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Summary 

The distributions of certain types of residues along 
the ~i chain of rat/calf skin collagen are considered in 
terms of fundamental periodicities of D/5 and D/6, where 
D is the axial repeat of the collagen fibril. By Fourier 
analysis, charged residues are D/6 periodic, proline 
residues are D/5 periodic, whilst both these periodicities 
are necessary to describe the hydrophobic residue 
distribution. The relative positions of these periodicities 
are determined from the phases of the Fourier components. 

A. INTRODUCTION 

The axial D (-670 A) periodic structure in collagen fibrils 

is due to displacements of integral multiples of D between the 
O 

-2990 A long molecules (1,2). For these intermolecular staggers, 

the ~I amino acid sequence of rat/calf skin collagen (3) is such 

that possible charged and hydrophobic interactions are maximised 

(4,5,6). The specificity for axial self assembly is therefore 

contained in the amino acid sequence. 

Both charge and hydrophobic interactions can be regarded as 

the alignment of complementary side-chains, i.e. residues with 

opposite charges or both with large apolar groups. If there is 

an interaction maximum when two molecules are staggered by, for 

example, ID, this will lead to a D periodically repeating pattern 

of complementary residues along the molecule (7,8). Any random 
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distribution of interacting residues in a single D segment will 

conform to this principle. A regular pattern within D is not 

necessary; indeed, if there is a pattern which divides D into 

n complementary segments, a D/n stagger would be specified. 

On the above basis, it is curious that there should be such 

a highly regular distribution of large apolar (hydrophobic) 

residues in the collagen al sequence, such that residue positions 

conform to the D periodic pattern I (2D/II)4 , (D/II), (2D/II) In (4). 

Evidence has also been presented for an approximate D/6 periodicity 

in the distribution of charged residues (9). In this paper we will 

show that these and other regular patterns of residues in the 

sequence can be thought of in terms of fundamental periodicities 

of D/5 and D/6 which, in combination, give rise to the D 

specificity. 

B. FOURIER ANALYSIS OF THE SEQUENCE 

i. General analysis 

Any distribution of residues or residue types can be Fourier 

analysed as a summation of cosine waves each with a given wave- 

length, amplitude and phase. If certain periodicities dominate 

the residue distribution, these will be revealed as waves with 

large amplitudes whose wavelengths are integral submultiples of 

the periodicity. This kind of analysis has already clearly 

demonstrated the presence of both 7 residue and 19.7 residue 

periodicities in the tropomyosin sequence (i0, ii). It is 

particularly appropriate for fibrous proteins, where the residue 

translation along the molecular axis is constant. 

In the following analysis the positions of certain residues 

or residue types in the triple-helical region of the ~i sequence 

were "fast" Fourier transformed (FFT) using a Cooley-Turkey 

algorithm. An array size of 8192 was used to permit fine sampling 

of the Fourier transform and hence determine the wavelengths of 

strong components with some precision. The peaks in the FFT which 

do and do not correspond to integral submultiples of D (232 to 235 

residues)(4,5,6,12,13) are called "D-maxima" and "noise-maxima" 

respectively. The results are summarised in Table i. The 

wavelengths listed are those for which the D-maxima are greater 

than the noise maxima, D/21 being the shortest wavelength 
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Table i. 

Wavelength 
D/n 

Strong D-maxima in the Fourier 
Transform of certain residue 
positions in the collagen ~i 
sequence 

Large apolar Charged Imino 

MET LEU PHE LYS ASP LYS PRO PRO HYP 
PHE HYL GLU HYP 
VAL ARG 
LEU ASP 
ILE GLU 

1 

2 

3 X 

4 

5 X X X 

6 X X X X X 

7 

8 

9 

i0 X 

ii X 

12 X 

13 

14 X 

15 

16 

17 X 

18 

19 

20 X 

21 X X 

considered. Within the three general categories of large apolar, 

charged and imino acid side-chains, there are no D-maxima greater 

than noise maxima for the following residue groupings : MET, VAL, 

ILE, LYS+ARG, ASP, GLU, ARG. Furthermore, there are no overall 

D-maxima in the FFT for the distribution of either ALA or hydro- 

philic (SER, THR, ASN, GLN) residues. 

It is clear from Table 1 that the two major Fourier 
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Table 2. Phases for the principal Fourier 
components. Phase origin at the 
N-terminus of the triplet region. 

D/5 

Prolines 

92.2 

Large Apolar 
(PHE+MET+VAL+LEU+ILE) 

-85.2 

D/6 

Large Apolar Charged Acidic Basic 
(PHE+MET+ (ASP+GLU+ (ASP+GLU) (ARG+LYS+ 

VAL+LEU+ILE) ARG+LYS+HYL) HYL) 

20.9 -146.4 -146.1 -146.7 

components correspond to wavelengths of D/5 and D/6. The large 

apolar (hydrophobic)residues have both strong D/5 and D/6 

components whilst the charged residues have only a strong D/6 

component and the prolines have only a strong D/5 component. It 

is interesting to compare the phases of these waves, as these 

give the relative positions of the periodicities along the 

sequence, see Table 2. The two D/5 waves, hydrophobic residues 

and prolines, are approximately 180 ° out of phase and hence 

mutually displaced by D/10. Similarly the two D/6 waves, hydro- 

phobic residues and charged residues, are also approximately 

180 ° out of phase and hence mutually displaced by D/12. 

2. Hydrqph0bic Residues 

As noted above, the principal Fourier components of the 

hydrophobic residue distribution correspond to wavelengths of 

D/5 and D/6. Thus if two cosine waves with these wavelengths 

are added with the appropriate phase (Table 2), the main 

features of the known residue distribution should be apparent. 

Fig. 1 shows this simple Fourier synthesis; clearly the 

positions of the peaks correspond to the I (2D/II)4, (D/II),(2D/II) In 

pattern. The component waves in Fig. 1 may be regarded as 

representing the probability of finding hydrophobic residues along 

the sequence, whence the total probability is given by the summation. 

The regular D periodic distribution of hydrophobic residues can 

therefore be thought of as the sum of D/5 + D/6 "probability 

waves"; there is no need to invoke the more complex 
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Fig. 1 

I 2D t 2D I ~ I 2~ 2D 11 11 11 

Synthesis of the distribution of hydrophobic residues 
from D/5 + D/6 Fourier components. 

I (2D/II)4, (D/If), (2D/II) In formula. Though neither a D/5 nor 

a D/6 periodicity can separately specify favourable inter- 

molecular interactions at multiples of D, the D specificity 

is a property of their combination. 

3. Charged residues 

The strong D/6 periodicity in the distribution of charged 

residue can be separated into contributions from the acidic 

(ASP + GLU) and basic groups (ARG + LYS + HYL). Table 2 shows 

that their phases are almost identical; the D/6 charged 

"probability waves" are therefore in register. This is consistent 

with the known tendency of oppositely charged residues to occur 

close together in the sequence (6,14). 

The phase of this charged residue D/6 wave is such that the 

peaks correspond to the positions of the six main positively 

stained bands 'a','bl','b2','c2','d' and 'e' observed in electron 

micrographs of collagen fibrils (9). 

C. DISCUSSION 

McLachlan (15) has recently shown the presence of both 

D/5 and D/6 periodicities in the autocorrelation function of 
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similar residue types occupying the X positions in the ~i 

(GLY-X-Y) triplet region. These periodicities have been also 

noticed in a previous Fourier transform analysis of the 

sequence (8), where the segregation into X and Y positions was 

not considered. This paper has extended the latter observations 

to demonstrate from the calculated phases, the relative positions 

of the D/5 hydrophobic and proline periodicities and of the D/6 

hydrophobic and charged periodicities. Furthermore the analysis 

has shown that the I (2D/II)4, (D/II), (2D/II) In pattern in the 

distribution of hydrophobic residues in the ~i sequence (4) can 

be regarded simply as the combined effect of the hydrophobic 

D/5 and D/6 periodicities. 

As well as specifying the axial D stagger between collagen 

molecules, it may be that the D/5 and D/6 periodicities are 

important in the lateral interactions. If, for example, the 

pitch of the molecular triple helix, P, is such that D/5=3P/2 

and D/6=5P/4 (i.e. D/P=7.5) then two and four fold rotational 

symmetries, respectively, would arise in the azimuthal edge 

distribution. (Since D is 232 to 235 residues and P is 27 to 

40 residues (16) the experimental limits of D/P are 5.8 and 

8.7, thus many other integral relationships and consequent edge 

symmetries are possible). If P deviates slightly from such 

ideal relationships with D the edges would, of course, be helical 

rather than parallel to the molecular axis. Hence, any molecular 

packing scheme which requires rotational symmetries in the 

azimuthal edge distribution, coupled with the necessary require- 

ment for axial D specificity, could provide an evolutionarily 

selective pressure for the presence of D/5 and D/6 periodicities 

in the sequence. 

Fourier analysis of the first 393 residues in the ~2 

chain of calf skin collagen (17) does not show strong D/5 or 

D/6 periodicities in the distributions of either hydrophobic 

or charged residues. Further studies are clearly necessary 

to investigate the role of the ~2 chain in intermolecular 

interactions. 
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