities in the range 56.0-116.5 4 
as seen in the electron rn i c ros~ope~~ .  

However, Miller and Tocchettilg have also noted 
that only some of the fibrils have 3-D crystallinity 
indicative of specificity in the lateral aggregation of 
collagen molecules. The fact that the crystalline 
reflections are accompanied by diffuse scatter and that 
the sharp reflections are not always observed, leads one 

Table 1. The observed reflections 
in the equatorial, (including near- 
equatorial) region of the X-ray 
pattern of rat tail tendon ~ o l l a g e n ' ~  
are listed, along with the spacings 
seen in the electron micrographs of 
collagen fibrilsz0. 

*These d-spacings are obtained 
from electron micrographsz0. The 
standard deviations for these 
spacings are given in parentheses. 

to conclude that the lateral geometric order is not 
always regular and also breaks down easily. 

An altogether different approach, based on the 
principle of self-similarity could also be thought qf to 
explain the observed reflections in the medium- and low- 
angle equatorial region of the collagen X-ray pattern. 
The problem of horizontal assembly of rod-like 
molec&, such as collagen, could be treated as similar 
to 2-D tiling. In general, the application of the principle 
of self-similarity to space-sharing problems leads to 
both periodic and aperiodic lattice arrangements. The 
possibility of tiling a plane with any given symmetry 
was first shown by S a ~ i s e k h a r a n ~ l * ~ ~ .  In 2-D space the 
application of crystallographic symmetries, such as 2,3, 
4 and 6, lead to regular lattice arrangements, with the 
vertices being identical everywhere. Noncrystallographic 
symmetries s~&h s 5, 7, 8 and higher integers always 
lead to aperiodic tiling arrangements that are self- 
similar. These symmetries do not have translational 
lattice periodicity and hence there is no long-range 
order. On the other hand they can have bond 
orientational order and possess local site symmetry. It 
was also demonstrated that self-similar aperiodic tilings 
with no long-range translational order could also be 
obtained for the crystallographic symmetries cited 
abovez2. _ m L 

Assuming that the collagen molecules are arranged in 
a pseudo-hexagonal pattern, we have generated, 
periodic hexagonal lattices as well as aperiodic lattices 
with hexagonal site-symmetry. In order to arrive at an 
aperiodic arrangement with loq1 hexagonal symmetry, 
based on the self-similarity principle, the basic motifs 
are a square and an equilateral triangle. The vertices of 
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these two basic motifs can be taken to represent the 
triple-helical collagen molecule. Inflation/deflation 
procedures then lead to both periodic and aperiodic 
arrangements. Figure 1 shows a small portion cf the 
aperiodic arrangement while Figure 2 shows an 
extended region with periodic arrangement. It may be 
noticed that the hexagonal symmetry in Figure 1, in 
contrast to Figure 2, does not extend laterally, though 
the arrangement has local six-fold symmetry. This can 

Figure 3. An extended region showing an aperiodic arrangement, 
using a square and an equilateral triangle as the basic motifs. Here 
also the inter-vertex distance is constant, and the environment of all 
vertices are self-similar and non-random. The local site-symmetry 
highlighted in Figure 1 is preserved throughout this extended region 
but there is no long-range translation order. 

Figure 1. The aperiodic arrangement of vertices (each vertex 
corresponds to a collagen molecule), obtained on the basis of self- 
similarity principle, is shown in detail. Note the presence of local 
hexagonal site-symmetry. 

Figure 2. An extended region showing a periodic hexagonal 
arrangement, using a square and an equilateral triangle as the basic 
motifs. The unit cell corresponds to (1 + J3) or x2.732 times the inter- 
vertex distance d. Hence if d z 1 4 A  the hexagonal unit cell edge 
a z 3 8  A. 

be seen more clearly in Figure 3, which shows a larger 
region with aperiodic arrangement. However, the near- 
neighbour contacts are self-similar and uniform 
throughout, so that the form of the assembly is 
preserved in the extended pattern. Since each vertex in 
the lattice is the site of a collagen molecule, the inter- 
vertex distance should correspond to the inter- 
molecular separation which generally lies between 14 
and 15 A. The side of the unit cell for the periodic 
hexagonal arrangement shown in Figure 2 is then 
about 38-40 A and therefore will not account for all the 
observed equatorial reflections in the collagen X-ray 
pattern. On the other hand, there is no obvious unit 
cell, with a repeat of this size, in the aperiodic 
arrangement (Figure 3), which is characterized only by 
the vertices being self-similar and equidistant from each 
other. A Fourier transform of the two lattices will 
therefore be different, with the periodic lattice giving 
rise to a conventional reciprocal lattice pattern. The 
Fourier transform computed for an aperiodic arrange- 
ment of the type shown in Figures 1 and 3 also gives 
rise to sharp maxima, but with no lateral periodicity. A 
cylindrically averaged Fourier transform of such a 
lattice, with an inter vertex spacing of a =  14.8 A is 
shown in Figure 4. A comparison of the d-spacings of 
the maxima in Figure 4 with the spacings of the 
equatorial reflections listed in Table 1 shows reasonably 
good agreement. The maxima corresponding to 12.6, 
13.5 and 38.0 .& are particularly strong. The calculated 
transform also shows remarkably sharp maxima in the 
low-angle region (R<0.02 A-')  and could be attributed 
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Figure 4. The cylindrically averaged Fourier transform of an 
aperiodic arrangement, shows sharp maxima in the medium as well as 
low angle region. The transform has been calculated for an inter- 
vertex separation of 14.8 A and gives maxima at  R-values close to 
those listed in Table 1. 

to the presence of long-range lateral assemblies, such as 
are seen under the electron mic ros~ope~~ .  Thus, an 
aperiodic arrangement, based on self-similarity, and 
described by a single parameter corresponding to the 
inter-molecular separation, is sufficient to explain the 
dominant features of the observed equatorial reflections 
in the X-ray pattern as well as the lateral assembly seen 
in the electron micrographs of collagen fibrils. A 
detailed analysis of the different aperiodic arrangements 
has to be carried out to compare the exact spacings of 
the equatorial reflections observed in the collagen X-ray 
pattern with the predicted maxima in the calculated 
Fourier transform. 
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